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ABSTRACT 

 

The deposition of thin oxide films with well−defined oxygen contents, which for many 

compounds determines the properties of these materials, has been studied and optimized for 

many years. Thin films with controlled composition, structure, interface etc., can be grown 

with Pulsed Laser Deposition (PLD), which is a suitable technique for making thin films with 

complex stoichiometry. The aim of this work was to investigate the behavior of the oxygen 

species from the ablation, with a direct analysis of the plasma plume to the deposited thin 

oxide films, where an analysis of the obtained film composition has been performed. 

The perovskite−type compounds, e.g. La0.4Ca0.6MnO3 (LCMO), were selected for this 

study for two main reasons. First, this class of material is well known and was studied 

previously in our group (with a different composition) and therefore, reproducible results can 

be achieved. Second, this material presents interesting electrical and magnetic properties 

depending (in part) on the oxygen content in the deposited thin films. In order to compare 

deposition conditions and film growth an approach based on mass spectrometry 

measurements was chosen. This allows to investigate two fundamental problems in thin oxide 

film deposition: how to control the oxygen content and how to determine the oxygen content 

quantitatively. These approaches have been selected in order to investigate under which 

conditions the oxygen content reaches an optimal value. 

A quadrupole mass spectrometer was employed as the main analytical tool to study the 

ablation plume. Furthermore, emission spectroscopy and Langmuir probe analysis were 

performed in order to compare and complement the results from mass spectrometry. The 

direct analysis of the plasma plume as a function of the different deposition parameters allows 

to determine whether the composition of the plume can be controlled by these parameters. 

The plume generated by ablation with an 193 nm ArF excimer laser from a La0.4Ca0.6MnO3 

target was studied for different laser fluences and environmental conditions. The mass 

distribution and the plume composition of the species were analyzed with a quadrupole mass 

filter. Particular importance has been given to the abundance of diatomic species, which could 

have a pronounced influence on the oxygen content of the film. The kinetic energy behavior 

of the positive and negative ions as well as the neutral species in the plume was measured 

using two methods. For the first measurements, the electrostatic detection energy analyzer of 

the mass spectrometer was employed. Later, the mass spectrometer coupled with an external 

TOF-card was used to measure the time of arrival of the different plume species. 
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The data indicates that the oxygen content increases when using reactive background 

gases, such as N2O and O2. Moreover, through the analysis of the deposited films a direct 

correlation between the increase in the plume reactivity, i.e. concentration of atomic oxygen, 

and an increase of the content of oxygen in the film was found. This led to the conclusion that 

in order to incorporate the necessary amount of oxygen into the film the amount of oxide 

species in the plume has to be enhanced. 

The kinetic energy of the particles from the plume, which can be controlled by the laser 

fluence and background pressure, is important for the growth of the films. In vacuum, the 

oxygen ions possess higher kinetic energies compared to the other plume species, suggesting 

that the oxygen deficiencies in these films might be due to re-sputtering of the growing films 

by the high kinetic energy species. Furthermore, with a background gas, atomic oxygen still 

possesses higher kinetic energies, but the metal oxide species present the lowest kinetic 

energies, which could be the reason for the increase of the oxygen content in the grown films, 

because they would keep oxygen “in the growing film”. The ablation process also creates a 

large amount of negative ions during PLD in background gases, which has never discussed 

for PLD and almost not at all for laser induced plasmas. The negative ions, may also have an 

important role in the plume dynamics and composition, and could influence considerably the 

composition and the properties of the films, e.g. the highest amount of negative ion were 

detected under conditions where the “best” films were grown. The formation mechanism of 

negative species and their role in the growth of the oxides remains an open question at the 

moment. 

The mass spectrometer was also used to analyze the deposited thin films. In this case 

secondary ions mass spectrometry (SIMS) was used. This instrument was used for the first 

time in our group, therefore some time was spent to establish measurement procedures. In 

particular the SrTiO3−LaAlO3 (STO−LAO) system was investigated in detail. For these 

experiments different thin films (LAO or STO) on 18O−exchanged substrates (LAO or STO) 

were deposited. The analysis in depth profile mode was focused on the diffusion of 18O from 

the substrates into the deposited films. The oxygen diffusion from the substrate to the films 

was therefore demonstrated unambiguously with experimental data. These important results 

are presented for the first time and they show clearly that the substrate is an important oxygen 

source during PLD of thin metal oxide films. 

The LCMO thin films were analyzed with RBS and SIMS in order to measure the 

composition, and a good agreement between both methods was obtained. An interesting 

phenomen for oxygen and diatomic compounds was found via depth profiling at the interface, 
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i.e. positive and negative species reveal different positions for the film−substrate interface. In 

this “interface gap” the oxygen presents a composition deficiency. This phenomenon is not 

yet understood, and requires further investigation. 

The crystalline quality and electrical properties of the films were also studied, and 

related to the film composition. Moreover, it was possible to correlate the high quality 

crystalline film with the plume composition and kinetic energies of the particles. In 

particularly the presence of negative oxide species in the plume with low kinetic energies 

enhanced the crystalline quality of the films, suggesting that more attention should be given to 

negative ions in PLD. 
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RIASSUNTO 

 

La deposizione di film sottili di ossidi con un ben determinato contenuto di ossigeno, 

che per molti composti determina le proprietà del materiale, sono stati studiati ed ottimizzati 

negli ultimi anni. Film sottili con una composizione, strutture, interfaccia, etc. controllata 

possono essere cresciuti usando Pulsed Laser Deposition (PLD), che è una tecnica 

vantaggiosa per preparare film sottili con stechiometria complessa. La motivazione principale 

di questo lavoro è stata quella di investigare il comportamento delle varie componenti 

dell’ossigeno partendo dall’ablazione, con un’analisi diretta del plasma generato, fino alla 

deposizione dei film sottili di ossidi, con l’analisi della composizione dei film cresciuti. 

I composti con la struttura della perovskite, per esempio La0.4Ca0.6MnO3 (LCMO), sono 

stati selezionati per questo studio per due ragioni principali. Innanzitutto, questa classe di 

materiali è già stata analizzata nel nostro gruppo (con una diversa composizione), quindi è già 

conosciuta e perciò la riproducibilità del processo di deposizione è garantita. Inoltre, questi 

materiali sono interessanti dal punto di vista elettrico e magnetico e queste proprietà 

dipendono (in parte) dalla quantità di ossigeno presente nel film depositato. Per comparare le 

condizioni di deposizione e la crescita dei film sottili, un approccio basato sulla spettrometria 

di massa è stato scelto. Ciò permette di indagare due dei problemi fondamentali nella 

deposizione di film sottili di ossidi: come controllare la quantità di ossigeno e come 

determinare questa quantità quantitativamente. Questo approccio è stato selezionato per 

determinare in quali condizioni la quantità di ossigeno raggiunge un valore ottimale. 

Uno spettrometro di massa quadripolare è stato utilizzato come strumento principale per 

studiare l’ablazione. Inoltre, per comparare e completare i risultati ottenuti con la 

spettrometria di massa, sono stati condotti esperimenti di spettroscopia di emissione e 

Langmuir probe. L’analisi diretta del plasma “plume” (letteralmente piuma) in funzione dei 

differenti parametri di deposizione permette di determinare se la composizione del “plume” 

possa essere controllata dai suddetti parametri. Il plasma generato tramite l’ablazione di un 

target di La0.4Ca0.6MnO3 attraverso un laser ArF ad eccimeri (lunghezza d’onda 193 nm), è 

stato studiato per diverse fluenze e condizioni ambientali. Per studiare la composizione del 

fascio di particelle del “plume” generato e la sua distribuzione delle diverse masse in esso è 

stato utilizzato il filtro quadripolare dello spettrometro. Particolare importanza è stata data 

all’abbondanza delle specie diatomiche, in quanto potrebbero avere una pronunciata influenza 

sulla quantità di ossigeno nei film. Per misurare l’energia cinetica degli ioni, positivi e 

negativi, e delle specie neutre presenti nel “plume” due diversi metodi sono utilizzati. Le 
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prime misure sono state condotte utilizzando il principio di funzionamento dello spettrometro 

e quindi attraverso le piastre di deflezione che costituiscono l’analizzatore energetico dello 

strumento. Successivamente, lo spettrometro di massa è stato accoppiato con una TOF−card 

esterna che è stata impiegata per misurare il tempo di arrivo delle diverse specie presenti nel 

plasma “plume”. I dati indicano che il contenuto di ossigeno cresce quando si utilizzano, 

come atmosfera controllata, dei gas reattivi come N2O oppure O2. Inoltre, attraverso l’analisi 

dei film sottili depositati una correlazione diretta tra la reattività del “plume”, cioè la 

concentrazione di ossigeno atomico, e la quantità di ossigeno nei film è stata trovata. Questo 

ci permette di concludere che per incorporare nei film sottili la quantità di ossigeno desiderata 

è necessario aumentare la quantità delle specie ossidanti nel plasma. 

L’energia cinetica delle particelle del “plume”, che può essere controllata attraverso la 

fluenza del laser e la pressione parziale nella camera di deposizione, è importante per la 

crescita dei film. In vuoto, gli ioni dell’ossigeno posseggono la più alta energia cinetica in 

rispetto alle altre specie presenti nel “plume”, ciò suggerisce che la deficienza di ossigeno in 

questi film può essere dovuta a processi di re−sputtering nel crescente film dovuti a queste 

specie con alta energia cinetica. Inoltre, in atmosfera controllata, l’ossigeno atomico possiede 

sempre un’alta energia cinetica, ma le specie metallo-ossido posseggono le più basse energie 

cinetiche del “plume”, il che spiegherebbe la crescente quantità di ossigeno nei film cresciuti 

in queste condizioni in quanto queste specie tratterrebbero l’ossigeno nel film. Il processo di 

ablazione crea inoltre una grande quantità di ioni negativi durante PLD in atmosfera 

controllata, il che non è mai stato discusso prima per PLD e quasi mai per plasmi indotti da 

laser. Gli ioni negativi, potrebbero avere un ruolo importante nelle dinamiche di espansione e 

nella composizione del “plume”, e potrebbero influenzare considerevolmente la composizione 

e le proprietà dei film, per esempio i migliori film sottili cresciuti sono stati depositati nelle 

condizioni in cui il maggior numero di ioni negativi è stato misurato. Il meccanismo di 

formazione degli ioni negativi ed il loro ruolo nella crescita degli ossidi per ora rimane una 

questione ancora aperta. 

Lo spettrometro di massa è stato utilizzato per analizzare i film depositati. In questo 

caso la tecnica Secondary Ions Mass Spectrometry (SIMS) è stata utilizzata. Questo metodo è 

stato utilizzato per la prima volta nel nostro gruppo, perciò un pò di tempo è stato dedicato 

per stabilire le procedure per le misure. In particolar modo il sistema SrTiO3−LaAlO3 

(STO−LAO) è stato analizzato in dettaglio. Per questa serie di esperimenti, diversi film sottili 

(LAO oppure STO) sono stati depositati su dei substrati (LAO oppure STO) scambiati con 
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18O. L’analisi effettuata in modalità “depth profile” (profili di profondità) era focalizzata sulla 

diffusione di 18O dal substrato nel film depositato. Senza alcun dubbio, i dati ottenuti 

dimostrano la diffusione dell’ossigeno dal substrato al film. Questo importante risultato sono 

stati presentati per la prima volta e dimostrano chiaramente che anche il substrato è una fonte 

importante di ossigeno durante il processo di PLD per i film sottili di ossidi. 

I film sottili LCMO depositati sono stati analizzati con RBS e SIMS per determinarne la 

composizione, ed una buona correlazione tra i risultati dei due metodi è stata trovata. Un 

interessante fenomeno, riguardante il profilo all’interfaccia film−substrato per l’ossigeno e le 

specie diatomiche, è stato osservato attraverso i profili di profondità, cioè le specie negative e 

positive rivelano una diversa interfaccia film−substrato. Questo gap all’interfaccia indica una 

deficienza nella composizione dell’ossigeno. Questo fenomeno non è stato compreso e quindi 

richiede successive investigazioni. 

La qualità cristallina e le proprietà elettriche dei film cresciuti sono state studiate e 

relazionate alla stechiometria dei film. Peraltro, è stato possibile correlare l’alta qualità 

cristallina del film con la composizione del “plume” e l’energia cinetica delle particelle. In 

modo particolare la presenza di specie negative ed ossidi nel “plume” con energia cinetica 

molto bassa, aumenta la qualità cristallina del film, il che suggerisce che si dovrebbe prestare 

una maggiore attenzione alle specie negative nel processo di PLD. 

 



 8

 



 9

1. INTRODUCTION 
 

1.1 Pulsed Laser Deposition 

1.1.1 Principle 

 

In recent years Pulsed Laser Deposition (PLD) has been developed into a complete and 

powerful technique for growing thin films [1]. Briefly, the principle of the PLD process, 

shown in Fig. 1.1, consists of four main steps: (i) interaction of the laser beam with the bulk 

target, (ii) plasma formation, heating and initial isothermal expansion, (iii) adiabatic 

expansion, and (iv) nucleation and growth of the thin films on a substrate. In contrast to the 

principle simplicity of this system, the physical phenomena are very complex. A high 

intensity laser beam strikes a surface and induces the ejection of particles thus leading to the 

formation of a cloud of ablated material moving rapidly away from the surface. The physical 

parameters in the plume, e.g. the mass distribution, ion and atom velocity, and the angular 

distribution of the plume species play an important rule in the production of thin films. The 

cloud consists of different species that can be detected with different techniques: excited 

neutrals and ions (by emission spectroscopy [2]), ground state neutrals and ions (by mass 

spectrometry [3]) and electrons/ions (by Faraday cup [4] and ion collectors [4]). Each 

technique is complementary to the others in order to gather as much information about the 

plume parameters as possible. 

 

 

Fig. 1.1. Scheme of a PLD setup. 
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1.1.2 Plume dynamics 

 

The PLD process can be seen as Pulsed Laser Ablation (PLA) with deposition of the 

ablated species on a substrate. The ablation process using a laser with ns pulses can be 

described in four different stages [5]; (i) laser-solid interactions are dominant, (ii) laser-gas or 

laser-plasma interaction prevail, (iii) the plume expands adiabatically and (iv) the interaction 

of the plume with the environment (background gases). 

 

1.1.2.1 Plume formation 

In the first stage the laser interacts with the bulk target. The incoming laser light strikes 

the solid and as consequence the electromagnetic energy is deposited into the target via 

non−thermal processes such as free−carrier absorption, lattice absorption and band 

absorption. After some tens of ps the electrons and atoms in the solid equilibrate, which leads 

to a strong heating of the irradiated volume. During ns pulse irradiation the thermal wave has 

enough time to propagate into the material. At this point the heating is extremely fast so that 

the surface temperature is close to the thermodynamic critical temperature. At these 

temperatures the material ejection process may change from normal vaporization to boiling or 

to phase explosion in which ejection of particles and/or droplets can occur [6].  

 

1.1.2.2 Thin layer ionized formation 

In the second stage of the ablation process laser-plasma interactions are involved. First 

species are ejected from the target, which still absorb energy from the laser radiation. The 

result is the formation of a thin layer of ionized vapor above the surface of the target. 

Although the bulk behind the nascent plasma is shielded from further direct ablation, it can 

now interact with the plasma itself. As a consequence the laser photon energy is absorbed in 

the evaporated target from processes such as electron-impact ionization, electron-ion 

combination, resonant photo−excitation, and photo ionization [7]. 

 

1.1.2.3 Plume expansion in vacuum 

After the termination of the laser pulse the plume expands adiabatically into three 

dimensions. The theoretical description of the adiabatic expansion has been developed by 

Anisimov, et al. [8]. In this model the expansion is considered isentropic, which means that 

there is no heat conduction between different parts of the plume. The shape of the expanding 
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plume is characterized by an ellipsoid. When the ablation yield is much larger than 

0.1 monolayers per ns the particles cannot escape without collisions and high particle 

densities are formed at the target surface. These formed layers will tend to thermally 

equilibrate the plasma [9]. This so−called Knudsen layer modifies the Maxwell−Boltzmann 

distribution to a shifted function, which includes the center of mass given by equation (1.1): 

 

f v( )= A ⋅
m

2πk
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

3
2

⋅ vne
−m(v−u)2

2kT dv  (1.1) 

 

where m is the mass of the particles, k is the Boltzmann constant, v is the speed along the 

propagation direction, u is the stream velocity, T is the plasma temperature, which describes 

the angular distribution of the propagation, and n is an integer (typically 3). 

 

1.1.2.4 Plume expansion and interaction with the environment 

The plasma expansion and its characteristics will be discussed subsequently in more 

detail in a dedicate section of this work “as plasma analytical studies” in chapter 3 and 4. 

Briefly, after the end of the laser pulse, as described before, the plasma expands in all 

directions. In a pressure region from vacuum to a few Pa the plume propagates freely. At 

intermediate pressures (10 – 100 Pa) the initial expansion of the ablation plume does not 

differ much from the expansion in vacuum, since the driving pressure (up to 109 Pa as 

predicted by Boyle’s law) usually is much higher than that of a low−pressure background gas 

(< 100 Pa). The plume expansion continues until the internal pressure is equal to the 

background pressure, in particular the plume front gradually slows down with time as a 

consequence of the interaction with the background gas. Finally a plateau regime is reached, 

thus evidencing the occurrence of plume stopping in the late stages of the plume expansion. 

The plume stopping marks the transition from hydrodynamic expansion of the plume to a 

diffusion−like propagation of the ablated species into the surrounding gas [10]. Furthermore, 

the formation of two shock waves can be observed in this intermediate region: one in the 

plume and the other in the external background gas [11]. The formation of the two shock 

waves can be associated to an oscillating stage of the plume propagation dynamics. At larger 

pressures (> 100 Pa) a strong confinement of the plume is observed, due to multiple collisions 

at the boundary between the plume and the background gas, resulting in a stopping of the 

plasma expansion after a few µs [12]. The plume dynamics are strongly affected by the choice 
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of background gas and its pressure. Furthermore, the initial plasma pressure will be highest 

for those materials with high optical absorption. The degree of ionization, typically in a range 

of 0.1−1.0, exceeds values predicted for a gas plasma in local thermodynamic equilibrium by 

far. The degree of ionization depends on the laser wavelength, pulse duration, fluence, and 

target material, and will also change as the plasma expands. 

 

1.1.3 Film growth 

 

With the introduction of a substrate into the plasma plume material deposition can be 

achieved. The features of the process itself, its pulsed nature and the non-equilibrium 

energetic conditions are characteristic for film growth with PLD. The growth of the thin films 

is strongly correlated to the properties of the plasma, i.e. temperature, kinetic energy, 

composition, etc.. In particular, knowledge about the degree of ionization of the ablation 

plasma as it impinges on a growing surface is vital, because the substrate acts as a third body 

and energy sink where chemical reactions can occur. The thermodynamic state of the 

incoming atoms, their surface mobility and also the atomic structure of the substrate surface 

are some of the fundamental parameters controlling the growth mechanisms. Knowing the 

thermodynamics and kinetics of the plasma gives information about many individual 

processes of the film growth (see Fig. 1.2) such as adsorption, desorption, diffusion, 

nucleation, and coalescence. 

 

Fig. 1.2. Schematic representation of atomic processes on the substrate during deposition. 
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Deposition starts with the condensation of a sufficient number of vapor atoms and the 

creation of a stable location on the substrate. The following stage is the creation of small 

clusters or islands, distributed more or less homogeneously on the substrate surface. During 

the next phase, the so−called coalescence, the islands grow and merge together. Coalescence 

continues until a connected network with vacant channels is developed. Lastly, the continuous 

film is formed after the porous channels and the isolated voids are filled completely [13]. 

As shown in Fig 1.3, there are three main possibilities [14,15] for growth of thin films. 

(i) The Volmer−Weber or island growth mode is characterized by a strong interaction of the 

deposited atoms, exceeding the binding to the substrate, thus leading to cluster growth and 

formation of islands. (ii) In the Frank−van der Merwe mode the interactions between the 

deposited and the substrate atoms are strong, and induce a layer−by−layer growth mode. 

(iii) The Stranski−Krastanov growth mode is a combination of both where island growth is 

favored after the formation of a few layers. 

 

Fig. 1.3. Schematic representation of the three crystal growth modes: (a) Volmer−Weber 
(b) Frank−van der Merwe, (c) Stranski−Krastanov. 

 

 

1.2 Aim of the work 
 

The objective of this work is to follow all the PLD processes for oxide materials from 

the creation of the plasma plume to the deposition on the substrate. The deposited films are 

analyzed and the deposition parameters are correlated to the quality of the thin films. One of 

the main ideas of this project is to “follow” the oxygen species, from the ablation process to 

the film deposition. 

In order to answer the two fundamental problems in thin oxide film deposition, i.e. how 

to determine the oxygen content quantitatively and how to control the oxygen content, a mass 

spectrometry approach was chosen. In the first step the ablation plume is analyzed by plasma 
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mass spectrometry as a function of the different deposition parameters in order to investigate 

the plume composition, the kinetic energy, and the time behavior to find a correlation with the 

deposited films. In a second step the film composition was studied by Secondary Ion Mass 

Spectrometry (SIMS) in order to determine the oxygen content. It was therefore necessary to 

test and develop the SIMS technique as a new tool in our setup and to establish measurement 

procedures and protocols for our group. 
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2. EXPERIMENTAL 
 

2.1 Laser sources and material description 
 

In Table 1 the different laser sources used for the ablation and deposition experiments 

and their main characteristics are summarized. For this work mainly the UV ArF excimer 

laser emitting at 193 nm was used, which requires to enclose the beam path in a plastic box 

purged with a continuous flow of N2 gas in order to minimize the absorption of the laser light 

by the atmospheric gases. The experimental setup allows to focus and/or image the different 

lasers into an UHV chamber were plasma analysis as well as deposition of thin films can be 

performed. 

 

Table 1: Laser systems. 

Laser λ [nm] hν [eV] τp Beam Profile 

Lambda Physik LPX 300 ArF excimer 193 6.42 25 ns Flat−top 

Lambda Physik LPX 105 KrF excimer 248 5.00 20 ns Flat−top 

Quantel Brilliant B Nd:YAG (4ω) 266 4.66 5 ns Gaussian 

Quantel Brilliant B Nd:YAG (3ω) 355 3.49 5 ns Gaussian 

 

Table 2: Targets and substrates. 

Targets Substrates (one side polished)
Substrates (one side polished) 

exchanged 18O 

La0.4Ca0.6MnO3 cylindrical 

La0.4Ca0.6MnO3 disc 

Ag as rod and square target 

LaAlO3 (100) 

SrTiO3 (100) 

Y2O3:ZrO2 (100) 

LaAl18O3 (100) 

SrTi18O3 (100) 

 

Table 2 summarizes the targets and substrates used for the experiments. The cylindrical 

oxide targets, which are sintered from powders, prepared by spray pyrolysis at Praxair 

Surface Technology, have a diameter of 12.7 mm and length of 50 mm. Those targets were 

used for both, plasma analysis and film deposition. Plasma analysis was also performed on 

two types of Ag targets, a cylindrical one for plasma analysis and a 

2.0 mm x 25 mm x 25 mm square foil (99,995% from MaTek) in order to perform angular 

dependent plasma analysis. In collaboration with the Laboratory for Developments and 
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Methods (LDM), at the Paul Scherrer Institute (PSI), a 2mm x 30mm disc oxide target was 

sintered for angle dependent measurements. Furthermore, the LDM laboratory processed 

some of the substrates to exchange 16O with 18O. For the oxygen isotope exchange a special 

furnace coupled with a mass spectrometer was used. The samples are introduced into a clean 

and dry quartz ampoule, and then, the ampoule was introduced in the furnace and closed by a 

special vacuum−flange equipped with feedthroughs for the gas and spectrometer connections. 

A first annealing cycle is performed at the exchange temperature Tex in natural oxygen 

atmosphere at 105 Pa in order to equally oxidize the samples and clean the surfaces. At the 

end of the first annealing step the system is cooled down to room temperature, the ampoule is 

evacuated by a rough pump and the 18O−enriched atmosphere is filled into the ampoule at the 

desired pressure, typically 1bar. The 18O concentration is then measured with the mass 

spectrometer. At this point the exchange procedure starts: the furnace is heated up to Tex and a 

long dwell time (depending on the desired exchange percent) is applied in order to approach a 

kinetic equilibrium condition between solid and gas phase as close as possible. The 
18O concentration is periodically measured with the mass spectrometer in order to monitor the 

progress of the exchange process. When the process does not progress anymore the ampoule 

is quickly evacuated and refilled with a fresh enriched atmosphere. The starting 
18O concentration is measured again at the beginning and at regular intervals of the cycle. The 

procedure is repeated until the desired 18O concentration is achieved. Typically, at least four 

cycles are necessary in order to obtain an 18O concentration higher than 50% within a sample 

of ~ 2 g [16]. 

 

2.2 The multifunctional Ultra High Vacuum (UHV) chamber 
 

The Multifunctional Ultra High Vacuum (M−UHV) chamber is shown in Fig 2.1 and as 

the description “multifunctional” suggests it was used for all the experiments: from plasma 

analysis and film deposition to in-situ characterization of film growth. The main parts of the 

chamber are shown in Fig. 2.1: the Load Lock (LL), Transfer Cross (TC), Laser In (LI), and 

Main Chamber (MC). Each part of M-UHV chamber can be separated from the others via 

three gate valves, in particular the main gate valve between the main chamber and transfer 

cross and the laser gate valve between the main chamber and laser−in, are used during 

substrate or the sample exchange for SIMS analysis in order to keep the vacuum in the main 

chamber (<10−5 Pa). 
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Fig. 2.1. A photograph of the M-UHV experimental setup. a) (1) emission spectroscopy, 
(2) ion gun, (3) sample manipulator system, (4) and load lock are visible; b) (5) mass 
spectrometer, (6) laser entrance window, (7) transfer cross. 

 

The idea for the load lock was initially to allow an in−situ loading of the sample, and to 

transfer it from the transfer cross into a transfer cell with a manual manipulator. The cell 

could than be unloaded and transported to the XPS setup of the General Energy Department. 

But due to modifications in the sample holder of the XPS it was no longer possible during this 

work. 

The transfer cross is used to change the sample without venting. Two entrance doors 

allow access to the sample. One of the doors is equipped with a window that enables to check 

the moving of the manipulator during the transfer from the main chamber to the transfer cross. 

The laser-in represents the entrance of the laser beam. The laser window is made of 

quartz with high transparency in a broad region (from UV to near−IR). This window is 

mounted on a rotatable flange that can be attached in two position depending on the 

experiment: one position for PLD or plasma analysis, using the cylindrical targets, and the 

second one is for doing plasma analysis with the target mounted on the sample manipulator. 

The laser−in section is important for a second reason: background gas inflow can be added 

using a high precision leak valve. Due to the positioning, it is possible to have the gas flow 

opposite to the expansion direction of the plasma plume in order to minimize coverage of the 

window by plasma species. The different parts of the chamber are differentially pumped with 

turbo molecular pumps from Pfeiffer. The pressure is monitored with two gauges, in the load 

lock section a compact full cathode gauge (model PKR 251) is used and for the transfer cross 

section a compact Pirani gauge (model TPR 261) is used. 



 18

 

The main chamber is the heart of the M−UHV chamber, consisting of a stainless steel 

cylinder of 50 cm diameter which is pumped with a 1400 l/s turbo molecular pump (Pfeiffer 

TMU 1601P). The pressure is monitored using a compact full range gauge (type PKR 251). 

Several glass windows are located on the top of the chamber, which allow a view into the 

chamber. Furthermore, it is possible to homogeneous bake the chamber up to 200°C. 

On the bottom of the chamber a Ti−sublimation pump (PREVAC) is mounted, as well 

as a target carousel, which allows the simultaneous storage of up to five cylindrical targets. 

The manipulator system where the different samples holders can be set is mounted on the top 

of the chamber. For PLD three different types of holders can be used, which are specific for 

certain temperatures and pressures during film growth. Depending on the used holder, the 

substrate can be heated up to 1400 K, or cooled down to liquid nitrogen temperature (77 K). 

The sample holder can be electrical heated, and the temperature is monitored by a K−type 

thermocouple mounted on the sample holder surface, directly in contact with the substrate. 

For SIMS experiments a Faraday cup is needed in order to control the ion beam of the ion 

gun. Therefore, the sample to be analyzed is mounted next to the Faraday cup entrance with a 

carbon tape. The sample manipulator can be moved in five different directions, with a 

separate stepper-motor for each, corresponding to: X, Y, Z axis and rotary drives for theta (θ) 

and phi (ϕ) rotation. The M−UHV chamber is controlled by different home made LabView 

programs: one is used to manually control the stepper motors, the second one controls the 

target carousel and the turbo molecular pumps. An additional automatic program can be used 

to move the manipulator in all fixed position depending on the performed experiments. For 

this all sample manipulator coordinates (X, Y, Z, θ, ϕ) were determined for each position 

using a diode laser. The reproducibility of positioning is ensured using optical (for rotations) 

and mechanical limit switches. 

In Fig 2.2 the equipment available in the main chamber is shown. The different 

measurement setups are placed at an angle of 45° with respect to each other. In the following, 

a brief description of the M−UHV chamber functions will be given beginning with the laser-

in section. A black and red line visualizes the aforementioned two different beam paths. When 

the entrance window is placed in PLD position (black line) the laser energy can be measured 

at the opposite side of the chamber. In this case the laser path is not crossing the center of the 

chamber but has an offset. This is necessary as the cylindrical targets in the carousel have a 

45° angle with respect to the mass spectrometer or the sample. 
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Fig. 2.2. Schematic top view of the M−UHV chamber, showing the laser−in section, 
mass spectrometer, ion gun, electron flood gun, emission spectroscopy, energy out, gas 
pulse, RF−plasma beam, Langmuir probe and metastable detector, and the target 
position in the beam path. 

 

If the window is positioned for plasma analysis of targets mounted on the sample 

manipulator (red line), the laser path will cross the center of the chamber. This configuration 

was chosen to enable a θ rotation of the sample manipulator with the sample positioned in the 

center in order to measure angular distributions with the mass spectrometer and Langmuir 

probe simultaneously. 

The mass spectrometer is mounted on a translational stage to allow variable distances 

between target and analyzer. This is important in particular for two main reasons: (i) plasma 

analysis depending on the distance, (ii) SIMS analysis as close as possible to the sample. At a 

45° angle with respect to the mass spectrometer and at the same height an ion gun (Hiden 

Analytical) is mounted (explained in more detail later). This device is the generator of the 

primary ion beam for SIMS measurements with the possibility to use argon or oxygen as ion 

sources. In order to measure the ion current and the ion beam size a Faraday cup is mounted 

on the sample manipulator positioned at the normal or at 45°. The ion gun is mounted in a 

fixed position. It is possible to cover the ion gun aperture during PLD or plasma analysis to 

avoid the coating of the plate and filament. Both instrument from Hiden are differentially 

pumped with turbo molecular pumps from Pfeiffer (TMU 071P). An electron flood gun 

(PREVAC FG 40A1) is placed below the ion gun. This device is used only during SIMS 
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experiments and provides the charge neutralization of positive surface charge of non-

conductive samples, generated by the ion bombardment. 

A large quartz window is mounted perpendicular to the target−MS axis and therefore 

perpendicular to the main plasma plume expansion direction. This is necessary for plasma 

emission spectroscopy measurements described in detail in chapter 4. The plasma plume 

emission is imaged using a mirror system, beam steerer, and achromatic lenses on the slit of a 

spectrometer (Acton Research Corporation Spectra Pro−500) with an I−CCD camera 

(Princeton Instrument, 1024 x 256). A manual gate valve is positioned in the main chamber in 

front of the quartz window to prevent coating during PLD or plasma mass spectrometry. 

A metastable detector and Langmuir probe are installed at a 45° angle anticlockwise 

from the laser−in. Those instruments are designed for ablation plume analysis, in a similar 

way as the mass spectrometer.  

A RF discharge is mounted at a 45° angle anticlockwise with respect to the Langmuir 

probe and the pulsed gas source at 90°. Both devices (gas pulse and plasma beam) are mainly 

utilized for film deposition, but were not used in this work. The gas pulse is placed at a 

distance of 1 cm from the ablation point of the target and the RF beam is aligned in such a 

way that the plasma beam can be directed towards the substrate surface during deposition. 

The pulsed gas source operates for a time of 400 µs and a certain delay between the gas and 

the laser pulse. The pulse width, the repetition rate, and the delay between the gas and laser 

pulse are electronically controlled. The gas pulse can be adjusted corresponding to the used 

laser repetition rate. The RF discharge can be operated using different gases, such as O2, N2O, 

NH3, and N2, depending on the applications [17]. 

The M−UHV Chamber was upgraded during this work. From the original configuration 

different parts were added for different reasons. In order to achieve a better pressure for the 

SIMS experiments a Ti-sublimation pump was installed. It was an important improvement 

because it allowed to keep at good vacuum (pressure <10−7 Pa) during sample exchange. In 

this way it is possible to run SIMS experiment for months with a constant ultra high vacuum. 

Also for SIMS experiments an Electron Flood Gun (EFG), was added to achieve charge 

compensation on the sample surface. At the end of this work the laser−in part was reduced in 

length to allow the application of a 500 mm focal length lens in order to achieve higher laser 

fluences on the target for the imaging setup. 
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2.3 The quadrupole mass spectrometer 

2.3.1 Description and principle of work 

 

The HAL EQP/EQS Analyzer is a high-transmission 45° sector field ion energy 

analyzer and quadrupole mass spectrometer from Hiden Analytical. It is designed as a 

diagnostic tool for plasma and SIMS analysis. The Electrostatic Quadrupole Plasma (EQP) 

mass spectrometer analyses the energy and mass of ions, neutrals and radicals generated in a 

plasma. The Electrostatic Quadrupole SIMS (EQS) mass spectrometer measures the energy 

and mass of ions and neutrals generated in a SIMS experiment. A MCS−pci card 

(Multi−Channel Scaler) from ORTEC® in combination with this mass spectrometer was used 

in order to perform time resolved measurements. Our instrument is a modified system, which 

allows plasma analysis as well as SIMS experiments, by using exchangeable apertures at the 

entrance of the instrument. The principal components of the mass spectrometer are shown in 

Fig 2.3. The energy analyzer can be used in the range between −100 eV and 100 eV, while the 

quadrupole analyzer has a mass range from 1 to 510 amu. 

 

 
Fig. 2.3. Diagram of the principal components of the Hiden mass spectrometer (source: 
http://www.hidenanalytical.com). 

 

It is fundamental to keep the pressure below 10−4 Pa in the analyzer to prevent damage 

to the SEM detector. This is achieved by differential pumping using a turbo molecular pump 

(Pfeiffer TMU 071P) allowing measurements with pressures as high as 100 Pa in the main 

chamber (only with smallest nozzle of 0.06 mm). The pressure is monitored using a compact 
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cold gauge (type IKR 261) and if the pressure reaches 10−4 Pa the mass spectrometer 

controller is automatically switch off. The EQP/EQS has a changeable orifice mounted on the 

front of the mass spectrometer, where the aperture of the nozzle is chosen according to the 

performed experiment. For SIMS measurements the largest nozzle (6 mm diameter) is used in 

order to have a large signal and detection sensitivity. For plasma analysis the largest nozzle is 

also usable but only at low laser fluences to avoid saturation of the detector. The advantage is 

the ability to detect species, which are present in small amounts, such as negative n−oxides 

(MO2, MO3, M2O3, etc.). The aperture has to be reduced to 0.6 mm or 0.06 mm when high 

background gas pressures are used. 
 

 
Fig. 2.4. Diagram of the electrodes of the Hiden mass spectrometer where the difference 
between the configurations are highlighted with red area for the extraction sector and in 
green the source sector: a) EQP configuration, and b) EQS configuration. 
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In this work the mass spectrometer was used for different types of analysis in which 

either plasma or secondary ions were detected. A strong influence of environmental 

parameters on the measured species was observed, e.g. when the energy of the species in the 

plasma changes, which results from a change in gas pressure or in plasma power. Therefore, 

in order to maximize performance from the instrument, tuning of the ∼ twenty electrodes that 

are shown in Fig. 2.4, is necessary. In this figure the main section of the mass spectrometer 

and the respective electrodes, are shown. Note that the same instrument is used for EQP as 

well as for EQS measurements but, as explained in more detail below, both electrodes are of 

different importance. 

 

2.3.2 Description of EQP/EQS electrodes 

 

The EQP/EQS electrodes, shown in Fig 2.4, can be divided into five sections: 

Extraction, Source, Sector, Quad and Detector. Each of these sections has one or more 

electrodes that can be tuned separately. 

 

Extraction sector: This consists of two separate components: extractor and lens1. 

After passing the orifice, those are the first electrodes that the incident ions encounter, 

therefore, these voltage settings can be quite critical for plasma/SIMS operation. Those 

electrodes are placed before the ionization sector, so they are not used for the detection of 

neutral species (RGA mode, from Residual Gas Analysis), but can be set to avoid ions or 

charged clusters entering the mass spectrometer during neutral species analysis. 

The extractor has a range of −370 V to +370 V, depending on the measured charges or 

ions. This voltage is used to enhance the signal of the selected ion by collecting the signal 

more efficiently. It works as an attractive pole for the incoming ions, which are produced in 

plasmas or by ion sputtering. The different natures of these experiments require different 

range settings, depending on the mass [18]. For SIMS experiments the extractor range is set 

between −40 V to +40 as shown in Fig 2.5 (a), while for plasma experiments the range is 

increased up to the limit of the instrument (Fig 2.5 b). Normally the extractor is kept as close 

to 0 V as possible, because, especially in plasma experiments, additional ionization can occur 

between the cover plate and the extraction voltage, giving rise to artificial energy peaks. 
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Fig. 2.5. Extractor voltage tuning for: a) SIMS experiment; b) for plasma 
experiment. 

 

The lens1 electrode can also be tuned from −370 V to 370 V, which is responsible for 

the focusing of the ion beam from the entrance into the aperture of the electron impact ion 

source. This plate plays an important role in combination with lens2 in order to increase the 

signal at low energy, in particular for SIMS experiments. 

 

Source section: This consists of three components: emission, electron−energy, cage. 

The emission, electron−energy, and cage voltages control the operation of the integral 

electron−impact ionization source. They are only used when a neutral detection is performed 

by forming a field−free drift space for the ions. This type of analysis, called RGA mode, is 

converting the neutrals entering the source region into ions. Electron impact ionization occurs 

at relatively high electron energies, and both positively and negatively charged ions are 

formed. This means that it is possible to analyze either positive or negative ions, in positive or 

negative RGA mode respectively, for initially neutrals species. In this work both types of 

analysis were performed. The working principle is the same and consists of an electron 

bombardment generated from an oxide coated iridium filament. The filament emits electrons, 

which enter the source cage with an energy defined by the electron−energy variable. This 

process is different for the two operation modes. At low electron energies the formation of 

negatively charged ions can obtained by direct electron capturing or ion pair production. The 

probability of a negative ion being formed by one of these mechanisms is depending on the 
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energy of the electron involved and is usually expressed by a cross−section area. The reaction 

involved in such processes can be described as: 

 

e + x ⇒ x- (2.1) 

e + xy ⇒ x- + y (2.2) 

e + xy ⇒ x- + y+ + e (2.3) 

 

Equations (2.1) and (2.2) are called associative and dissociative resonance attachment, 

respectively. They are pressure dependent, as both need low energy electrons and stabilization 

in collisions. The ion−pair production, equation (2.3), is the principle method of negative ion 

formation under impact at high electron energies. The probabilities of forming negative ions 

by these reactions are known for many species. Features of many of the attachment 

cross−section curves are well−defined peaks, which occur at low energies, as shown in 

Fig. 2.6. These may be contrasted with the corresponding ionization cross−sections for 

positive ions, which generally increase smoothly with electron energies above a certain 

threshold value and reach a broad maximum at around 70 eV, which is typically the value set 

for the electron−energy plate. This is a direct consequence from equation (2.3), which for 

electrons accelerated to 70 eV is reduced to the ionization process: 

 

e + x ⇒ x+ + 2e (2.4) 

 

 
Fig. 2.6. Attachment cross−section for carbon dioxide (Hiden analytical). 
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Sector section: consists of seven different components: axis, lens2, vert, horiz, D.C. 

quad, plates and energy. Those electrodes are associated with the sector field energy filter. 

The first part is called transfer ion optics. The ions enter this region after leaving the source 

sector and are accelerated into the drift space, which they transit with an energy set by the 

drift potential, the axis plate. Lens2 matches the ion source to the energy filter for efficient ion 

transfer, as described previously for lens1. In the EQS mode the axis is integrated with an 

additional plate called flight focus. It plays an important role as it focuses the ions from the 

rear of the source into the energy filter. The second part of this section is the energy filter, 

which is controlled by the remaining plates. The energy filter is a 45° sector field analyzer, 

where the electrodes control the beam alignment (vert and horiz) and the beam astigmatism 

(D.C. quad). Together, they form the so-called “quadrupole lens”. Axis and plates govern the 

voltage at the energy filter. Since axis is normally held constant (typically at 40 V) and energy 

is adjusted to suit the energy of the ions, the ions always transit the energy filter with a kinetic 

energy equivalent to the axis potential. In order to transmit ions with the correct energy, the 

plates variable must be set relative to the axis voltage. The basic principle of the electrostatic 

sector analyzer is described by the motion of a charged particle in an electric field. The 

charged particle coming from the ion transfer optic is traveling with a kinetic energy Ek: 

Ek =
mv 2

2
= qVs (2.5) 

When entering the electrostatic field the particle is influenced as follows: 

 
r 
F E = q

r 
E  (2.6) 

 

r 
E = Ve

d
 (2.7) 

Where   
r 
E  is the field and d is the distance between the plates of the sector field analyzer. 

The trajectory of the ions is determined by equilibration of the electric force and the 

centripetal acceleration 

FE =
qVe

d
= FC =

mv 2

r
 (2.8) 

 

The following equations can be derived: 

r =
2 ⋅ d ⋅ Vs

Ve
 (2.9) 
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r =
d ⋅ m ⋅ v 2

q ⋅Ve

=
2 ⋅ d ⋅ Ek

q ⋅Ve
 (2.10) 

Equation (2.10) shows that the mass does not influence the radius (except as a kinetic energy 

term), therefore, the electrostatic analyzer does a separation by kinetic energy only. 

 

Fig. 2.7. The measured energy distribution of the CaO: a) positive ions, and 
b) negative ions using the energy analyzer. 
 

Typical energy distributions obtained by tuning the electrostatic analyzer are shown in 

Fig. 2.7. Please note that the kinetic energy for the X scale is proportional to the setting of the 

deflection plates. In order to measure the negatively charged species a negative bias is applied 

and respectively a positive bias for positively charged species. The absolute kinetic energy 

scale therefore is −qVneg  or +qVpos . 

 

Quad section: This consists of five components: focus2, resolution, delta-m, 

suppressor and transit energy. After leaving the energy sector, the ions are decelerated by 

the decelerating lens controlled by focus2 in order to reduce the kinetic energy of the ions and 

focus the beam prior to the injection into the quadrupole mass filter. The quadrupole mass 

filter comprises a main filter, shown in Fig. 2.8, driven by rf and dc (Radio Frequency and 

Direct Current voltages, respectively), with a pre− and post−filter drive by rf only. The mass 

resolution of the quadrupole is set by delta−m for low masses and resolution for high masses; 

the two controls are interactive. 

The working principle of the quadrupole mass spectrometer is based on the stability of 

the ion trajectory in an oscillating electric field. The mass filter consists of four parallel metal 
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rods, which generate a quadrupole electric field, induced by the superposition of ac and dc 

voltages. Two opposite rods have an applied potential of (U+Vcos(ωt)) and the other two rods 

have a potential of −(U+Vcos(ωt)), where U is a dc voltage and Vcos(ωt) is an ac voltage. 

The applied voltages affect the trajectory of ions traveling down the flight path centered 

between the four rods. For given dc and ac voltages, only ions of a certain mass−to−charge 

ratio pass the quadrupole filter while all other ions are deflected of their original path. A mass 

spectrum is obtained by monitoring the ions passing through the quadrupole filter as the 

voltages on the rods are varied. There are two methods: varying ω and holding U and V 

constant, or varying U and V with (U/V) fixed for a constant angular frequency ω. 

 

 
Fig. 2.8. Diagram of the quadrupole mass filter. 

 

Ions with a stable trajectory through the mass filter pass with an energy set by the 

transit energy and pass the suppressor electrode, which is biased to reject electrons before 

they reach the detector. 

 

Detector section: This consists of three elements: multiplier, 1st−dynode and 

discriminator. The ion detection is performed by a Faraday cup or a Secondary Electron 

Multiplier (SEM). The choice of the type of detector depends on the intensity of the signal 

(SEM can only be used for a maximum of 5•106 cps) and the pressure in the mass 

spectrometer (for SEM a maximum of 5•10−4 Pa). The SEM multiplier should be set 

according to the plateau region for all modes of operation as indicated by the black line in Fig. 
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2.9. This operation mode is necessary to assure that the count rate is substantially independent 

of the voltage applied to the SEM. 

 

 
Fig. 2.9. SEM multiplier detector. N2 mass selected for SEM calibration, before 
the first plasma measure (red curve) and after 500 hours of measurements (yellow 
curve). The black line indicates the operation region for the multiplier plate. 

 

2.3.3 Time and energy resolved mass spectra 

 

One of the most important aspects of this work is the analysis of pulsed plasmas by 

mass spectrometry to determine the plume composition (mass) and the kinetic energy of the 

different plume species (energy). To achieve those scopes the mass spectrometer must be used 

in gating mode. A good synchronization between the mass spectrometer and the laser pulse is 

needed, as the mass spectrometer must acquire the signal only when the plasma pulse is 

arriving on the detector. Typically an ablation event happens on a time scale of hundred 

microseconds. This time resolution can be obtained using a photodiode as reference signal in 

front of the entrance of the chamber. According to this signal the mass spectrometer is 

triggered by a delay generator (Standford DG535), that drives a home made delay box which 

generates a pulse with a specific width and delay. This signal is necessary for the mass 

spectrometer, which is acquiring the signal only when the gating pulse is on. The 

experimental scheme is shown in Fig 2.10, where the MSIU is the controller for the mass 

spectrometer.  
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Fig. 2.10. A schematic of the experimental setup for time resolved experiment. 
 

A schematic time scale showing the events involved in this type of experiments is 

depicted in Fig 2.11. The gating pulse is used to monitor the time evolution of a pulsed 

plasma system. By increasing the time delay, it is possible to scan across the plasma plume. 

With a small gating width it is possible to look at the ions during a small time window of the 

plasma life. It is possible to monitor all component (fast and slow) of the plasma plume 

combining these two parameters. 

 

 
Fig. 2.11. Pulsed plasma time monitoring. 
 

Each point that the mass spectrometer acquires is read for the set dwell period in the 

mass spectrometer program (at least 1ms). This induces a long detection time for this type of 
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measurements. To improve and integrate the information that can be obtained, the mass 

spectrometer was combined with a special pci−card that will be described in the next 

paragraph. 

 

2.3.4 Description of the MCS−pciTM card from ORTEC® 

 

In order to perform time resolved experiments the EQP mass spectrometer was 

improved with a MultiChannel Scaler card (MCS). The MCS card records the counting rate 

of events as a function of time. This type of analysis needs a pre−selection of the kinetic 

energy, in order to select the energy value in the electrostatic analyzer and the selection of the 

mass to look for. This is necessary, as the ions have to pass through the electrostatic analyzer 

and the quadrupole mass selector. This is done by downloading the environment settings of 

the chosen element to analyze into the control unit of the mass spectrometer. These 

measurements show the time of arrival of ions with a selected mass and kinetic energy at the 

detector. They are similar to the measurements described before (Fig. 2.12). In this case small 

(typical value are 100 ns) time windows are chosen, allowing the mass spectrometer to collect 

the ions arriving in this time window and to integrat them in a long scan (up to 6ms). The 

result is a time resolved measurements of the incoming ions. 
 

 
Fig. 2.12. Comparison of CaO+ ion signal measured with the electrostatic analyzer 
and MCS−card. 
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2.4 The Langmuir probe 
 

A home built Langmuir probe was also used for the plasma analysis in order to compare 

and complement the mass spectrometer results. The principle of such a probe is rather simple, 

i.e. a conducting wire is placed in the plasma, where it is possible to determine several basic 

properties of the plasma, such as temperature and density by collecting ions and measuring 

the electron current under different probe voltages. These results are obtained by collecting 

the different currents using an oscilloscope, as a function of the difference between the probe 

and plasma space potentials. This yields a curve known as the “probe characteristic”. 

Furthermore, each measured signal gives a characteristic Time Of Flight (TOF) curve, from 

which it is possible to determine the velocity and the energy distribution of the plasma 

species. As shown in Fig 2.10 the probe was placed at an ~90° angle anticlockwise with 

respect to the mass spectrometer. This position permits to measure the plasma with the 

Langmuir probe and simultaneously with the mass spectrometer. Additionally, angular 

dependences can be studied with both techniques. The Langmuir probe working principle will 

be described in more detail in Chapter 3. 

 

2.5 Emission spectroscopy setup 
 

A full characterization of the plasma plume requires the use of many different 

techniques, each giving information about a particular aspect. Up to now the different applied 

methods can be described as “contact methods”. These types of investigations require that the 

detector is in direct contact with the plasma plume, e.g. a metal wire in the plasma plume for 

Langmuir probe measurements. Another important approach used to investigate the plume is 

a non−contact method, i.e. optical emission spectroscopy. The setup for this experiment is 

shown in Fig. 2.13. Following the blue line on the picture, starting at the plasma plume, the 

emitted light is collected by an achromatic lens (from 190 nm to 1200 nm) positioned outside 

the M−UHV chamber at a distance of 550 mm from the target. This distance is chosen to have 

a parallel beam of light after the achromatic lens. A beam steerer is used to flip the orientation 

of the plasma plume image from horizontal to vertical in order to align it with the 

monochromator slit. A second achromatic lens focuses the beam and projects it onto the slit, 

placed in the image plane. As a result from the ratio of the focal lengths of the lenses a 2:1 

demagnification is achieved. The use of a 2D CCD−chip allows for simultaneous, spatial and 
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temporal resolution. To measure the spatial evolution on a larger scale than the ∼ 1.2 cm 

covered by the CCD the last mirror could be used to project the plasma at larger distances 

onto the slit, which effectively increases the measured region of the plasma. The spatial 

resolution was about 0.2 mm. The temporal evolution was studied selecting different delay 

times, taking into account the minimum delay time of 21 ns, imposed by the response of the 

instruments.  

An Acton Research Corporation “Spectra PRO 500” wide−range 0.5 meter triple 

grating monochromator−spectrograph equipped with a Princeton Instrument Inc “ICCD−1024 

MLDG−E/1” CCD camera was used to record the emission spectra. The spectrograph can be 

operated in single line or full chip mode. The typically applied gratings had 150, 600, 1800 

lines/mm, with a corresponding spectral resolution of approximately 0.3, 0.15 and 0.02 nm 

per channel respectively. In the whole region of interest (250−600 nm) two spectra are 

recorded separately. The first from 250 to 600 nm is a broad scan (~ 350 nm range, 0.3 nm 

resolution; 150 line/mm grating blazed at 300 nm) and the second, from 420 to 440 nm, is a 

more accurate fine scan (~ 22 nm range, 0.02 nm resolution; 1800 line/mm gratings, blazed at 

250 and 500 nm). Each of these spectra is integrated over 20 repetitions per delay time with 

an acquisition time of 50−100 ns ms per single measurement. 

 

 
Fig. 2.13. A photograph of the emission spectroscopy setup. 
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2.6 The ion gun 

2.6.1 Description and working principle 

 

The Hiden Analytical Limited IG20 ion gun is used for SIMS mass analysis and for 

depth profiling. This type of device has an energy range of up to 5 keV, resulting in a depth 

profiling resolutions down to ∼ 3 nm. The IG20 uses a twin−filament electron−impact ion 

source and produces a geometrically defined ion beam with a low neutral flux density. 

Neutrals are suppressed by using a gas-tight source and efficient differential pumping together 

with a 3° bend (as described later in this paragraph) in the ion gun column. A schematic 

diagram of the IG20 ion gun is shown in Fig. 2.14. 

 

 
Fig. 2.14. Schematic diagram of the ion gun. 

 

The positive ions are created in the ionisation volume by electrons emitted from a hot 

filament. The electrons are accelerated into the ionisation volume by a voltage difference 

(electron energy selector) between the filament and the source cage. The ionisation volume is 

enclosed by a mesh, which collects the electrons emitted by the filament. This emission 

current is measured and used to control the filament current. It is possible to select the 

electron energy (normally set at 100 V) and the emission current needed by the ion gun 

controller unit. The emission current affects the lifetime of the filament, in particularly high 

emission currents and low ion energies must be avoided. 

An extraction electrode accelerates the positive ions formed in the ionisation volume 

into the Focus 1 region. The ion energy, also set by the controller (between 0.5 and 5 keV), is 

defined by the voltage on the source cage. Focus 1 provides X and Y beam movements in the 

region after the ion source but before the optical mechanical alignment adjuster. These 
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controls deflect the beam through the 3° bend in the Y direction and align the ion beam with 

the ion column. The adjustment of these plates is needed in order to have the maximum ion 

beam current at the target. The primary ion beam is composed of ionized and neutral atoms, 

but the ion gun deflection plates do not affect the neutrals. Therefore, if the ion gun columns 

were linear, the neutrals will strike the analyzed surface outside the selected area and thus 

lowering the depth profile resolution. The neutral suppression is realized by the bending in the 

ion gun. The bend of the ion gun is an engineering approach to achieve a better beam quality 

that is necessary for depth−profiling analysis. The ions are focused onto the Focus 2 aperture 

by the Focus 1 lens. The Focus 2 lens focuses the ion beam onto the target. X and Y deflect 

allow to adjust the beam position on the target in the chosen direction. These measurements 

can be done manually using the controller and monitoring the signal with an oscilloscope (as 

will be explained in the next paragraph) or automatically, utilizing the mass spectrometer 

controller. 

 

2.6.2 Beam parameters 

 

There are two important beam parameters that must be checked before doing SIMS 

experiments: the beam current and the beam diameter. This can be done by using a Faraday 

cup (the details of the construction are shown in Fig 2.15). Fig. 2.14 (b) shows the Faraday 

cup ready for measurements with two samples attached with a carbon tape. This configuration 

was used in order to control the ion beam before and after the measurements on thin films. 

 

Fig. 2.15. Ion current measurement instrument, (Faraday cup): a) on the left: as 
scheme drawing and b) on the right: photo of the device with two sample ready to be 
measured. 
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The Faraday cup has a square entrance aperture of 2x2 mm2, which is used to measure 

the ion beam diameter. Additionally, the cup is used to measure the beam current, and a 

secondary electron suppressor prevents the loss of secondary electrons that otherwise would 

escape from the cup. The beam diameter is measured by scanning the spot across the entrance 

aperture of the Faraday cup. The beam width is determined from the deflection required to 

change the ion current from 8% to 92% of the maximum value. The deflection voltage 

required to move from 50% transmission on one side of the slit to 50% transmission on the 

other side gives a distance calibration. Figure 2.16 shows the different points. Points P1, P2 

and P3 are measured on the left side of the slit, point P4 is on the right side. P1 is 8% of 

maximum, P2 is 50%, P3 is 92% and P4 is 50%. If the corresponding deflection (panel meter) 

values are D1, D2, D3 and D4, and the slit width is d (in mm), then the beam diameter is 

given by: 
 

d0 = d ⋅
D1− D3
D2 − D4

 (2.11) 

 

 
Fig. 2.16. Beam diameter measurement. 

 

The beam size was measured using an oscilloscope (Tektronix TDS3054) connected 

with the primary beam controller unit via a BNC connector. The oscilloscope, set to the XY 

mode, is used to determine the ion current. The measurement gives a voltage as a result that 

must be converted into a current taking the conversion factor range of 1V per µA (normally 

used) or 100 V per µA (used for low ion energies < 1 keV) into account. 
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In Fig. 2.17 a) the diverse behavior for different ion currents depending on the ion 

energy with an electron emission current of 10 mA is shown. The various ion energies 

influence the sputter rate of our instrument, and the ion current is additionally related to the 

ion current density. 

Fig. 2.17. Faraday cup measurements with a) fixed current and different ion 
energies, b) fixed ion energy and different electron emission currents. 

 

Fig 2.17 b) shows the influence of the ion energy on the electron emission current. The 

most intense signal is not achieved at the largest current with fixed ion energy. The different 

ion energies and the relative ion current densities used during this work are summarized in 

Table 3. 
 

Table 3: Primary ion beam characteristics for different applied ion energies, which are 

used in experiments and instrument calibration. These data were collected with a fixed 

electron emission current of 10 mA, detected with the Faraday cup and calibrated using 

a reference material. 

Energy 
[eV] 

Ion 
current 
[nA] 

Ion density 
[mA/cm2] 

Ion beam 
diameter 

[µm] 

Sputtering 
Yield for Ref. 

[atom/ion] 
Using 

1 45 0.25 85 0.9 Calib 

1.75 90 0.55 85 1.75 Operate 

2 110 0.65 95 2 Calib 

2.5 270 0.75 100 2.3 Operate 

3.5 470 1.5 100 2.75 Calib 

5 840 4.5 110 3.3 Operate 
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2.6.3 Beam parameter characterization with a certified reference material 

 

The ion gun was calibrated in energy and current with certified samples. For this 

purpose a certified reference material BCR®−261T, a tantalum pentoxide on tantalum foil 

(Ta2O5/Ta), was used. This type of samples is designed for assessing and optimizing the depth 

resolving capability and sputtering yield of various surface analysis instruments, such as XPS, 

Auger, and SIMS. 

This international standard was used to compare the sputtering yield of our ion gun with 

those of other laboratories. The results are shown in Fig 2.18 and agree well with external 

results making it possible to compare our results to those of other laboratories. From these 

measurements it can be concluded that the sputtering yield changes dramatically in the low 

energy region and reaches a plateau for energies larger than 4 keV. 

 

Fig. 2.18. a) Sputtering yield vs. ion energy for an Ar primary beam measured 
for our instrument and compared with round robin measurements [19], b) Ion 
current density measured with the Faraday cup. 
 

The same behavior can be observed in the ion current density of the primary beam 

measured with the Faraday cup (Fig. 2.18 b), where a small increase of the ion energy 

strongly increases the ion density that is related to the sputtering rate. Interestingly, a plateau 

appears around 4 keV, where the main influence does not come from the ion energy, but from 

the ion current. 
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In order to perform depth profile scans the depth resolution must be calibrated. For this 

type of experiments the ion beam is rastered continuously over a small area that can be 

selected with the MASsoft® program from Hiden. The advantage of this procedure is that the 

detection signal is synchronized with the rastering beam, so that the detection is enabled only 

when the spot is inside the selected region of the sputtered area as shown in Fig 2.19. The 

main reason is to avoid crater edge effects, where ions from the walls may influence the depth 

profile. Therefore, only the flat-bottom is taken into account for the results. 

 

Fig. 2.19. Schematic representation of the raster crater (on the left) and a real crater 
measured with a profilometer (on the right). The different colors correspond to 
different depth levels. 

 

2.6.4 Beam degradation 

 

The ion beam parameters are affected by degradation of the different parts of the ion 

gun. Two regular maintenance procedures are fundamentally important: filament renewal and 

ion source cleaning, both increasing measurement repeatability and lifetime of the ion gun. 

Sputtered material can build up on and around the source plates after prolonged use, resulting 

in partial short circuits and loss of emission efficiency. Moreover, through the sputtering, the 

different plates of the ion source are degraded as shown in Fig 2.20. This widening of the hole 

affects the ion beam quality in particular for depth profiling.  
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Fig. 2.20. Different plates of the ion gun. a) lens 1; b) focus 1; c) focus 2 
 

Different thin films are shown in Fig 2.21, where the rastering area is enlarged for using 

the same ion beam parameters. The ion current was set to 85 nA with an ion energy of 

1.75 keV. The red circle highlights the crater produced by the depth profiling measurements. 

In later experiments the crater is increasing in size, as highlighted with the green circle, and 

after ∼1300 hours the ion gun plates must be exchanged. 

 

Fig. 2.21. Depth profiling craters on LCMO thin films. The ion beam parameters for 
all samples were the same. From left to right the usage time of the ion gun is 
increasing. 

 

2.7 Thin film characterization 
 

A different number of methods were employed to characterize the thin films produced 

by PLD. The most relevant for this work is SIMS for depth profiling and composition 

analysis. To have a direct comparison, profilometry and Rutherford Backscattering 

Spectrometry (RBS) were used. Electrical and surface properties were characterized using 

different methods, i.e. van der Pauw, atomic force microscopy etc.. 

 

2.7.1 Profilometer 

 

A Dektak 8 profilometer (Veeco Instruments Inc.) with a tip size of 5 μm, a load mass 

of 3 μg, and a scanning speed of 150 μm⋅s−1 was used to measure the film profile and 
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roughness. The film thickness was measured on the edge of the sample by measuring the step 

between film and substrate where the clamps used for mounting of the sample were covering 

the substrate and no film deposition occurred (Fig 2.22). The uniformity of deposition was 

confirmed by height measurements on different positions of the film. 

 

Fig. 2.22. a): Sample holder with the substrate fixed by clamps, and b) sample after 
deposition and SIMS measurements. 

 

Depth measurements preformed with the profilometer on holes sputtered during SIMS 

can be used to estimate the sputtering rate of the primary ion beam. These values are in good 

agreement with the value of the certified reference material. 

 

2.7.2 Atomic force and electron microscopy techniques  

 

In this work the surface morphology was examined using Atomic Force Microscopy 

(AFM) and Scanning Electron Microscopy (SEM). These techniques are widely used to 

observe the surface topology and to obtain the surface roughness. 

 

2.7.2.1 Atomic Force microscopy 

A schematic view of an AFM device is shown in Fig 2.23. The principle of operation is 

similar to a stylus profiler, in this case a sharp micro−fabricated tip attached to a cantilever is 

scanning across the sample. The cantilever will be deflected according to the morphology of 

the surface, and the deflection is then monitored using a laser and photodiode. The signal is 

converted into an image or spectrum of the surface. The AFM can work in different modes 

depending on the forces applied on the cantilever. The most common methods are the 
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constant contact force (contact mode) or force modulation mode (tapping mode). For our 

measurements the morphology of the sample was measured in contact mode with a 

Nanoscope IIIa SPM (Digital Instruments/Veeco Instruments Inc.). Different scanning areas 

(5µm x 5µm, 20µm x 20µm) were used, depending on the growth parameters of the samples. 

 

 
Fig. 2.23. Basic scheme of an AFM setup. 

 

2.7.2.2 Electron microscopy 

One of the most used instruments in material science for surface analysis is the SEM. 

This device is based on the fact that the wavelength of a electron beam is much smaller than 

the wavelength of visible light and therefore the possible resolution and magnification are 

much better (up to thousands of times) than with optical microscopes. The instrument uses a 

focused beam of electrons to scan the sample surface (Fig. 2.24). These primary electrons 

interacting with the atoms at the surface cause the emissions of secondary electrons (SE), 

which are detected and processed into an image. Additionally, backscattered electrons of the 

electron beam are detected and used for imaging. These images can be used for contrasting 

the sample regions with different characteristic. During this work the different microstructure 

and topographies obtained by applying different deposition conditions in the PLD process 

were analyzed using a Zeiss Supra VP55 FE−SEM. 
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Fig. 2.24. A schematic view of the SEM experimental setup. 

 

2.7.3 X-ray diffraction 

 

The properties of thin films depend on different parameters, one of the most important 

is the crystalline quality, which is strongly influenced by the epitaxial relationship between 

the film and the substrate. X−ray diffraction is the ideal tool to investigate the phase purity, 

crystal orientation, and lattice constants, with very high resolution due to the small X−ray 

wavelength of λ ~1 Å. 

 

 
Fig. 2.25. Bragg diffraction. 

 

The diffraction of an ordered array of atoms displaced in different planes with distances 

d is described by the Bragg condition (shown in Fig. 2.25). The incident and diffracting 

angles θ are equal, which leads to the Bragg law: 
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n ⋅ λ = 2d ⋅ sinϑ  (2.12) 

 

where n is an integer and λ is the wavelength of the beam. As a result a very distinct 

diffraction pattern is obtained. The diffraction patterns were acquired with a Siemens D500 

instrument in Bragg−Brentano geometry using Cu Kα (λmean: 1.5418 Å) radiation. It was 

operated at 40 kV and 40 mA. The measurements for this work were typically done in θ − 2θ 

orientation in order to obtain information about the crystalline orientation and possible 

deviation due to the different crystalline planes. The results are presented in more detail in 

chapter 6. 

 

2.7.4 Film composition 

 

One goal of this work is to compare SIMS analysis as a stoichiometric analysis method 

with well−known techniques, such as RBS. Results for SIMS measurements will be discussed 

in a more detailed in chapter 5 

 

 
Fig. 2.26. Interaction between MeV ions and a material surface. Processes relevant to 
ion beam analysis. 

 

Relevant processes regarding material analysis with MeV ion beams are shown in 

Fig. 2.26. The beam−material interaction leads to different processes that can be detected with 

relatively simple equipment: (a) elastic backscattering of projectiles (detected with: 

Rutherford backscattering spectrometry, RBS), (b) elastic forward scattering of target nuclei 

(Elastic Recoil Detection Analysis, ERDA), (c) emission of characteristic X-rays from target 
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nuclei as a result of impact ionisation by the projectile (Particle Induced X-ray Emission, 

PIXE), and emission of γ radiation (Nuclear Radiation Analysis, NRA) [20]. The great 

advantage of these techniques is that the material composition can be deduced from the 

number of observed events per incident beam particle. 

 

Fig. 2.27. a) Experimental setup for RBS; b) principle of energy loss in RBS 
experiments. 

 

In Fig 2.27 the experimental setup for RBS measurements is shown. Typically, the 

measurements are performed using a 2 MeV 4He ion beam and a silicon surface barrier 

detector under an angle close to 180°. The energy transfer from the incoming particles to the 

sample is shown in Fig. 2.27. It is possible to deduce the backscattered energies that are 

equivalent to a mass scale from this graph. The conversion from energy to mass is made via 

the kinematic factor k: 

 

k =
E1

E 0

=
M 2

2 − M1
2 sinθ( )

1
2 + M1 cosθ

M 2 + M1

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

 (2.13) 

 

Here E0 is the energy of the incoming ions with mass M1, E1 is the energy of the 

backscattered projectiles, M2 the mass of the target atoms and θ the scattering angle. The 

kinematic factor is not the only important parameter for conversion of energy into a depth 

scale. The cross section of the Coulomb scattering, shown in Eq. (2.14), must be taken into 

account too, by the expression: 
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Here Zr and Zp are the atomic numbers of the incident and target atoms respectively, and 

E0 is the energy of the incident ions. The scattering cross-sections depend only on the target 

atom mass and atomic number and can therefore be calculated. This makes RBS an absolute 

method that does not require any standards [21], rendering it a good reference for SIMS. The 

conversion from energy scale to depth scale is easy to understand, if we assume that the signal 

of an atom at the sample surface will appear in the energy spectrum at position E1 = k ⋅ E0 . 

The signal from atoms of the same mass below the sample surface will be shifted by the 

amount of energy lost while the projectile passes through the sample before (ΔEin) and after a 

collision (ΔEout), as shown in Fig 2.25. The collected RBS data were simulated using the 

RUMP software. 

 

For the analysis of SrTiO3 films on LaAlO3 and vice versa the ERDA technique was 

employed. For the measurements a 12 MeV 127I beam was used under a 18° incident angle. 

The scattered recoils were identified by the combination of a time of flight spectrometer with 

a gas ionization chamber. Those experiments were done by the ETH Laboratory for Ion Beam 

Physics, the data processing was performed at the PSI by Dr. Ivan Marozau in collaboration 

with Dr. Max Döbeli [22]. 

 

2.7.5 Electric characterization 

 

In order to characterize the electrical properties of the grown thin films, the Van der 

Pauw method was used. The resistivity at different temperatures in LCMO thin films is 

strongly dependent on the oxygen content of the deposited sample [23]. In Fig 2.28 a home 

made electrical probe, used in Van der Pauw configuration, is shown. A photograph of the 

whole measurement setup is depicted in Fig 2.28 a): It consists of the voltage meter and the 

current source to measure the bias and to set the current, and the sample holder that can be 

attached to the Dewar filled with liquid N2, which is needed for measurements at low 

temperatures. In Fig 2.28 (b) and (c) the top of the holder where the sample is mounted, is 

shown which in particular in (c) the wires contacted on the corners of the sample are revealed 
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in more detail. A main requirement is that the average diameters of the contacts, and the 

sample thickness must be much smaller than the distance between the contacts. 

 

 
Fig. 2.28. a) A photograph of the Van der Pauw experimental setup; b) the head 
where the sample is attached for cooling or heating in more details; and c) 
magnification of the sample head where the contacts for the Van der Pauw 
measurements are attached. 

 

The working principle for the Van der Pauw configuration is shown schematically in 

Fig 2.29, where a) and b) show two contacting configurations with resulting characteristic 

resistances RA and RB. The four wires must be connected to the sample with an ohmic contact. 

This must be verified before the measurements in order to avoid losses in the contact and 

distortions of the resulting resistance. 

 

 
Fig. 2.29. Schematic view of the Van der Pauw configuration. 
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The measurement consists of setting where the current flows along one edge of the 

sample (for instance, I12) and measuring the voltage across the opposite edge (in this case, 

V34). From these two values, a resistance (for this example, R12,34) can be found using Ohm’s 

law: 

 

R12,34 =
V34

I12
 (2.15) 

 

Repeating this for the remaining seven values (V43, V41, V14, V12, V21, V23, V32), theory 

[24] demonstrated that all measured resistances are: 

 

R12,34 = R21,43;R34 ,21 = R43,21;R32,41 = R23,14 ;R14 ,23 = R41,32  (2.16) 

 

From the reciprocity theorem and by averaging the results it is possible to calculate the 

two characteristic resistances: 

 

RA = R12,34 + R21,43 + R34 ,21 + R43,21( ) 4

RB = R32,41 + R23,14 + R14 ,23 + R41,32( ) 4
 (2.17) 

 

The Van der Pauw equation: 

 

exp −π RA RS( )+ exp −π RB RS( ) = 1 (2.18) 

 

Can therefore be used to calculate the sheet resistance RS. The bulk resistivity can be 

calculated from Eq. (2.19) were d is the thickness of the thin film. 

 

ρ = RS ⋅ d  (2.19) 
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3. CHARACTERISATION OF A SILVER PLASMA PLUME• 
 

In Pulsed Laser Deposition a perfect control of the deposition parameter is necessary to 

grow materials with complex stoichiometry, such as manganate materials [25], perovskites 

[26],etc. In order to achieve this control an extensive plasma diagnostics has to be performed 

to understand the ablation process. Therefore, a good understanding of the plume dynamics, 

such as kinetic energy of the species, angular distribution and plume composition allows to 

grow films with the desired properties. To characterize the instrumentation of our laboratory a 

silver target was analyzed and fully characterized in vacuum with mass spectrometry and a 

Langmuir probe. Langmuir probes have been used, by various groups, to measure the plasma 

density and temperature, the plasma flow velocity, and the shape of the ablation plume 

expansion [27,28]. The main disadvantage of the Langmuir probe is that it is not possible to 

distinguish between the different species in the plasma plume. A useful technique to analyze 

plasma constituents such as ions, neutrals, and clusters, is mass spectrometry [29]. In this 

chapter the combined application of a Langmuir probe and quadrupole mass spectrometry as 

diagnostic tools is presented with the aim to study the time evolution of the ionic component 

within a laser generated silver (Ag) plasma expanding into vacuum. Ag was chosen for the 

first experiment as it is a well−studied material, which exhibit, in principle, one species in the 

plasma, making it a perfect material for plasma analysis. 

In Fig. 2.10, the experimental set−up is shown, where the Langmuir probe is at a 90° 

angle, counterclockwise with respect to the mass spectrometer. Both instrument are at 45° 

with respect to the laser beam entrance. With this configuration is it possible to perform both 

measurements simultaneously in order to characterize the same plume. An ArF excimer laser 

(λ = 193 nm, 20 ns) and a Nd:YAG laser (λ = 355 and 266 nm, 5 ns) were used for the 

ablation of Ag in a vacuum chamber at a base pressure of 3x10−5 Pa. For the ArF excimer 

laser the beam spot size on the Ag target was about 4.3 mm2, with laser fluences ranging from 

0.69 J/cm2 to 1.7 J/cm2, while for the Nd:YAG laser the spot size was about 2.5 mm2 with 

fluences ranging between 1.6 and 6.7 J/cm2. The repetition rate for both lasers was 10 Hz. For 

                                                 
• Parts of this work have been published in: 
 
M. ESPOSITO, T. LIPPERT, C. W. SCHNEIDER, A. WOKAUN, T. DONNELLY, J. G. 
LUNNEY, H. TELLEZ, J. M. VADILLO, J. J. LASERNA, Pulsed laser ablation of silver: 
ion dynamics in the plasma plume, Journal of Optoelectronics and Advanced Materials Vol. 
12, No. 3, (2010) 677 – 680. 
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both lasers the measurements were done in the focal spot of the laser, and the target was 

rotating on its axis in order to expose a fresh surface for each laser shot. The spot was 

positioned on the target in the focal point in order to achieve the highest fluence, but as a 

disadvantageous side−effect the profile quality of the spot decreased. Moreover, the beam 

spot was elongated in one direction resulting in an aspect ratio of ∼ 2:1 for the ArF excimer 

laser, while the Nd:YAG presents several hot spots. 

 

3.1 Plume composition analysis 
 

The Hiden mass spectrometer was used to measure the plume composition with scans 

ranging from 0.5 up to 500 amu performed for each fluence and both laser wavelengths. 

 

Fig. 3.1. Silver cluster obtained performing mass spectra measure of pulsed laser 
ablation with ArF excimer laser (λ = 193 nm, 20 ns): a) complete range mass scan; 
b) particular of Ag3

+ cluster. 
 

In Fig. 3.1 a) all possible detectable ions of silver are shown revealing the presence of 

Ag+ but also cluster of Agn
+ (with n = 2 to 4). The detailed analysis of the spectra reveals that 

the correct natural abundance for silver isotopes (107Ag: 51.8% and 109Ag: 48.2%) is obtained. 

For this measurements the mass spectra were acquired after a tuning routine for the two 

isotopes and each peak was selected separately in order to have the maximum intensity at the 

selected mass value. The Ag3 cluster is shown in Fig 3.1 b) where all combinations of silver 

isotopes are formed and the instrument was optimized for each peak separately. To allow a 

direct quantification of the isotopes, the intensities of each ion peak must be normalized, 
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while the intensity is determined by integrating the measured kinetic energy distribution 

spectra (KED) of each single peak, which has been optimized with the tuning routine. This 

procedure will be even more useful for the investigation of more complex mass spectra, e.g. 

for complex oxides. The shown Ag mass spectra were obtained for ablation with the ArF 

excimer laser (λ = 193 nm, 20 ns). There are no significant differences in the mass signal for 

the different wavelengths and/or fluences (only the signal intensity is affected). 
 

3.2 Kinetic energy analysis 
 

One of the most important parameters of a plasma plume induced by laser ablation is 

the kinetic energy of the plume species. In this work this component was investigated with the 

two techniques described above. Using these two methods complementary information about 

the plume are obtained. 
 

3.2.1 Langmuir probe 
 

3.2.1.1 Plume expansion theory 

The expansion of the ablated plume was investigated since pulsed laser ablation was 

developed, therefore different theoretical models, which can be helpful for the interpretation 

of those experiments, evolved over time. The adiabatic expansion model of Anisimov et al [8] 

was used by several groups to optimize the process of pulsed laser deposition. Previous 

studies demonstrate that this model is in agreement with Langmuir probe measurements for 

laser ablation [30]. A complete treatment of the Anisimov model and the working principles 

of a Langmuir probe are not the aim of this work, therefore a brief introduction is presented, 

which is helpful to understand the plume expansion results. 
 

 
Fig. 3.2. The initial dimensions of the plasma plume at the end of the laser pulse, t = 0, 
and its dimensions after a time t. 
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At the end of the laser pulse a dense plasma layer [9] with initial dimensions X0, Y0 and 

Z0 (Fig. 3.2) is present. X0 and Y0 correspond to the laser spot dimensions and Z0 can be tens 

of microns thick. Those are the initial requirements for the application of the Anisimov 

model. The following assumptions are needed for the model: the focal spot of the laser has an 

elliptical shape with axes X0 and Y0; the expansion of the vapor−plume into vacuum is 

adiabatic and can be modeled as a tri−axial gaseous semi−ellipsoid whose semi−axes are 

initially equal to X0, Y0 and Z0. This model of expansion is treated as isentropic, and is a 

solution of the gas dynamic equations. Various aspects of the plume expansion in vacuum, 

such as the spatial variation of the density, temperature and flow velocity in the ablation 

plume can be predicted by this model. 

 

3.2.1.2 Probe theory, results and discussion 

In a Langmuir probe experiment, the probe is introduced into the plasma and biased 

with respect to the ground. The measurements are performed at different voltages, which are 

varied between negative and positive in order to acquire data for positive ions and electrons, 

respectively. This means that the diagnostic of the plasma is performed in contact method (the 

detector has a direct contact with the plasma), and some requirements are necessary: the probe 

must be able to withstand the heat load of the plasma and it should not perturb the plasma. 

The second requirement is difficult to achieve, as the electric probe can perturb the plasma by 

changes of the electric potential, resulting in changes in the particle density and energy. As 

known from plasma theory, [31] different events take place within the plasma and can be 

distinguished as collisional or radiative processes between charged and neutral particles. 

Which process affects the plasma more depends on the density, temperature and degree of 

ionization of the plasma itself. Some of these ionization processes will be discussed later in 

this work to explain the formation of the different ions in the plume. Plasma theory considers 

that the electrons are close to the positively charged particles and have an active part in the 

shielding of the plasma from electric fields that can be penetrate in it. This shielding distance 

is one of the main characteristic length scale in a plasma, and is called Debye length, λD: 

 

λD =
ε0Te

e2ne
 (3.1) 
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where ε0 is the permittivity in vacuum, Te is the electron temperature and ne is the 

electron density. This length is useful to understand the plasma behavior, e.g. for distances 

larger than λD the plasma tends to be neutral, for an electron density of 1016 m−3 and an 

electron temperature range Te = 0.1 – 1 eV, the Debye length could vary from 24 – 74 μm 

[32]. It is therefore possible to assume that the probe potential will only affect the electrons 

located a few λD away from the probe. This assumption is valid only when the probe radius is 

large compared to the sheath distance given by λD. From the theory, as well as experimentally 

[33, 32] it was shown that for applying negative voltages, which are high enough to prevent 

the highest thermal electrons to reach the probe, the detected signals of the ions saturate 

(shown in Fig. 3.3 b) and Fig 3.4 a)). 

 

Fig. 3.3. Ion TOF signals: a) for various target-probe distances. The plasma was created 
with a Nd:YAG laser at a wavelength of 355 nm and a fluence of F = 6.25 J/cm2; b) 
Bias variation of the ion signal with the probe at 6 cm from the target. The plasma was 
created with the ArF laser at λ = 193 nm and fluence of 1.25 J/cm2. 

 

When the ion signal is determined by the ion Time Of Flight (TOF) measurements, 

using a Langmuir probe, the measured ion current will be dominated by the ion flux, 

(appropriate voltage criterion for the LPs I−V characteristic) and is given by [34]: 

Ii,sat = Aeniui  (3.2) 
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here, A is the probe area, ni the ion density (without mass resolution) and ui the ion flux 

velocity, which is a good approximation given by the target probe distance divided by the 

time of flight t. 

Fig 3.3 b) shows the variation of the ion signal on the probe placed at 6 cm from the 

target and oriented normal to the plasma flow. This figure gives the important information 

that a small negative voltage is sufficient to reject electrons and to saturate the ion signal. The 

TOF signal is characterized by a sudden rise that reaches a maximum corresponding to the 

maximum ion flux. At later times the signal decreases and eventually reaches zero, when the 

plasma has passed the probe. 

An example for TOF measurements as obtained from a Langmuir probe experiment is 

shown in Fig. 3.3 a) where the variation of the ion signal as a function of the probe−target 

distance d, is shown. The voltage is fixed at −25 V to be sure that only ions are collected. As 

expected, the TOF signal vs. distance shows a 1/d2 dependence for the integrated signal [35]. 

The maximum of the TOF signal, corresponding to the time of maximum ion flux, gives an 

ion velocity of ui = 2.3 ± 0.1 x 104 cms−1. The peak maximum of 43 mA (Fig. 3.3 a), and a 

plasma−probe distance of 6 cm corresponds to an ion density, as calculated from 

equation (3.2), of ni ≈ 2.9 x 1011 cm−3. 
 

 
Fig. 3.4. An IV characteristic obtained at the peak TOF at 4 μs and probe at 6 cm from 
the target: a) different probe zones are shown; b) Semi−logarithmic plot of the I−V 
characteristic where kTe is obtained from the slope of the linear part. 

 

In Langmuir probe measurements a fixed distance to the target can be chosen. A 

distance of 6 cm from the target was selected, in order to obtain the typical IV characteristic as 

shown in Fig. 3.4. By acquiring the current at a specific time and sweeping the voltage from 

negative to positive the fundamental plasma parameters can be detected. In Fig. 3.4 a) each 
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point corresponds to the current measured at 4 µs in the TOF curve for each set voltage. In the 

ion saturation region all electrons are repelled and only the ion current is detected. Through 

the sweeping the current reaches the floating potential Vf that corresponds to the bias where 

ions and electrons have equal values (electron retarding region). For voltages greater than Vf 

the measured current is related to the electron energy distribution function (EEDF). For a 

Maxwellian distribution the measured electron current is defined as: 
 

I = Ie,sat exp
Vbias −Vp

kTe

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  (3.3) 

 

where Vp is the plasma potential, Te is the electron temperature and Ie,sat is the saturation 

electron current. The electron current saturation region is reached with a further increase in 

voltage to values greater than the plasma potential. The details of the procedure for 

calculation of the plasma potential are shown in Fig 3.4 b). From this d ln(I)
dV

plot, using 

equation (3.3), kTe can be calculated, but this is only possible if the EEDF is Maxwellian [32]. 

It is also possible to obtain the density of electrons, ne, and the average thermal velocity in the 

plasma, ve, from the measurements of the electron current using equation (3.4): 
 

Ie,sat =
1
4

eve Ane  (3.4) 

 

The thermal velocity is given by 8kTe

πme

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1
2

. The electron temperature Te, obtained from 

the slope of the retarding region of the semi−logarithmic I−V plot, which is about 0.9 eV for 

the measurements done with the Nd:YAG laser (λ = 355nm, F = 1.6 J/cm2). Furthermore the 

electron density can be calculated to ne ≈ 7.2 x 1010 cm−3 from this plot, which is somewhat 

smaller than the one obtained for the ion density. 

The simplest parameter that can be estimated from TOF measurements is the ion flow 

velocity vi = z
t  where z is the target-probe distance. One important assumption is that 

plasma formation and acceleration times are not taken into account, as these measurements 

were performed at larger distances from the target (the minimum distance was 6 cm). This 

assumption is verified by measuring the ion peak velocity at different distances as shown in 
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Fig. 3.5 b). It is easy to understand this figure as these measurements where performed when 

the plasma is moving in vacuum in a stationary state, i.e. far away from the plasma formation 

and the consequent acceleration. 

Additionally, the ion density can be calculated from the TOF measurements, as well. 

The ion current density j(t), as measured with the Langmuir probe, is related to the ion density 

by the following relation: 

j t( )= eviAni (3.5) 

where vi is the ion flow velocity as defined above. Fig. 3.5 a) shows that the ion density, 

ni, decrease as a function of the distance. This is related to the fact that the plume expands in 

all directions and with the distance plume become less dense. This suggests that the plume 

expansion is non-uniform along the plume axis. One possible explanation is the presence of 

the so−called flip−over effect for a plume generated with an elongated (rectangular) laser spot 

[36]. 
 

 
Fig. 3.5. a) Ag+ ion density and b) ion velocity comparison for different 
wavelengths and energies as a function of the probe−target distance. 

 

The TOF signals were converted into energy distribution spectra under the assumption 

that the dominant species in the plasma plume are monatomic (Fig. 3.1 a shows at least one 

order of magnitude higher intensities for Ag+ than for clusters) and single charged silver ions, 

as confirmed by the mass spectrometer measurements. The ion energy distribution within the 

plasma can also be determined from the ion TOF signals using the following relationship: 
 

I t( )= eA dF
dt

      and     E =
1
2

miui
2 (3.5) 
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dF
dE

= I t( )×
t 3

emAd2  (3.6) 

 

where I(t) is the measured ion current, mi the ion mass, ui the ion flow velocity, e the 

electric charge, d the probe-target distance, A the probe area, and t the time of flight. 

 

 
Fig. 3.6. Ag+ ion energy distribution acquired with a Langmuir probe at 6 cm distance 
from the target at different laser wavelengths and fluences as indicated in the figure. 

 

Fig. 3.6 indicates that the most probable ion energy is ~ 5 eV at 1.55 J/cm2 for an 

irradiation at 193 nm and ~ 40 eV at 6.25 J/cm2 for the ablation of silver at 355 nm. 
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3.2.2 Plasma mass spectrometry 

 

3.2.2.1 Theory 

As discussed in the introduction, the Langmuir probe and plasma mass spectrometry 

experiments are performed to characterize a laser plasma plume with two different 

techniques. In this paragraph the results measured using the electrostatic energy analyzer 

coupled with the quadrupole mass spectrometer (EEA−QMS), that allows to resolve species 

with masses of 1 – 500 amu as well as their kinetic energies, are discussed. The kinetic energy 

distribution for a laser plume expanding into vacuum can be described by a 

Maxwell−Boltzmann distribution [37]. As discussed before, the adiabatic expansion takes 

place after the laser pulse and the large number of collisions between the plume species 

creates a flux, which expands along the normal to the target surface. As a matter of fact, the 

particle flux generated by laser ablation has a (large) common flux velocity, ucm, referred to 

the Center Of Mass (COM) velocity. The fundamental quantity in these models is the time 

and position dependent particle density, n (xi,t), (this notation is used to indicate that n is a 

function of the variables x,y,z, and t). The density, n (xi,t), is a solution of the continuity and 

momentum equation, and is described by a shifted Maxwell−Boltzmann distribution: 

 

n Xi,t( )dxdydzdt ≈ t−3 ⋅ exp m
2kbT0
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where m is the particle mass, kb is the Boltzmann constant, ucm the stream velocity and 

T0 is the local temperature in equilibrium [9]. As assumed from the Anisimov model the 

expansion is modeled as a tri−axial gaseous semi−ellipsoid, whose semi−axes are initially 

equal to X0, Y0 and Z0 which results in a change of equation (3.7) to: 

 

n Xi, t( )dxdydzdt ≈ t−3 ⋅ exp −
m

2kbTxy
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Txy and Tz are called transversal and longitudinal temperatures (elliptical temperatures) 

[37]. Equation (3.7) is a reduced form of (3.8) with Txy = Tz. Along the surface normal 

(x = y = 0), it is not possible to discriminate Eq. (3.7) from (3.8). Most of the experiments 
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during this work where done with the EEA−QMS detector at large distances (from 4 to 

10 cm) and with a small detection area (nozzle diameter of 0.6 − 0.06 mm), hence only ions 

can be detected that are near to the normal of the target. In these conditions, both the 

irradiated area and the analyzed entrance, are small with respect to the distance. As a result 

the particles entering through the nozzle of the mass spectrometer have a velocity of: 

 

uz = 2 E m  (3.9) 

 

And the number of particles with energies in the range E,E + dE( ) passing the 

electrostatic energy analyzer between t and t + dt  is given by: 

 

N E( )dE = n z,t( )uzdt  (3.10) 

 

From equation (3.8) and (3.10) the following equation is obtained: 
 

N E( )dE = C E exp −
m

2kbTz

uz − ucm( )2⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ dE  (3.11) 

 

With C being a dimensional constant. Finally, the number of particles that are detected 

with energy Ez can be described by the equation: 

 

N E( )dE = C E exp −
E + Ecm − 4EEcm( )1 2

kbTz

⎡ 

⎣ 
⎢ 
⎢ 
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⎦ 
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⎥ 
dE  (3.12) 

 

Where the center of mass (COM) kinetic energy Ecm =
1
2

mucm
2  is introduced [38]. It is 

possible to obtain the plasma parameters Ecm and Tz along the normal of the target surface via 

fitting from the energy distribution curve. 
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3.2.2.2 Results and discussion 

The experimental data in Fig. 3.7 are obtained by EEA−QMS and show the kinetic 

energy distribution of Ag+ species formed during ablation with a Nd:YAG laser at a fluence 

of 1.6 J/cm2. 
 

 
Fig. 3.7. Kinetic energy distribution of Ag+ ions as measured with EEA−QMS. 
The plasma was created with a Nd:YAG laser at a wavelength of 355nm and a 
fluence of F = 1.6 J/cm2 

 

 The distribution shown in Fig. 3.7 is a least−square fit of equation (3.12), thereby 

neglecting the additional, smaller maxima. Here, the fitting parameters are the flow velocity 

ucm of the kinetic energy, Ecm =
1
2

mucm
2 , and the plasma ion temperature T. The flow 

velocities are in the range of 0.6 − 4 • 104 cm s−1, while the most probable kinetic energy of 

the ions ranges between 6 and 41 eV at fluences between 1.6 to 6.5 J/cm2 for 355 nm 

irradiation. Taking the additional maxima of the energy distribution into account for the fit of 

equation (3.11), Ecm increases by 0.2−0.3 eV but the range of flow velocities is unchanged. 

The kinetic energy distribution shown in Fig. 3.7 has two experimental maxima, one at 

6.2 eV and a second, very broad one at ∼ 40 eV. The second maximum, as well as its shape, is 

unexpected and one explanation for the appearance of this second very broad maximum is an 

inhomogeneous energy beam profile of the applied Nd:YAG laser at the irradiation 

wavelength of 355 nm. The shape of such a shoulder suggests several smaller maxima 

between 20 and 40 eV which requires fluences of up to 6 J/cm2 to create species with kinetic 

energy (KE) of ~40 eV and a Ti ~2 eV. This seems a likely scenario as the measured energy 

profile of the Nd:YAG laser contains several hot spots. An alternative explanation for the 
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observed line shape is the contribution of differently ionized species such as Ag+ and Ag++ to 

the KE distribution. The latter ones are faster and some of them will capture an electron to 

become single ionized prior to detection with the mass spectrometer. Hence Ag++ with a 

recaptured electron could contribute to the unusual line shape. However, we have not 

observed any indication of Ag++ in the plasma and therefore consider this explanation as 

unlikely. 
 

 
Fig. 3.8. Kinetic energy distribution of Ag+ ions as measured with EEA−QMS. 
The plasma was created with a Nd:YAG laser at a wavelength of 266 nm and a 
fluence of F = 4.6 J/cm2 

 

Furthermore, the silver target was investigated with other wavelengths. The 

measurements done with the Nd:YAG laser with a wavelength of 266 nm and a fluence of 

F = 4.6 J/cm2 is shown in Fig 3.8. As expected the kinetic energy distribution, shown in 

Fig. 3.8, has several experimental maxima, one at 2.2 eV, a second at 8 eV and a third at 

36 eV. In this case the three different peaks where fitted separately with equation (3.12) and, 

the previously mentioned kinetic energies and the plasma temperatures are slightly different 

from each other in the range between 0.6 to 2 eV. The nature of this multi-peak distribution is 

probably caused by the profile of the laser spot, as mentioned above. 

In order to understand the appearance of several peaks at different energies the laser 

beam profile of the laser was tested. The beam profile for the Nd:YAG at the base frequency 

of λ=1064 nm seems to have an non−ideal Gaussian shape which is also observed for the 

higher harmonics. The measured energy profile of the Nd:YAG laser contains several hot 

spots which clearly visible in the profile shown in Fig 3.9 (a, b). 
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Fig. 3.9. Beam profile of a Nd:YAG operating al λ=532 nm. One horizontal and 
vertical line-scan through the beam profile is shown in a) 2D and b) 3D. Images 
courtesy of Sven Kern, Spiricon GmbH. 

 

Fig. 3.10. Beam profile of a ArF laser operating al λ=193 nm. One horizontal and 
vertical line-scan through the beam profile is shown in a) 2D, b) 3D 

 

Using the ArF λ=193 nm laser, the energetic distribution is more 

Maxwell−Boltzmann−like as shown in Fig. 3.11. Different to the Nd:YAG laser, the energy 

profile is flat top as shown in Fig. 3.10 (a,b). Nevertheless, using this laser presents a different 

problem, as it was not possible to work with the target in the image plane of the laser spot. 

The experiments were therefore performed in the focus of the laser to reach fluences up to 

2.2 J/cm2. The data presented in Fig. 3.11 shows that no hot spot is observed, and a 

distribution of silver ions with a narrow tail with Ecm = 1.4 eV and Ti equal to 1 eV is visible. 

A smaller amount of the signal with a very broad distribution has an energy of Ecm = 2.3 eV 

and Ti equal to 5.6 eV. This temperature takes into account that ions with large kinetic 

energies are present in this distribution, which may correspond to highly thermal activated 

ions. 
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Fig. 3.11. Kinetic energy distribution of Ag+ ions as measured with the 
EEA−QMS. The plasma was created with a ArF eximer laser at wavelength of 
193 nm and a fluence of F = 0.9J/cm2 

 

3.3 Plume analysis: comparison between Langmuir probe and mass 

spectrometry 
 

The Te calculated from the slope in Fig. 3.4 is about 0.9 eV. As discussed above, it is 

also possible to calculate the ion temperature from equation (3.12) using EEA-QMS data. An 

ion temperature of ~ 0.7 eV, which is in the same range as the electron temperature from the 

Langmuir probe measurements is obtained from the analysis. Both measurements were 

performed at a distance of 6 cm. However, the temperature deduced from these measurements 

will be an overestimation [39]. 

In Fig. 3.12 a comparison of the angular distributions of the most probable energy of 

Ag+ ions produced by ablation with different laser wavelengths and fluences (193 nm with 

1.6 J/cm2, and 355 nm with 6.25 J/cm2), as recorded with the two instruments, is shown. The 

shift in the respective peak position measured for 355 nm is the result of the geometrical 

arrangement of the Langmuir probe and EEA−QMS in our set−up which is less than 90° for a 

perfect peak matching. Similar to the mass spectrometry measurements, the target was rotated 

to different angles with respect to the Langmuir probe and no corrections of the laser fluence 

due to the change of the laser spot were performed. The plot indicates that the ions expand 

mainly along the normal to the target surface. The EEA−QMS data reveal a strong decrease of 

the ion signal for angles ± 20° while the Langmuir probe measured distribution is somewhat 

broader [40, 41]. This difference is probably due to the fact that the mass spectrometer was 
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operating with a small nozzle aperture of ∼ 0.3 mm2, whereas the Langmuir probe has an 

active area of 7 mm2. 

 

 
Fig. 3.12. The most probable energy of Ag+ ions is measured as a function of 
the target-probe angle with LP and QMS. A Nd:YAG laser with a wavelength 
of 355 nm and a fluence of 6.25 J/cm2, and an ArF laser with a wavelength of 
193 nm and a fluence of 1.6 J/cm2 were used for the Ag ablation. 

 

3.4 Conclusion 

 

In conclusion we have shown that an ionized plasma plume can be characterized by 

using a Langmuir probe and a quadrupole mass spectrometer. We have described how the 

combination of a simple planar Langmuir probe and a complex EEA−QMS can be used to 

measure various aspect of the ablation plume, and we have found a good agreement between 

the results of the two instruments. Furthermore, the plasma temperatures T for electron and 

ions was estimated to be about 0.7 eV. The knowledge of those parameters is of interest for 

characterization of the laser induced plasma, and for the deposition of thin films using pulsed 

lasers. 
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4. CHARACTERISATION OF THE La0.4Ca0.6MnO3 PLASMA 

PLUME• 
 

As described in the previous chapter, in pulsed laser deposition a perfect control of the 

deposition parameters is necessary to grow materials with complex stoichiometry, such as 

manganate materials. Thin film deposition by PLD was optimized in the last years with the 

introduction of several modifications to this technique [1, 7, 42, 43] in order to avoid the 

limiting factor of oxygen deficiencies in oxide materials. Different studies of the PLD process 

where performed to have a better understanding of the process itself [7, 17, 44]. 

One of the most important advantages of PLD is, in principle, the possibility to transfer 

complex multi-elemental material systems without changing the stoichiometry. This is often 

taken for granted. However, it is not always true and fitting plasma conditions have to be 

realized in order to really grow a stoichiometric thin film with good properties, e.g. 

crystallinity or electrical characteristics. The ablation and deposition processes are strongly 

correlated via the created plasma plume transferring the material. The thin films properties are 

closely related to the dynamics and composition of the respective plasma plume and growth 

properties on a substrate. A background gas is often introduced which serves two main 

purposes: first, the formation of multi−cation oxide thin films typically requires reactive 

species such as molecular or atomic oxygen. The interaction of the ablated species with the 

background gas produces atomic oxygen and molecular species in the plasma plume, which 

enables the formation of the desired multi-cation crystalline phase. In addition, the amount of 

required reactive species will depend on the materials thermodynamic stability. Second, the 

kinetic energies of the species will be lowered by the interactions with the background gas, 

and they will therefore arrive on the substrate with different energies compared to deposition 

in vacuum. 

The aim of this work was to combine the different techniques (described before in 

chapters 2 and 3) to understand the fundamentals of the complex 

ablation/expansion/deposition processes, and in particular to focus on the behavior of oxygen 

and metal oxide species to understand their role in the growth of thin films. A new point of 
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view introduced in this research was to consider all plasma species important for thin films 

growth instead of concentrating only on positive ions, which have been considered to be the 

most relevant species for the process. Therefore, a wide−range of experiments was performed 

in order to understand the plasma properties, such as kinetic energy of the species, angular 

distribution, and plume composition using the instrumentation of our laboratory: mass 

spectrometer, Langmuir probe, and optical emission spectroscopy.  

 

4.1 Plume composition analysis 
 

LCMO targets (with a different composition La0.6Ca0.4MnO3) were investigated in our 

group already before the work presented here. The knowledge acquired in these experiments 

[17] was used as a starting point for plasma experiments presented in this chapter. The 

investigations were carried out using the Hiden mass spectrometer to measure the plume 

composition with scans ranging from 0.5 to 500 amu and the kinetic energy of the different 

species with scans ranging from 0 to 100 eV. The analysis of the LCMO target was performed 

for fluences and background gases used for thin films deposition. Moreover, the plasma 

plume investigations were done for a wide range of pressures, laser fluences, target−detector 

distances, and angles in order to have complementary information about the plume expansion 

and dynamics. 

 

4.1.1 Target composition in vacuum 

 

One of the biggest problems for the deposition of materials with complex stoichiometry 

is to achieve a congruent material transfer. Deposition of films with the correct oxygen 

stoichiometry without any post-annealing procedures was obtained previously in our group 

using Pulsed Reactive Crossed Beam Laser Ablation (PRLCA) [44]. The advantages of 

PRCLA compared to PLD were demonstrated first by Willmott and Antoni [45] for the 

growth of GaN films, but standard PLD is still the method of choice in many groups and for 

many materials. 

Therefore, it is important to characterize first the plasma plume with “traditional” PLD 

in vacuum to understand the reactions that can occur in a reactive environment. In this section 

the results obtained by pulsed laser ablation of La0.4Ca0.6MnO3 in vacuum at pressures of 

2•10−5 Pa using an ArF excimer laser (193 nm, photon energy of 6.7 eV) are presented. 
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Initially, the target-mass spectrometer distance was kept at 4 cm according to the 

target−substrate distance applied for thin film deposition. 

The mass distributions of the species generated by laser ablation with a fluence of 

1.5 J/cm2 at a pressure of 2•10−5 Pa are shown in Fig. 4.1. These spectra confirm that the 

ablation plume consists of ionic (positive and negative) and neutral atoms, such as La, Ca, 

Mn, O, as well as diatomic species such as LaO, CaO, O2 and ionic polyatomic species such 

as LaCaO2, but also the doubly charged La++ are present. The electrons, which are also 

present in the plume are not detected by mass spectrometry. A general observation of the 

mass spectra reveals that positive ions are the most abundant species followed by neutral 

species and negative ions. Oxygen presents the most intense peak in the negative ion spectra 

and is decreasing in intensity from negative to neutral to positive. It is noteworthy that the 

neutral species are underestimated, which will be discussed later in detail. In the graph for the 

positive ions all isotopes of Ca and La are shown. Ca possesses the most abundant stable 

isotopes which are detected in the correct theoretical amount: 40Ca 96.9%, 42Ca 0.64%, 43Ca 

0.13% 44Ca 2.08% and 48Ca 0.18%. For La the two existing isotopes were detected: 138La 

0.09% and 139La 99.91%. The same La−isotope amounts are observed in the LaO signals. 

 

Fig. 4.1. LCMO mass spectra using a laser fluence of 1.5 J/cm2 in vacuum at a pressure 
of 2•10−5 Pa. The graphs show: a) positive ions; b) neutrals species; c) negative ions. 
The dotted line is inserted to guide the eyes for a comparison of the intensities. 

 

Furthermore, LaO is the only oxide species detected in large amounts. CaO is present in 

small amounts and MnO is not detected at all. To explain the behavior of the diatomic species 

we have to understand their formation processes: one possible way is a direct ejection from 

the target, the second is through recombination of oxygen with metals coming from the target 

in the plasma plume, and a third possibility is through interaction of the metal species with the 

background gas. The last option is negligible in the case of vacuum (confirmed by residual 
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gas analysis of the chamber before each experiment), but will play an important rule for the 

experiments in N2O and O2. The first formation mechanism could explain the high amount of 

detected LaO, as this species has the highest dissociation energy of 8.2 eV, which is larger 

then the used photon energy (6.7 eV). The high bond stability of LaO, which has a negative 

standard enthalpy of formation, and the large oxidation potential for La are other reasonable 

explanation for the large amounts of detected LaO. 

The presence of CaO, respectively absence of MnO, among the metal-oxygen species 

can not be explained by the photon energy of the laser radiation (6.7 eV) alone. The energies 

required for a dissociation of LaO (8.2 eV), MnO (4.13 eV) and CaO (4.11 eV) would suggest 

that only LaO should be present, but CaO was observed too. Previous work [17] has shown 

that with decreasing photon energy also no MnO species were observed. Fig. 4.1 c) shows the 

detected negative species present in the plasma plume in vacuum, and apart from oxygen 

(atomic and molecular) only small amounts of LaO− and LaO2
− are detected. 

 

Fig. 4.2. Total amount of LCMO metal species measured in vacuum at a pressure of 
2•10−5 Pa using a laser fluence of 1.5 J/cm2 from the left to right: La, Ca, and Mn. 

 

No direct correlation between the target composition La0.4Ca0.6MnO3 and the amount of 

detected species is generally observed. The most intense metal peak is not Mn but Ca or La in 

positive or neutral scans, respectively. This suggests that the detection of the different species 

(ions and neutrals) might be influenced by the detection mode of the mass spectrometer (e.g. 

by the ionization for the neutrals). The detection efficiency is different if ion or neutral 

measurements are performed. For ions (positive and negative), the detection efficiency is 

almost equal to one [46]. To be able to detect neutral species, they have to be first ionized 

using electron impact. Considering that each element and multi−atomic species have different 

ionization energies and cross−sections, large differences in the detection efficiency are 

resulting (can range from 0.00x % to almost 100%). A comparison between the different 

species is therefore only possible if the measured values are corrected by a factor that takes 

into account all ionization parameters. Moreover, these measurements can only be compared 
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under the assumption that there is no angular separation of the species with different mass 

during the expansion of the plasma plume. 

An indicator of this is given by the total (positive + negative + neutral) number of 

detected species (metal + metal−oxides), where La accounts for 55%, Ca for 31%, and Mn 

only for 14% of all measured species (see Fig. 4.2). This shows that the total amount of 

species detected for each element does not coincide with the target composition. Therefore, 

the underestimation of neutral species due to the ionization efficiency is influencing the total 

number of counts. This is supported by the fact that the total amount of ions is higher for Ca 

and La, while neutrals are dominant for Mn (as shown in Fig. 4.2), which can be explained by 

the fact that Mn has the highest first ionization potential (7.43 eV compared to 6.11 eV for Ca 

and 5.58 eV for La). In Fig. 4.2 each element is divided into the different components: 

positive, negative and neutral. The amount of negative species is very small and essentially 

comes from the diatomic species (MO−) formed in the plume. The positive diatomic species 

are present in high amounts only for LaO (∼ 50% of the positive species of La). The detected 

positive and neutral species of Ca and Mn are therefore mostly present as pure metals. 

The measured neutral species are shown without considering the formation efficiency of 

ions in the electron impact ionization source, therefore for a quantitative comparison between 

the ionic and neutral yield, a normalization is needed. For this normalization, values for the 

ionization efficiency would be needed as a reference. In addition, the mass spectra in our 

system are collected at one fixed kinetic energy (selected with a tuning of the electrostatic 

analyzer as shown in chapter 2.3.2), which induces an additional error to compare the 

intensities of the species directly. Therefore, the intensities of both neutrals and ions were 

determined by integrating the measured kinetic energy distribution spectra as shown in 

Fig. 4.3. 

 

Fig. 4.3. Integrated area in counts of the Ca species generated by laser ablation at 
193 nm with a fluence of 1.95 J/cm2 a) ions; b) neutrals; c) comparison. 



 70

 

In this figure the area under the curve represents the total counts detected with a 

selected mass, scanning the electrostatic analyzer. The comparison of the integrated 

intensities (see Fig 4.3 c) shows that the highest amounts of Ca species are present as neutrals 

(more than Ca+). These results are the opposite if the value at fixed kinetic energy (with the 

highest number of counts) was considered. This shows also clearly that ions and neutrals have 

different kinetic distributions, which will be discussed in more detail in the next paragraph.  

 

Fig. 4.4. LCMO positive ion mass spectra measured in vacuum at a pressure of 
2•10−5 Pa using a laser fluence for 193 nm radiation of: a) 2.1 J/cm2; b) 1.5 J/cm2; 
c) 0.9 J/cm2. The dotted line is insert to guide the eyes for a comparison of the 
intensities. 

 

In Fig. 4.4 mass spectra of the positive ions for different fluences are shown. Increasing 

the fluence induces an increase in the volume of the ablated species (ablation rates could not 

be determinated for the cylindrical target). Therefore, the mass distribution of ablated species 

reveals some dependence on the fluence, in particular the amount of Mn+ ions increases with 

increasing fluence. This can be either due to the increase of the number of directly ejected 

ions from the target, or due to ionization of neutral Mn. The first hypothesis would lead to the 

same observation for the other metal species, which is not the case. In fact Ca+ and La+ 

present the same amount independent of the laser fluence. The second hypothesis was 

confirmed by the fact that the amount of neutral Mn species is decreasing in the high fluence 

measurements (not shown here). Moreover, the same behavior is shown for LaO+, i.e. the 

amount of this ion increases accordingly with the fluences (Fig. 4.4). Additionally, two 

different detected species present a dependent on the fluence, La++ and LaCaO2
+. La++ ions 

are present for the highest fluences (2.1 and 1.5 J/cm2) and disappear at the lowest fluence 

(0.9 J/cm2). The fact that La++ ions are present at the highest fluence suggest that a 
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two−photon process is present (13.4 eV for 193 nm photon) with energies close to the 

ionization potential of La+ (11.06 eV). 

LaCaO2
+ is observed only at low fluences and disappears at the highest fluence, 

suggesting that this small cluster was either created directly during the ablation and an 

increase in fluence results in dissociation, or that at higher fluences secondary reactions 

between ablated species decomposed the cluster through collisions. This ion was investigated 

in more detail as shown in Fig. 4.5 a). This graph shows the decrease in intensity of the 

LaCaO2 molecule, which is ejected from the target in larger amounts just above the ablation 

threshold. For La0.4Ca0.6MO3, laser ablation measurements reveal ejection of this species to a 

fluence of 0.3 J/cm2. This threshold value was observed also for the other plume species, i.e. 

Mn and Ca, which are in agreement with a previous reports on ablation experiments analyzed 

by mass spectrometer [17] and emission spectroscopy [47]. From Fig 4.5 b), it is possible to 

conclude that due to the low ionization energy of La (5.58 eV), the density of La+ ions in the 

ablated plume as a function of the fluence is almost constant, from low to high laser fluence 

(no two−photon process is necessary). The origin of the sharp increase present in Fig. 4.5 b) 

between 0.3 to 0.5 J/cm2 is not clear at the moment. 
 

Fig. 4.5. Mass spectrometer measurements using different laser fluences from 
0.25 J/cm2 to 1.2 J/cm2 in vacuum at a pressure of 2.0•10−5 Pa; a) LaCaO2

+ positive ions 
b) La+ and LaO+ positive ions. 

 
The LaO+ ions (blue line) in Fig 4.5 b) show a similar behavior as La+ ions (red line), 

i.e. an almost constant amount (with a slight increases in intensity, which is most probably 
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due to the increasing ablation rate). The larger amount of LaO+ is also not surprising even 

expected if the low ionization potential of 4.8 eV is considered. 

The mass spectra for neutral species of different fluences are shown in Fig. 4.6. The 

dependence of the different elements is summarized in this graphs, showing an increase of 

most of the species with increasing fluence. If the data in Fig. 4.1, Fig. 4.4, and Fig. 4.6 are 

compared, it becomes clear that the M+/M ratio is smaller for Mn (with a higher value for 

neutrals), which is consistent with the highest ionization potential of Mn. Ca has the highest 

M+/M ratio, which may be related to lowest first ionization potential of Ca (6.11 eV), which is 

smaller than the energy of the ArF laser photons (6.7 eV). Furthermore, the large atomic 

radius of the neutral Ca atom (197 pm vs. 127 pm for Mn) is related to the ionization cross 

section. In general, the yield of all neutrals species increases with the fluence. 

 

Fig. 4.6. LCMO neutral species mass spectra measured in vacuum at a pressure of 
2•10−5 Pa using a laser fluence of: a) 2.1 J/cm2; b) 1.5 J/cm2; c) 0.9 J/cm2. 

 

In summary, it can be concluded that more neutral species are present in the plume at 

the detection point of the mass spectrometer, but due to the ionization efficiency not all of 

them are ionized and therefore cannot pass the electrostatic analyzer. Hence, the total amount 

of species must be calibrated with standard materials, or with LCMO targets with at least 

three different compositions, if the signal varies linear with composition. 

 

4.1.2 Ablation into a reactive gas 

 

The plasma plume was characterized for the PLD process in different background gases 

to understand the reactions that can occur in a reactive environment. In this section the results 

obtained by pulsed laser ablation of La0.4Ca0.6MnO3 in N2O and O2 at pressures of 1.5•10−1 Pa 

using a 193 nm (ArF excimer laser, photon energy of 6.7 eV) are presented. Initially, the 
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target-mass spectrometer distance was kept at 4 cm, corresponding to the distance for thin 

films deposition. Measurements at different distances and gas pressures will be presented later 

in this chapter. 

The mass distribution of all the species generated by laser ablation with a fluence of 

1.5 J/cm2 at a N2O pressure of 1.5•10−1 Pa are shown in Fig. 4.7. A first look at these spectra 

confirms that the ablation plume is similar to the one obtained in vacuum, with a pronounced 

difference in the case of negative ions. Higher signals for the oxidized species are obvious 

when comparing the spectra obtained in vacuum with to those obtained in N2O. In particular, 

in N2O all possible mono−oxides (MO−) are detected (in vacuum only LaO−) and moreover 

n−oxide species are present in a significant amount. 

 

Fig. 4.7. LCMO mass spectrum measurements using a laser fluence of 1.5 J/cm2 in an 
N2O at a pressure of 1.5•10−1 Pa a) positive ions; b) neutrals species; c) negative ions. 

 

The elements show different intensities compared to the vacuum measurements (see 

Fig. 4.1). La and LaO (positive and neutral) present the same behavior as in vacuum, with a 

small increase in the signal intensity. Moreover, a clear difference can be seen for the 

negative species signal, which for LaO− and LaO2
− reveals an increase by different orders of 

magnitude compared to the measurements in vacuum, and one additional species, LaO3
−, was 

detected. Ca shows an increase of oxidized species, i.e. CaO+ and CaO, but also the presence 

of species such as Ca2O, CaO−, CaO2
− and CaO3

− are detected. Mn shows the most 

pronounced differences with respect to the measurements in vacuum, starting from the Mn+ 

ions that have an enhancement of one order of magnitude. Moreover, the Mn n-oxides species 

present the most relevant increase compared to the other metal-oxide species. Additionally, in 

the neutral spectra several species coming from the background gas are detected, i.e. N, N2, 

NO, N2O. Those species are not present in the ion spectra except for NO ions, which are 
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present as positive and negative ions. Moreover, no evidence of chemical reactions between 

nitrogen and elements created during the ablation was found. With SIMS analysis no 

incorporation of nitrogen in the deposited films is detected, suggesting that nitrogen is acting 

as an inert element for the deposition, but could play an important role in the kinetics of the 

ablated species by lowering the kinetic energies through collisions. 

The comparison with Fig 4.1 suggests that the presence of N2O changes the total 

amount of ions, as the number of counts increases by more than two times. This can be 

explained with a confinement of the plume species along the normal of the target. In 

particular the lighter element Ca and Mn were kept by the background gas into a confined 

expansion plume through collisions. 

 

Fig. 4.8. LCMO mass spectrometer measurements using a laser fluence of 1.5 J/cm2 in 
O2 at a pressure of 1.5•10−1 Pa; a) positive ions; b) neutral species; c) negative ions. 

 

The mass distributions of the species generated by laser ablation with a fluence of 

1.5 J/cm2 at an O2 pressure of 1.5•10−1 Pa are shown in Fig. 4.8. Similar to the case of N2O, it 

is possible to see an enhancement of the oxide species. In particular the behavior of the 

mono−oxide negative ions is different compared to the N2O background. In N2O the MnO− 

ions have always the highest intensity among the oxides species, which is not the case for the 

O2 background where the n−oxide have higher intensities than mono−oxides. The preferential 

formation of the n−oxide species can be explained by the reaction of the metal species with 

molecular oxygen to form MO2. In the O2 background the negative MO2 species present the 

highest signal, and in all spectra O2 is the most intense oxygen species. This behavior is 

related to the fact that the dissociation energy of the O2 is higher (5.16 eV versus 1.67 eV) 

compared to the dissociation of N2O into N2 and O, therefore, atomic oxygen species (O ions 

and neutral) are generated easier from N2O.  
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Fig. 4.9. LCMO metal species ratio measured in N2O at a pressure of 1.5•10−1 Pa 
using a laser fluence of 1.5 J/cm2 from left to right: La, Ca, Mn. 

 

In Fig. 4.9 the amount of metals species in N2O is presented, and, as in case of vacuum, 

amounts are not fitting the composition of the target. The most important difference to 

vacuum is the strong increase of negative species. The plume expands into a dense gas, where 

through three−body electron attachments more negative ions are generated, according to 

Eq. 4.1: 
 

e + A + B → A− + B (4.1) 

 

This electron attachment [48] is the principal channel of electron losses through the 

formation of negative ions when the electron energies are not high enough for a dissociative 

attachment. 
 

e + A → A+ + 2e  (4.2) 

 

This is probably the explanation for the presence of most detected negative species. 

Another important aspect is the change of the M/M+ and M/M− ratios. It is opposite for 

vacuum and N2O background, suggesting that the negative ions are formed from neutral 

species. 

 

4.1.3 Distance dependence of the composition 

 

In order to investigate the interaction between plume expansion and background gas, 

the distance between the mass spectrometer and target was varied. A first run of experiments 

was preformed in vacuum, and the results are shown in Fig. 4.10. 
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Fig. 4.10. Species for the LCMO target obtained for the ablation measurements using 
a laser fluence of 1.5 J/cm2 in vacuum at a pressure of 2•10−5 Pa. a) positive and 
negative ions; b) neutrals. 

 

In Fig. 4.10 a) the ion species are plotted as a function of distance, which reveals that 

the positive ions have roughly constant intensities as a function of the distance (the kinetic 

energy will be investigated afterwards), while the intensity of negative oxygen ions is 

decreasing with distance. Fig. 4.10 b) shows the plot of the respective neutral atoms, 

revealing a different distribution. The total amount of detected atoms is decreasing by one 

order of magnitude with distance. The following trends are observed in Fig. 4.10 b). The 

intensity of neutrals decreases with decreasing of mass (La > Mn > Ca > O), suggesting that 

light elements are expanding, or are scattered, over larger angular distributions, while the ions 

are more confined along the normal axis compared to neutral species. 

The detected species in N2O, ablated at the same fluence as in Fig. 4.9 (1.5 J/cm2), are 

shown in Fig. 4.11. The ions show a similar behavior as in vacuum with only the oxygen 

signals decreasing strongly at the largest distance. A fast decrease of the signals from the 

neutral atoms can be observed for distances between 4 and 6 cm, with a smaller decrease at 

the larger distance. For metal−oxide species, it is necessary to distinguish between positive 

and negative ions. Positive oxide ions show a behavior similar to positive ions (constant 

values) in vacuum, while the negative oxides are more similar to the neutral atoms, showing a 

decrease of intensity with distance. 
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Fig. 4.11. LCMO species measured using a laser fluence of 1.5 J/cm2 in N2O at a 
pressure of 1.5•10−5 Pa. From the left to the right a) positive and negative ions; 
b) neutral atoms; c) positive and negative metal−oxide. 

 

From these measurements it is possible to conclude that pressures up to 1.5•10−1 Pa do 

not influence the intensities of positive ions or neutrals atoms, but have a strong influence on 

the amount of oxidized species. For distances up to 12 cm from the target at this pressure the 

species show a decrease of the total amount of about one order of magnitude. This fact can be 

related to collisions with the background gas, which can scatter the species that are then not 

any more detected at the given angle (perpendicular to the sample surface) of the mass 

spectrometer. Furthermore, a relevant number of particles are stopped completely, which can 

be related to the short length of the mean free path (for this pressure about 4 cm, and the 

transition from expansion to diffusion). 

 

4.1.4 Dependence of the plasma composition on the pressure 

 

Different background pressures were investigated to understand the oxide formation in 

the plasma. For these experiments the target distance was fixed at 4 cm and the fluence at 

1.5 J/cm2. The different oxide species were investigated and are presented in Fig. 4.12. 

Atomic oxygen shows almost a constant value with a small increase with increasing pressure, 

which can be explained by an overlap of the signal of oxygen coming from the target (black 

dotted line in Fig. 4.12 c) and from the background gas. More significant is the behavior of 

NO−, which appears at a pressure of about 1.5•10−2 Pa and increases by about two orders of 

magnitude when increasing the pressure to 1.5•10−1 Pa. This behavior can also be noticed for 

CaO− and for MnO−, which both increase dramatically starting at a pressure of about 

1.5•10−2 Pa. This behavior suggests that up to 1.5•10−2 Pa the background gas does not have a 

significant influence on the formation of diatomic negative oxides. 
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Fig. 4.12. LCMO species measured using a laser fluence of 1.5 J/cm2 in N2O at 
different pressures varying from 2•10−5 Pa to 1.5•10−5 Pa. From the left to the right: 
a) Ca−oxides; b) Mn−oxides; c) Oxygen and N−oxide, the black dotted line indicates 
the oxygen value for ablation in vacuum. 

 

Comparing the intensities of the n-oxide species, two different reasons can be used to 

explain their behavior. The n-oxides show a similar pressure dependence as N2O− (see 

Fig. 4.12 c): a slow intensity increase with increasing pressure. Therefore, it can be 

interpreted as a preferential formation through a three-body electron attachment (following 

Eq. 4.1, where the A/B species can be either the gas molecules or the metal−oxide species). In 

this case the electrons attach to negative oxides through collisions with the gas molecules, or 

vice versa. This indicates that these particles come directly from the ablation process and are 

ionized through collisions. Another possible explanation is the interactions of diatomic oxides 

with atomic oxygen to convert most of the mono−oxides into n−oxides. This would also 

explain the low amount of diatomic species at low pressures. 
 

 
Fig. 4.13. Mass spectrometer measurements using different laser fluences from 
0.25 J/cm2 to 2.3 J/cm2 in N2O at different pressures from 2.0•10−5 Pa to 1.5•10−1 Pa; 
a) LaO positive ions; b) La and LaCaO2 positive ions. 
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The case is different for positive polyatomic ions, such as LaCaO2, which are present 

also in vacuum. LaCaO2 presents a similar behavior for different pressures as shown in 

Fig. 4.13 b). The amount of LaCaO2 molecules is influenced by the ablation fluence and by 

the gas pressure, while the amount of La+ is almost constant with pressure. Fig. 4.13 a) gives 

a strong indication that LaO+ ions are ejected directly from the target as no pronounced 

influence of the pressure is observed. The experimental minimum distance of 4 cm between 

target and mass spectrometer nozzle present a limiting factor in the detection of the 

interaction with the background gas that occurs in this region. Emission spectroscopy can be 

used as a complementary tool in this region. 

 

4.1.5 Summary for the plasma composition analysis 

 

The plume composition and energy distribution of the species emitted by laser ablation 

of the La0.4Ca0.6MnO3 target at an irradiation wavelength of 193 nm as a function of the 

fluence were investigated. The influence of vacuum and background gases (N2O and O2), 

were studied also in detail. 

In vacuum, ejection of metal ions, such as La+, Ca+, Mn+, O+, as well as diatomic LaO+ 

is observed. The large intensity of the LaO+ species can be attributed to its high dissociation 

energy, low ionization potential as well as to the high oxidation potential. When a reactive 

gas, such as O2 or N2O, is used as a background gas, a considerable increase of the oxidized 

species is observed. Various oxide species (positive and negative), such as LaO, MnO, and 

CaO are detected. Another important aspect is the oxidation of the Mn species. Mn is the 

element, which forms a higher amount of negative ions. The negatively charged species, MO− 

and O−, are preferentially formed in the plume during interaction with the N2O background 

gas. 

The total overview of the influence of different environmental conditions on the ablated 

species is presented in Fig 4.14. Here, the plume composition of the LCMO target ablated 

with a 193 nm ArF excimer laser at a fluence of 1.5 J/cm2 is shown. In this pie graphs the 

species are summarized and subdivided into the three main categories: neutrals, positive ions 

and negative ions. In an N2O background gas the largest amount of negative species, and 

lowest amount of positive species is detected. Vacuum and O2 show more or less the same 

distribution of species, where the positive species are the main component of the plasma 

plume. An important conclusion can be drown for the deposition of thin films: negative 
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species are always present and may reach 24% under conditions where high quality films are 

grown. 

As mentioned above, negative ions have never been considered for the growth of thin 

films by PLD, but our data suggest that they play probably an important role. 

 

Fig. 4.14. LCMO species measured using a laser fluence of 1.5 J/cm2 from the left to 
right: vacuum at a pressure of 2•10−5 Pa; O2 at a pressure of 1.5•10−1 Pa; N2O at a 
pressure of 1.5•10−1 Pa. 

 

Fig. 4.15 shows another point of view to consider during analysis of the plume 

composition. In this case, metal, oxygen and metal−oxides are considered separately. The 

plasma is mainly composed of metal atoms and only a small amount of oxygen and metal 

oxide species are present. With the background gases the amount of metal species decreases 

while the metal−oxides and oxygen increases. 
 

Fig. 4.15. LCMO species ratio measured using a laser fluence of 1.5 J/cm2 from the 
left to right: Vacuum at pressure of 2•10−5 Pa; O2 at pressure of 1.5•10−1 Pa; N2O at 
pressure of 1.5•10−1 Pa. 

 

The influence of the different gases and plume compositions on thin films growth will 

be shown later. At this point the expansion process must be investigated in more detail in 
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order to understand which part of the plume has more influence. Indeed, the quality of the 

films grown in reactive gases is related to the presence of oxygen, but as seen above this also 

influences the amount of negative ions and metal-oxide species. Moreover, the oxides can 

also be divided into mono−oxides or n−oxides. To obtain additional information about the 

different plasma species, the kinetic energies of the different species were studied in more 

detail. 
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4.2 Kinetic energy analysis 
 

The most important parameters of a plasma plume generated by laser ablation are the 

kinetic energies and angular distributions of the plume species. The theoretical aspect was 

discussed in a previous chapter (3.2), and will therefore be not discussed again in this 

paragraph. In laser ablation experiments different processes are involved, starting from 

electromagnetic wave absorption, evaporation, gas dynamics, radiation transport, ionization 

and recombination, and finally condensation. In this work, pulsed laser ablation was 

investigated to describe the entire PLD process, in particularly the plasma expansion in 

vacuum and in reactive gases at different pressures. 

 

4.2.1 Plume expansion of La species 

 

4.2.1.1 Kinetic energy distributions 

From the previous paragraph we know that La is the only species where also the 

respective oxide species was detected during ablation of the LCMO target in vacuum. 

Therefore, in order to understand the plume evolution, a detailed analysis of all La species is 

required for vacuum and background gases. The angle and the distance dependences will be 

also discussed in this paragraph. Fig. 4.16 shows the measured kinetic energy of the positive 

LaO ions emitted by laser ablation at 193 nm, using a laser fluence of 1.5 J/cm2 a) in vacuum 

and b) in N2O. The solid curves are the fitted shifted Maxwell- Boltzmann (MB) distributions 

of the experimental data using equation (3.12). From the fits of the experimental curves the 

effective temperature kBTz, the center of mass (COM) velocity ucm, as well as the most 

probable energy Ep (corresponding to the maximum peak position) were determined 

(summarized in Table 4.1). Some differences are easy to detect by comparing both curves. 

First, the most probable energy peak is shifted to a higher energy for the measurements 

performed in vacuum, and secondly the distribution obtained in N2O background gas cannot 

be fitted with a single MB curve. The first result could be explained by the fact that LaO+ ions 

are ejected in vacuum and therefore fewer collisions compared to a N2O background are 

expected. The kinetic energies of these species are therefore higher than of those expanding 

into a background gas. The second point shows a crucial aspect of the species expansion into 

a background gas: the interaction between gas molecules and the expanding plasma species. 
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Fig. 4.16. Kinetic energy distribution of LaO+ ions generated by 193 nm laser 
irradiation from a LCMO target measured at 4 cm distance to the target in different 
conditions: a) vacuum at a pressure of 2•10−5 Pa; b) N2O at pressure of a 1.5•10−1 Pa. 
The solid curves represent Maxwell Boltzmann fits of the experimental data (red 
markers). Dotted lines are guides to the eye for a comparison of the peak position and 
intensities. 

 

Through a detailed comparison of Fig. 4.16 a) and b), it is possible to distinguish 

different features of the LaO+ diatomic molecule kinetic energy distribution. LaO+ molecules 

expanding in vacuum (Fig. 4.16 a) present a broad distribution with a maximum at 8eV, but 

with a long tail, which is still pronounced at 20 eV (2•106 cps). This suggests that the plasma 

species have different velocities due to different ejection mechanisms (non−equilibrium to 

equilibrium) and collisions in the plume. Fig. 4.16 b) shows that the COM distribution is 

shifted to a lower kinetic energy (5 eV) and presents a narrower distribution, which is also 

shifted to lower kinetic energies. Furthermore, this curve presents also species with high 

kinetic energies but less pronounced than in vacuum (for 20 eV 1•106 cps were detected). 

Therefore, this suggests that the LaO+ species interact with the background gas (through 

collisions) resulting in a deceleration of the molecules. Moreover, the presence of LaO+ with 

high kinetic energies suggest the possibility of a collision free expansion of these molecules. 

Therefore, a multi−component shifted Maxwell-Boltzmann distribution is necessary for the 

analysis of the species ablated in background gases. Different La species (La, La+, LaO, LaO+ 

and LaO−) were analyzed under different environmental conditions and the resulting 

parameters are summarized in Table 4.1. 
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Table 4.1: Parameters obtained from fits to a Maxwell−Boltzmann distribution of the 

kinetic energies. The parameters kBTz(eV ), u(m/s) and Ep(eV) denote the temperature along 

the expansion direction (z), the corresponding velocity (stream velocity), and most probable 

energy, respectively. 

 

Species Vacuum 

kBTz [eV]         u [km/s]          Ep [eV] 

N2O 

kBTz [eV]         u [km/s]           Ep [eV] 

La 1.7 4.08 12 1.11 3.12 8 

La+ 1.4 3.44 8.5 1.2 2.88 7 

LaO 1.5 3.7 11    

LaO+ 1.3 3.16 8 0.63 2.73 5 

LaO- 0.2 0.8 0.5 0.42 2.23 3 

 

Analyzing the results summarized in Table 4.1 reveals different trends. First the species 

in N2O background are slower compared to the species in vacuum except for LaO−. The ion 

temperature of the plasma in the background gas is lower than in vacuum, which is related to 

the broad distribution in vacuum. The neutrals species are surprisingly faster in both 

environments, and the oxides species are the slowest. 

 

4.2.1.2 Kinetic energy distribution as a function of the distance 

The different distributions obtained in vacuum and in N2O backgrounds at a fixed 

distance of 4 cm are shown in Fig. 4.16. This is also the distance used for thin film deposition. 

In order to improve the understanding of the processes in the plume as a function of the 

distance, different distances between the mass spectrometer and target were studied. 

Fig. 4.17 shows the evolution of the plume at different distances and environmental 

conditions. The graphs on the top were acquired in vacuum at 2•10−5 Pa, while the graphs at 

the bottom were acquired in N2O at a pressure of 1.5•10−1 Pa. From left to right the distance 

between target and mass spectrometer was increased from 6 cm to 10 cm. To understand the 

dynamics of the plume, a comparison of the same species, La, La+, LaO, and LaO−, in 

vacuum and background gas, e.g. N2O, is shown. From a first look, it is clear that the intensity 

of the different species as well as the kinetic energies distributions are affected by changing 

the distance or introducing the background gas. 
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Negative LaO− ions appear with a strong signal in N2O and decrease with the distance. 

Using a logarithmic scale (not shown here), it is possible to detect a similar behavior for LaO− 

in vacuum. LaO− presents a narrow kinetic energy distribution in vacuum as well as for N2O 

with a tail up to 30 eV, which decreases in intensity with the distance. 

 

Fig. 4.17. Kinetic energy distributions of La species emitted by 193 nm laser 
irradiation from the LCMO target measured in vacuum at a pressure of 2•10−5 Pa 
(top row) and in N2O at a pressure of 1.5•10−1 Pa (bottom row). The different mass 
spectrometer – target distances are: from left to right 6, 8, and 10 cm. 

 

Positive LaO presents an interesting behavior, which is influenced by the distance as 

well as from the presence of the background gas. In vacuum, the intensity of the COM peak 

stays constant, while the position shifts to higher values with increasing distance (indicated by 

the dotted line in Fig. 4.17). For N2O background gas the kinetic distribution shows two 

peaks, at lower and higher kinetic energies compared to the peak in vacuum. This peaks shift 

to higher kinetic energies with increasing distances too, moreover, the peak at the lower 

kinetic energy increases in intensity with distance. A possible explanation is that ions are 

slowed down due to the collision with the background molecules. Therefore, the peak, which 

would correspond to the main peak in vacuum, is shifted to lower values and the second peak 
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originates from the higher energetic LaO+ species, which are slowed down by collisions. This 

hypothesis is confirmed by comparing the LaO+ broad tail at higher kinetic energies under 

both environmental conditions, which is decreasing in intensity for the N2O background. 

La neutral species show many differences between vacuum and N2O background gas, 

starting from the amount of detected species. The distance has a stronger influence in vacuum. 

First, because the intensity is decreasing with increasing distance and second, the signal for 

low kinetic energies disappears. For the background gas, La neutrals show a similar behavior, 

with a small decrease in intensity with the distance, as well as a decrease of the low energetic 

species. In N2O the amount of neutral species decreases in favor of the ionic species with the 

distance. This suggests that due to collisions, the neutral La can be ionized to La+ or react 

with oxygen, therefore inducing the formation of LaO diatomic species. The species formed 

via collision will have a lower kinetic energy and therefore may be influenced by intensities 

of the second peak of LaO+. Moreover, LaO− ions are appearing at low KE, suggesting that 

they can be formed from LaO through three−body collision. Another way to form LaO 

species is the interaction of the positive La+ ions with the high amount of oxygen species 

formed during dissociation of N2O molecules. This explanation is possible too, considering 

Fig. 4.17, where La+ shows a small peak at higher energies compared to LaO+. La+ presents 

the broadest signal, which is present up to 100eV (not shown here). This suggests that this 

species can be formed at different times and in different modes due to the low ionization 

energy of La. 

The results described until now reveal that the ablation process is quite complicated. 

Moreover, the plasma evolution presents several unclear points, i.e. a correlation between 

neutral species and ions or the metal-oxides. Therefore, investigations of the plasma 

expansion in all directions are needed. 

 

4.2.1.3 Distribution depending on the angle and the distance 

In order to have more information about the plasma expansion and, therefore, 

understanding the influence of the kinetic energy of the plasma species in the deposition of 

thin films, a study of the plume behavior along and around the expansion axis is necessary. 

For this set of experiments, the target was mounted on the sample manipulator. In this 

configuration the target−MS distance was varied between 4 and 8 cm and the angle normal to 

the target (Z axis) was changed between −30° and +90° degrees. 
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The geometrical configuration of these experiments is presented in Fig. 4.18. From the 

schematic drawing the angle between target and mass spectrometer can be easily understood. 

The target was positioned in front of the mass spectrometer with an angle of 45° to the 

incoming laser beam as shown in Fig. 4.18 a). This position is described as 90° in the graph, 

while position 45° (Fig. 4.18 b) corresponds to the target facing the laser beam (the laser 

beam is normal to the target surface).  

 

 
Fig. 4.18. Schematic drawing of the angle between target and mass spectrometer. a) 
90° configuration shows that the plume expand along the normal of the target surface 
which correspond to an expansion along the mass spectrometer axis; b) 45° 
configuration shows that the plume expand along the normal of the target in laser 
beam direction which correspond to an angle of 45° with the mass spectrometer axis.  

 

It is clear that with this geometry the spot size will change depending on the angle. In 

order to compare the different positions, the fluence must be related to the incidence angle, 

which also influences the amount of ablated species from the target. These factors were taken 

into account during the measurements and data analysis. The results for LaO neutral species 

are presented in Fig. 4.19 and an unexpected behavior was detected. In contrast to angular 

distribution experiment done with Ag (chapter 3.3) were kinetic energies of the Ag+ ions 

decreases with the angle, LCMO shows an increase of the kinetic energy (more detail are 

shown in Fig 4.20). Moreover, the integral of the kinetic energy (i.e. total amount of species) 

increases with increasing angle between target and mass spectrometer (Fig. 4.19), which 

means a higher amount of species detected for angles < 90°. In order to understand this 

strange behavior different hypothesis should be considered. First, it is obvious that the 

geometry of the experiment has an important influence on these measurements. In our set up 

the detector stays at a fixed position and the target is rotated, which means that the ablated 
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area is different for each position and therefore in order to maintain the same fluence the laser 

energy must be adjusted. Therefore, a possible error in the laser energies may explain these 

data, as the smallest spot area will be for 45°. Moreover, the laser beam spot size was 

elongated in the vertical direction compared to of the mass spectrometer, which can induce 

additional errors. The non−symmetric spot can induce a flip over effect. This phenomenon is 

known for laser induced plume were the initial elongated part, e.g. y−direction, will expand 

faster in the x−direction, and thus after short time the laser plume will be elongated in the 

x−direction [36]. This effect can explain our behavior, in fact due to this phenomenon the 

mass spectrometer can acquire the signal coming from a “rotating” plume where the 

distribution will be different as expected for a normal expansion. Fig. 4.19 supports this effect 

considering that the highest value of intensities is from a distance of 6 cm. Another possibility 

to consider is the influence of the area of ablation and detection as function of the angles. If 

we consider that from each position of the target species are emitted at all angles, systematic 

error in the detection is induced for changing detection areas. 

 

 
Fig. 4.19 Summary of the area intensity under the kinetic energy spectra of LaO 
neutral ablated species induced by 193 nm laser irradiation at fixed laser fluence of 
1.5 J/cm2 in vacuum at a pressure of 2•10−6 Pa. Different distance (4−6−8 cm) and 
angle between target and mass spectrometer were plotted. 

 

The results of these angular distribution measurements are presented in Fig. 4.20. Due 

to the different effects described above a detailed analysis of these spectra is not possible. 

Therefore, a general description will be presented without detailed discussion. The 
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measurements where done in vacuum at a pressure of 2•10−6 Pa. LaO neutrals present an 

increase of the intensity with increasing angle, which means that for cases where the plume is 

more off axis, the intensity increases. Interesting is also the fact that with increasing distance 

the KE distribution of the LaO species show a separation into two distributions. This may be 

related to a different formation time of these species, which may be separate into a double 

layer during the expansion. One layer at higher energies, in front of the expanding plume, and 

the second expands at lower kinetic energies due to the collision with the plume species. 
 

 

 

Fig. 4.18 Kinetic energy spectra of La ablated species induced by 193 nm laser 
irradiation at fixed laser fluence of 1.5 J/cm2 in vacuum at a pressure of 2•10−6 Pa. 
Different distance (4−6−8 cm) and angle between target and mass spectrometer were 
plotted. From the top row 1) LaO neutral; 2) LaO+ ions; 3) La neutral. 
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The second row of Fig. 4.18 shows the evolution of the LaO+ ions. Already at 4 cm this 

species present an angular dependence, for 90° and 80° where the most probable energy is 

5eV and the distribution has a long tail up to 40 eV. For 60° and 45° the highest peak shifts to 

lower kinetic energies, but the distribution presents different peaks. In the case of 45° three 

peaks and also an increase of the tail intensity are observed. Increasing the distance to the 

target an evolution of the kinetic energy distribution is observed. For the largest angle the 

distribution evolves into a double structure; the first peak shifts to lower kinetic energies 

(∼ 3 eV), and the second distribution shifts to higher kinetic energies. Interesting is also the 

evolution for 45°, where the distribution increases in intensity (for 6 cm this species present 

the highest value), but also the tail at higher kinetic energies increases with the distance. 

The third row of Fig. 4.18 shows the distribution of the neutral La. These curves show a 

dependence on the distance as well as on the angles. At 4 cm all species have the highest 

numbers of counts for 12 eV, with a high intensity tail. Increasing the distance (to 6 cm) the 

intensity decreases, and a separation into two distributions can be observed where the higher 

intensities are achieved at larger angles. Interesting is the fact that for kinetic energies above 

30 eV the detected species present a constant value. Moreover, for species detected at higher 

angles the intensity increases. This behavior, similar for all angles, suggests that La neutrals 

species present a broad anglular distribution. Additionally, the constant amount of La at 

higher kinetic energies suggest that these species are either expanding without collisions, or 

are formed due to the low ionization energy of La. In fact, from the distribution of La+ ions 

(not shown here) and hot electrons (∼ 1.5 eV, calculated from Langmuir probe measurements) 

in the ablated plume, the energy will be high enough to result in substantial recombination to 

form neutral La atoms [47]. 

 

4.2.2 Plume expansion and reactive scattering processes 

 

Using different background gases changes the composition of the plume as well as the 

kinetic energy of the species. In this paragraph results of the interaction of the plasma with the 

background gases are presented. In particular the different species formed during collisions 

with N2O and O2 were analyzed in these experiments. In order to have an overview of the 

plume, three categories of species were used for the analysis: metal, metal−oxide and oxygen. 

The oxygen species in the plume (positive ions, negative ions and neutrals) were studied 

in detail in order to understand the interaction of the generated atomic oxygen with the plasma 
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species. The energy needed to dissociate an oxygen atom from N2O molecules is 1.67 eV, 

which is three times lower than for the dissociation of O2 (5.01 eV). 

 

4.2.2.1 Oxygen 

 
Fig. 4.19. Kinetic energy spectra of O− ions in two different background gasses, induced 
by 193 nm laser irradiation at different laser fluences. 

 

The kinetic energies distribution of the negative oxygen ions measured in N2O and O2 at 

a pressure of 1.5•10−1 Pa for different fluences are shown in Fig. 4.19. A first important 

feature can be observed in this graph: the main energy distribution is strongly dependent on 

the background gas. Oxygen ions formed in O2 have a maximum at low kinetic energies, of 

∼ 3 eV, and a pronounced tail up to 40 eV. The tail at higher kinetic energies increases with 

increasing fluence, which may indicate the generations through ablation of more species with 

higher kinetic energies, which interact with the background gas. In N2O, a broad KE 

distribution was detected, with energies up to 35 eV. For lower fluences, the kinetic energy 

distribution shifts to lower values, therefore, the most probable kinetic energy is shifted also 

to a lower value, while the integral under the curve remains equal. The minimum at low 

kinetic energies (< 4 eV) is interesting, and a possible explanation is that O− ions with low 

kinetic energies attach to metals to generate metal−oxides. 

The large amount of O− ions suggests that it may be necessary to consider the role of 

negative oxygen ions for the film growth during PLD, especially considering that it has been 
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suggest that O− has a higher oxidation capability in thin films than O+ [49]. It is also 

important for these studies to analyze the formation mechanisms of O− in more detail, as well 

as the reactions that can occur with the other species of the plasma, as this is not yet 

understood. 

 

4.2.2.2 Metals 

The La species were discussed previously, therefore this paragraph will focus on Ca and 

Mn species. The behavior of these species shows different features, which are not yet 

understood. 

 

Fig. 4.20. Kinetic energy spectra of Ca species obtained in N2O at a pressure of 
1.5•10−1 Pa for different fluences: a) Ca neutrals; b) Ca+ ions. 

 

The kinetic energy distributions for Ca species are shown in Fig 4.20. As highlighted 

with the vertical dotted lines, the main kinetic energy for the Ca ions is at ∼ 4 eV, which 

decrease in intensity with decreasing fluence (see Fig. 4.20 b). The main peak for this species 

does not present a clear trend. This may be due to the large measurement steps (0.5 eV) 

between two points chosen for these measurements. For Ca+ ions a small tail is present up to 

15 eV, which is more pronounced for the intermediate fluence. 

Ca neutrals show a small number of counts at 4 eV (indicated by the dotted line in Fig. 

4.20 a), the kinetic energy where Ca+ has the highest value. Moreover, the most probable 

energy for neutral Ca atoms is similar to the highest value detected for Ca+ and a decrease in 

fluence increases the most probable translational energy. It is noteworthy that up to 30 eV the 
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total amount of Ca+ counts for the three different fluences oscillates around 0.5•106 cps, but 

the total amount decreases with decreasing fluence. A possible explanation is that at lower 

kinetic energies the neutral Ca, is interacting with the background species and therefore, may 

be detected as metal−oxides. However, this characteristic must be analyzed in more detail as 

our studies reveal a different trend compared to previously published reports [17,50]. There, 

ions have higher kinetic energies than neutrals species (detected for all species). 

 

 
Fig. 4.21. Kinetic energy spectra of Mn neutral species obtained in N2O and O2 both at 
a pressure of 1.5•10−1 Pa for different fluences. 

 

Mn presents a completely different behavior than Ca. The spectra have an interesting 

oscillation in the signal of neutral Mn as shown in Fig. 4.21. An intuitive explanation would 

be precession (an out of axis rotation) of the target that can cause a periodical wave in the 

detected signal. In order to exclude this hypothesis, different target rotation speeds were used 

with a negative result. The oscillation presents the same frequency independent of the target 

rotation. A possible explanation is therefore related to plasma properties and the appearance 

of a self−organization process [51]. It has been suggested that ions are accelerated within the 

plume by the electrostatic forces created by the electron depletion and the negatively charged 

target. The oscillations have been attributed to a plume splitting process [52] related to a 

periodic shelling−off process of double layers from the border of the plume. The plume can 

be seen as a complex space charge configuration, which performs a rhythmic exchange of 

matter and energy with the surroundings due to the repulsive electrostatic forces. Further 
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work is necessary in order to gather more information about this phenomenon, and especially 

why it is detected only for Mn. 

 

4.2.2.3 Metal oxides 

As described above in the paragraph about composition (4.1.1), collisions between 

target species and background gases result in an enhancement of the metal−oxide signals. In 

order to understand the formation of these species the kinetic energies were investigated. 

 

Fig. 4.22. Kinetic energy spectra of metal−oxide species obtained in N2O at a pressure 
of 1.5•10−1 Pa for different fluences: a) LaO+ ions; b) MnO− ions; c) CaO positive and 
negative ions. 

 

The different diatomic ions are shown in Fig. 4.22. It is immediately evident that these 

types of ions have the most probable kinetic energies at low values. The LaO ions were 

described before, therefore the behavior in N2O and O2 is plotted in Fig. 4.22 a). The kinetic 

energy distribution is similar for both gases. A small difference is detected in the main peak 

position, which is shifted to higher kinetic energies by about 2 eV for ions generated in O2. 

Moreover, the tails at higher kinetic energies present a higher amount of detected species for 

O2 compared to N2O. 

In Fig. 4.22 b) the dependence of the kinetic energy for MnO- on the fluence is shown. 

No influence on the peak position is detected for different fluences, while a decrease of 

intensity is correlated with a decrease of the laser fluence. The behavior of the CaO species, 

shown in Fig. 4.22 c), is interesting. CaO+ shows a higher kinetic energy than CaO−, but less 

intensity for the highest fluence. MnO and CaO negative ions are the slower ions in the plume 

with a main distribution between 1 eV and 4 eV. This may be related to the formation 

mechanisms in the plume, i.e. three−body electron attachment. This hypothesis was supported 

by the fact that neutral ions present higher kinetic energies than diatomic ions, therefore these 
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ions can be formed through collision of neutrals with the background gas molecules and are 

slowed down to lower kinetic energies. 

 

4.2.2.4 Conclusion on plasma reactions 

The plasma obtained by laser ablation is influenced by several dynamic processes 

during the expansion. The introduction of a background gas increases the interaction with gas 

molecules and therefore the complexity of the process. A plasma is an ionized medium and 

therefore the key processes are the ionization mechanisms that involve all plasma components 

such as electrons, ions and neutrals. To conclude this section the different processes taken into 

account for the ionization will be summarized: 

 

Photon induced ionization: An atom or molecule is ionized due to the absorption of a 

high energetic photon or electromagnetic wave energy. 

AB + hν → AB+ + e−  (4.3) 

Dissociative ionization: Related to the ionization of molecules by direct electron impact. 

First, a process of non−dissociative ionization has to be considered. This process takes place 

predominantly when the electron energy slightly exceeds the ionization potential. 

e− + AB → AB+ + e− + e−  (4.4) 

When the electron energy is relatively high and essentially exceeds the ionization 

potential, the dissociative ionization process can occur. 

e− + AB → A + B+ + e− + e−  (4.5) 

 

Collision induced ionization: In this case the ionization occurs as a result of the 

interaction of two or more neutral gaseous species, of which at least one is internally excited. 

A∗ + B → A + B+ + e− (4.6) 

 

Three-body electron-ion recombination: This process is most important for high density 

equilibrium plasmas with temperatures around 1 eV. 
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e− + e− + A+ → A∗ + e− (4.7) 

The excess energy in this case is going to the kinetic energy of the free electron, which 

participates in the recombination and acts as “a third body partner”. 

 

Dissociative electron attachment to molecules: This process is important in molecular 

gases when molecular fragments have positive electron affinities. 

e− + AB → AB−( )∗
→ A + B−

 (4.8) 

 

Three-body electron attachment: As previously described this attachment process, a 

collision of an electron with two heavy particles (at least one of which is supposed to have 

positive electron affinity) generating negative ions, can be shown as: 

e− + A + B → A− + B (4.9) 

The three-body electron attachment can be the principal channel of electron losses 

through formation of negative ions [48]. 

Negative ions are only scarcely reported in laser−induced plasmas [53] and almost 

never considered to be important for applications such as PLD. The role of negative ions in 

the process of thin films growth is actually not clear, but the PLD parameters where more 

negative ions were produced have yielded better results in terms of oxygen content for 

deposited thin films. It is therefore reasonable to assume that the negative ions are important 

for thin film growth as a possible pathway to incorporate oxygen into the films. 

 

4.3 Time of arrival analysis 
 

In alternative way to analyze the plasma species with the mass spectrometer is to use a 

MCS−card, which allows to perform time resolved measurements. This method is used in 

order to have additional information regarding the time distribution of different plasma plume 

species. For this reason different experiments were carried out with an ArF excimer laser 

(193 nm), with a fixed laser fluence of 1.5 J/cm2. The target was ablated in vacuum at a 

pressure of 2•10−5 Pa and in O2 and N2O both at a pressure of 1.5•10−1 Pa. Three target to 
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mass spectrometer distances where investigated (4 – 6 – 8 cm). The signal was acquired for 

750 steps and averaged afterwards. 

Typical time of arrival (TOA) spectra are shown in Fig. 4.23. These curves present a 

different behavior depending on the voltage applied on the electrostatic analyzer plates. This 

means that these measurements were done with a fixed mass (selected by the quadrupole) and 

fixed kinetic energy (selected via the electrostatic analyzer). For these graphs 4 eV and 5 eV 

were used for a) and b), respectively. The dotted line at 0.3 ms is used to highlight the 

different behavior of the species with different kinetic energies. Fig. 4.23 b) shows that all the 

species arrive before 0.4 ms, while for lower kinetic energies (see Fig. 4.23 a) some species 

arrive at later times, in particular Ca+ and CaO+ reveal a pronounced difference, i.e. they are 

detected up to 1 ms after the ablation. Moreover, the graphs show the time of arrival at the 

detector of the selected species with a selected kinetic energy and therefore fixed velocity. 

The distribution contains information about the different formation times of the species, or 

changes of kinetic energies during flight, and therefore about the associated mechanisms. 

 

Fig. 4.23. Time of arrival spectra of Ca species obtained in N2O at a pressure of 
1.5•10−1 Pa for laser a fluence of 1.5 J/cm2 with target−mass spectrometer distance 
fixed at 8 cm for different electrostatic analyzer voltages: a) 4 eV; b) 5 eV. 

 

Each plasma species presents similar TOA spectra as shown in Fig. 4.23. With a 

“threshold” ranging between 4 eV and 8 eV (depending on the species) where the 

distributions are changing from multiple−peak to single−peak distributions. From these 

measurements, it is possible to describe a trend regarding the time of arrival of all species that 

follows this order: 
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M + < M < MO+ < MO < MO− < MO2
−  (4.10) 

 

All species follows this trend and for low kinetic energies a broad distribution of the 

positive ions and positive diatomic ions is detected. Negative species have a narrow 

distribution. The time of arrival is different for each element as shown in Fig. 4.24. In all of 

these figures the species with a lower mass fly with higher velocities compared to species 

with higher mass. Therefore, the detection order is O, Ca, Mn and La. Moreover, Fig. 4.24 

shows that the different species have different distributions for the same kinetic energies, in 

particular La and O present a multiple peak distribution, while Ca and Mn show one−peak 

distributions. Interesting is the behavior of the La species. From Fig. 4.24 a), and c) it is 

possible to see that positive ions have a long tail up to 1 ms, while the neutral La, shown in 

Fig. 4.24 b), present a narrower distribution which end around 0.5 ms. 

 

Fig. 4.24. Time of arrival spectra of LCMO species ablated with a laser fluence of 
1.5 J/cm2 in N2O at the pressure of 1.5•10−1 Pa with target−mass spectrometer distance 
fixed at 8 cm and fixed EA voltages at 5 eV: a) ions; b) neutrals; c) positive metal 
oxide. 

 

These time of arrival measurements give additional information related to the velocities 

of the plasma species. The velocity distribution of atoms ejected from a target in vacuum by 

pulsed laser ablation can be described by a gas dynamic flow model as in the theory of 

molecular beams [9, 54]. In order to describe the plume expansion it is possible to roughly 

divide it into two stages. The first stage, is near the target, in the so−called Knudsen layer, 

where the plasma density is high and therefore the collision of the ablated species will occur 

between each other or with electrons. The second stage is beyond the Knudsen layer where 

the particle collisions become less frequent and a rudimental atomic beam is formed. In 
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vacuum the formed atomic beam will expand in a way similar to a supersonic expansion and 

the measured time of arrival of species can be described with a shifted Maxwell−Boltzmann 

(MB1) distribution with a stream velocity: 

 

f t( )= C d t( )3 exp −
m d − ut( )2

2kTmt 2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟  (4.11) 

 

Where C is the normalization constant, m the mass of the species, u the stream velocity, 

d the target−to−detector distance, k the Boltzmann constant and Tm is the plasma temperature 

of the plume. The measured signal may consist of several or only one precursor generated by 

different pathways. Then, the velocity distribution of the ablated species can be characterized 

by a multi-component shifted Maxwell−Boltzmann (MBn) distribution with the slow 

components free of the stream velocity as the species are thermalized by ambient molecules. 

For the case of two components: 
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Where C1 and C2 are normalization constant and Tm1 and Tm2 are the plasma 

temperatures in the first and second region. Eq. (4.12) describes the velocity distribution that 

occurs in O2 or N2O background gases. As the ablated plume expands, the electron density 

drops sharply and the ablated species in the expanding front of the plume collide mainly with 

the background molecules [55]. 

The MB distribution was used to fit different TOA curves in order to find the plasma 

temperature and the ion velocity from the different peaks, as shown in Fig. 4.25. 

In Fig. 4.25 a) the CaO+ species are shown, where three main peaks are present, but a 

MB with three components to fit this curve did no yield a satisfying results (light blue). 

Therefore a four components distribution was used (black line). The different temperatures 

and velocities for species arriving at different times but with the same kinetic energy are on 

first sight difficult to understand. In principle one kinetic energy should give one velocity, 

therefore a distribution with several peaks is not expected. The measurements suggest that the 
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same species can arrive at different times with the same kinetic energy depending on their 

formation mechanism. There are several possibility to explain this. 
 

 
Fig. 4.25. Time of arrival spectra of Ca species ablated at a laser fluence of 1.5 J/cm2 in 
N2O at a pressure of 1.5•10−1 Pa with the target−mass spectrometer distance fixed at 8 
cm and different EA voltages fitted with MB distributions: a) CaO+ ions at 4 eV; b) Ca+ 
ions at 2 eV. 

 

The different velocities are due to different ejection times or positions, or change of the 

kinetic energies due to collisions. The fitting parameters (T and u) are useful to understand the 

formation of the species. The temperatures range from 1.7 eV to 0.3 eV and the velocities 

from 0.7 km/s to 14 km/s. Summarizing, species with the same mass and same kinetic energy 

at the mass spectrometer entrance arrive at different times. The observed multiple peaks in the 

time of arrival measurements can have three different explanations. The ablated species can 

undergo different velocity evolution. Initially faster expanding species are slowed down 

considerably by the background gas creating a plasma “shock wave front”. This effect was 

observed in emission spectroscopy, too (not shown here). These species would arrive at early 

times as the “average velocity” would by high (this is indicated by the velocity in the MB fit). 

Species with lower starting velocities would be less decelerated following the wave front and 

are therefore detected at later times, although having the same final kinetic energy as the 

“fast” species. Additionally, different arrival time can be caused by mechanism with later 

emission times, e.g. due to different ejection emission. Finally, species, in particular 

metal−oxides, are created in the plasma from reactions with the background gas, thus leading 

to different starting points, and therefore, again, to different arrival time. In the final spectra 

all of these effects are probably present leading to the complex time of arrival distribution. As 

it is not possible to derive the evolution of the velocities from these measurements, the 
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Maxwell−Boltzmann distributions may not be strictly applicable. The values from the fits 

may be used to obtain a rough estimation of the average velocities. 

 

Fig. 4.26. Comparison of Ca+ ions ablated at a laser fluence of 1.5 J/cm2 in N2O at a 
pressure of 1.5•10−1 Pa (blue line) and in vacuum at a pressure of 2•10−5 Pa with the 
target-mass spectrometer distance fixed at 8 cm, between: a) EA measurements; b) 
Time of arrival spectra. 

 

A comparison between kinetic energy distributions obtained with the electrostatic 

analyzer and with TOA measurements is shown in Fig 4.26. The measurements were 

performed in vacuum at a pressure of 2•10−5 Pa and in N2O at a pressure of 1.5•10−1 Pa at a 

distance of 8 cm. The kinetic distributions of the Ca+ ions detected with the EA are depicted 

in Fig. 4.26 a), where it is clear that the ions present the main peak at lower kinetic energies in 

the background gas compared to Ca+ in vacuum. In order to have a kinetic average 

distribution from the TOA measurements each TAO measurement of Ca+ was integrated over 

the time for each pre−selected kinetic energy. Subsequently, the obtained numbers were used 

to construct the kinetic energy distribution curves as shown in Fig 4.26 b) with the black 

curve (only for N2O measurements). In this graph the EA curves were added with the same 

colors as for a) but in order to allow a comparison were multiplied by a fixed value as 

indicated in the graph. Moreover, in this plot the area under the fit of the first TAO peak (light 

blue line) and the area under the fit of the last TAO peak (yellow line) for each TOA 

measurements are shown (TAO peak refers to the plot in Fig. 4.25 b). The curves agree well 

with the EA curves, specifically the first TAO peak line (light blue) follows the EA vacuum 

line (red) until 5 eV, while the last TAO peak line (yellow) follows the EA in N2O line (blue) 
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until 5 eV. This suggests that the first peak of the TOA measurements has the same behavior 

as the ions measured in vacuum, and the last peak of TOA measurements behaves similar to 

the ions measured in N2O. This support our hypothesis that the different arrival times of the 

ions with the same kinetic energies are at least partially due to collisions, that change the 

kinetic energies during plasma expansion. Additional peaks are present in the TOA 

measurements (shown in Fig. 4.25 b), where four MB are used) suggesting that ions may be 

also formed by different number of collision, from different formation mechanism, e.g. 

different ejection processes at different time, or due to the formation at different position in 

the expanding plume. 

 

Fig. 4.27. a) Schematic representation of the multiple double layer geometry; b) Time of 
arrival spectra of LCMO species ablated at laser fluence of 1.5 J/cm2 in N2O at the 
pressure of 1.5•10−1 Pa with the target-mass spectrometer distance fixed at 8 cm and EA 
voltages fixed at 15 eV. 

 

As described above, after a threshold value (each element has its own) the species have 

only a single velocity distribution. Some oscillations in the detected signal for these KE were 

observed, as shown in Fig 4.27 b) for 15 eV. These measurements are similar to the ones 

presented above for EA analysis of Mn (Fig. 4.21). A possible explanation is related to 

plasma properties and the appearance of a self-organization process [51] as discussed above. 

The oscillations can be attributed to the observed plume splitting process [52] related to a 

periodic shelling-off process of double layers from the border of the plume. From the TOA 

measurements it can be assumed that these oscillations are related to each other as they appear 

at the same times as highlighted by the dotted lines. 
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The observation of MHz oscillations in plasmas is the origin of the hypothesis of the 

presence of a self−organization process [56]. The plume can be seen as a complex space 

charge configuration, which performs a rhythmic exchange of matter and energy with the 

surrounding due to the repulsive electrostatic forces. Based on the analysis of the obtained 

data, a schematic representation of the proposed multiple double layer structures is shown in 

Fig. 4.27 a). Further work is necessary in order to get more information about this 

phenomenon. 

 

4.4 Emission spectroscopy studies 
 

In order to have a more complete overview of the plume expansion analysis, it is 

important to understand the initial stage of the plume. The plume formation mechanism for ns 

and fs laser irradiation was investigated by previous studies in our group [17, 57], and appears 

to be the simplest for fs laser irradiation. Some important features of this process were 

confirmed in this study. First, the time scale for plume formation is proportional to the pulse 

length, and second, plume heating, specific in ns laser ablation, which is caused by the 

photoabsorbtion processes of the plume, is eliminated for fs laser pulses. The comparison of 

these two ablation modes was not studied in this work and remains a possibility for future 

studies. The aim of these measurements was to compare and complement at short distance, 

the results obtained by mass spectrometry. 

The temporal profiles of the plume emission were taken in the first two centimeters 

from the target surface. The next upgrade of the system may allow an acquisition of up to four 

centimeters in a single run. The investigation of the plume expansion will therefore be 

possible up to the mass spectrometer minimum distance. The LCMO spectra present many 

lines related to the contribution of different species such as neutrals, and single ions of La, Ca, 

Mn and O. 
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Fig. 4.28. Time and space-resolved optical emission spectra generated from 
laser ablation in O2 at a pressure of 1.5•10−1 Pa of the LCMO target using an 
ArF excimer laser at the fluence of 1.5 J/cm2. The delay after the laser pulse is 
reported on the right of each figure: a) 21 ns ; b) 321 ns and c) 621 ns. The 
spectra are normalized to the same maximum intensity. 

 

In Fig. 4.28 a typical 1D space−resolved emission spectra acquired at three different 

delays (21, 321, 621 ns) after the laser pulse are shown. These experiment were performed in 

1.5•10−1 Pa of O2 background gas. In the investigated spectral range (420 − 460 nm) emission 

of intense lines of the metals (Mn, La, and Ca), both neutral and ionized, are observed. The 

intense band around 447 nm can be ascribed to an LaO* emission band. 

It is noteworthy that between 430 nm and 435 nm a “strange” horizontal line appears in 

front of the plume, which disappears after 25 ns, shown in Fig. 4.28 a). The nature of this 

effect is not clear, but may be related to the continuum emission, but it was recorded for every 
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measurement. The different emission lines show their space evolution after 321 ns (Fig. 4.28 

b), and 621 ns (Fig. 4.28 c). 

 

Fig. 4.29. Single line emission spectra generated from laser ablation in O2 at a pressure 
of 1.5•10−1 Pa of the LCMO target using an ArF excimer laser at the fluence of 
1.5 J/cm2. This line shows the emitted light of the plasma at 0.4 cm from the target with 
a delay of 371 ns after the laser pulse. 

 

From these figure (Fig. 4.28) it is possible to obtain a spectra, which correspond to a 

fixed distance from the target, as shown in Fig 4.29. Most lines can be assigned, and 

correspond to metal species. Some line can not be assigned and are probably due to other 

oxide species, which could not be found in literature. Therefore, experiments with pure 

oxides, such as MnO or CaO could be performed in order to have more information about the 

metal−oxide emission state. 

 

Another characteristic of the expansion is the broadening of the profile due to the 

increasing separation between the faster and slower species as shown in Fig. 4.30, i.e. the 

difference of the lines between the top and the bottom graph. Fig. 4.30 shows the same 

spectra as Fig 4.28 but in a 3D representation. In these graphs the intensity scale was kept 

constant to the highest value of the 21 ns spectra, revealing the decrease of emission intensity 

with time. 
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Fig. 4.30. Time and space−resolved optical emission spectra generated from laser 
ablation in O2 at a pressure of 1.5•10−1 Pa of the LCMO target using an ArF excimer 
laser at the fluence of 1.5 J/cm2. The delay after the laser pulse is reported on the right 
of each figure: a) 21 ns ; b) 121 ns. The spectra are plotted with a scale with the same 
maximum intensity. 

 

The temporal evolution of various neutral and ionic emission lines was analyzed at 

various distances from the target in order to derive the velocities of these species. Therefore, 

an extrapolation from the emission spectra was used to estimate the average and the fastest 

velocities of the species, which are presented in Table 4.3. The temporal evolution of neutral 

and ionic emission lines was analyzed at various distances from the target in order to derive 

the velocities of these species. In order to calculate the velocity of the species from these 

spectral line two different positions were selected. One correspond to the intense peak of the 

single line at a fixed time, which was called Max Intensity, and the second corresponds to the 
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front of the line (5% of the maximal intensity) which can be correlated to the faster tail of the 

selected species. The fact that emission intensities of the species is maintained over a larger 

time/distance scale, can be attributed to collision induced excitation processes (see Fig. 4.28). 

The radiative lifetimes of the analyzed excited species reveal that the La species (670 nm 

emission wavelength, not shown here) exhibit the longest radiative observation time (up to 

3221 ns) compared to the other plasma species, while the oxygen species shows the fastest 

decay times (∼ 321 ns).  

 

4.5 Conclusion 
 

The plasma expansion dynamics of the species generated by 193 nm ArF laser ablation 

from a La0.4Ca0.6MnO3 target were investigated using mass spectrometry, time of arrival mass 

spectrometry and time resolved emission spectroscopy. The different techniques allow to 

analyse of the main parameters of a plasma plume, i.e. composition, kinetic energy, and 

velocities of the species. The velocities of the LCMO species detected with the different 

techniques are summarized in Table 4.3. From the description of the set up of these 

experiments it is clear that the measured velocity were made at different position, i.e. 4 cm for 

mass spectrometry and the first 2 cm for emission spectroscopy. This is one probably reason 

for the different velocities measured with the two technologies. Moreover, comparing the data 

a trend can be identified. The fast peak of the emission spectroscopy presents similar 

velocities as those with the TOA data. While, the EA mass spectrometry measurements show 

velocities closer to the maximum intensity peak of the emission spectrometry. Therefore, the 

data in Table 4.3 show that it is possible to compare pairs of values, i.e. emission max 

intensity with EA, and fast peak with TOA. In most cases a reasonable agreement is found, 

with the exception of O (II) and Ca (I) for emission max intensity versus electrostatic analyzer 

measurements, and for La (I) for fast peak vs. TOA. In conclusion the combined studies of the 

ablated species show a good agreement between the results. Therefore, these techniques can 

be applied to investigate the different plasma parameters at the same time (the identical 

plasma plume measured simultaneously by different techniques). 

The MnO diatomic species, which are considered to be important for the growth of 

manganates, were detected only in the presence of the O2 and N2O background gases, 

suggesting that oxidation of Mn species is less favorable compared to the oxidation of La and 

Ca species. One important aspect of using background gases is the formation of negative 
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species especially when N2O was used. The O ions are among the most abundant species in 

the plume, but the formation mechanism of negative ions and their role on the properties of 

the manganate films is not well understood at the moment. 

 

Table 4.3: Average velocities of plume species measured with different methods 

on a La0.4Ca0.6MnO3 target ablated with a 193 nm ArF excimer laser with a 

fluence of 1.5 J/cm2 in O2 at a pressure of 1.5•10−1 Pa. 

 EMISSION MASS SPECTROMETRY 

Species Fast peak 
[km/s] 

Max Intensity 
[km/s] 

Electrostatic 
Analyzer [km/s] 

Time of arrival 
[km/s] 

La (I) 10.12 4.55 4.74 6.28 

La(II) 8.73 4.13 4.29 6.25 

Ca(I) 12.29 5.31 7.35 11.4 

Ca(II) 10.87 5.13 5.15 10.9 

Mn(I) 12.59 5.77 5.62 11.2 

Mn(II)   6.49 11.4 

O(II) 8.21 3.92 13.4 14 
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5. CHARACTERISATION OF THE SIMS EQUIPMENT WITH A CASE 
STUDY: SrTiO3 and LaAlO3 THIN FILMS∗ 

 

Secondary Ion Mass Spectrometry is widely used for analysis of trace elements and to 

investigate their diffusion in thin films via depth profiling. The trace level sensitivity and 

capability of nanometer depth resolution makes this a powerful surface analysis technique. 

One of the aims of this work was to setup the complete SIMS apparatus on the M−UHV 

chamber to introduce this technique as an in-situ tool to determine the oxygen content and 

perform depth profiling in thin oxide films. To characterize, the instrumentation of our 

laboratory, a combination of SrTiO3 (STO) − LaAlO3 (LAO) thin films deposited on 18O 

exchanged STO – LAO substrates was analyzed and fully characterized. 

As described in chapter 2 our SIMS equipment consists of different devices summarized 

in Table 5.1. 

 

Table 5.1: Specification of the SIMS equipment 

Instrument Specifications 

IG 20 ion gun (Hiden Analytical Ltd.) 

Gases: Ar or O2 

Eion: 0.5 – 5.0 keV 

Minimum beam spot size: 80µm 

FG40A1 electron flood gun (Prevac Ltd.) 
Emax:500 eV; Imax: 100µA 

Current density up to 30 μA/cm2 

HAL EQS Analyzer (Hiden Analytical Ltd.)
Energy analyzer Ekin: 0 – 100 eV 

Mass range m: 0.5 – 500 amu 

 

The use of an ionized beam for insulating samples, such as most oxides, reveals the 

problem of local charging of the sample surface. Our SIMS setup is equipped with an electron 

flood gun to compensate these charging effects, but the different reaction of negative and 

positive ions to the electron compensation during the experiments has to be taken into 

account. For negative ions high negative voltages are required; contrary for positive ions 

                                                 
∗ Parts of this work have been published in: 
 
C. W. Schneider, M. Esposito, I. Marozau, K. Conder, M. Doebeli, Yi Hu,  
M. Mallepell, A. Wokaun, and T. Lippert, The Origin of Oxygen in Oxide Thin Films - Role 
of the Substrate, Applied Physics Letters 97, 192107 (2010) 
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lower voltages are used. For this reason the electron beam energy must be optimized to 

maximize and stabilize the secondary ion current depending on the mode of analysis. 

 

5.1 Fundamental concepts of SIMS analysis 
 

SIMS is essentially a combination of sputtering and mass spectrometry applied to a 

solid surface. One fundamental issue is that the “raw” mass spectrum provides only a 

qualitative information of the species in the sample as the intensity of the detected signal does 

not reflect the relative concentrations directly as explained below. 

 

 
Fig. 5.1. SIMS concept: schematic of the collision cascade. 

 

In Fig. 5.1 the complete SIMS process is shown. The primary ions, produced with the 

ion gun, are used to sputter the sample, resulting in ejection of secondary ions from the 

surface that can be detected with the mass spectrometer. At the same time different events can 

affect the process itself. In order to reduce the signal coming from the residual gas in the 

chamber a good vacuum (< 10−7 Pa) is needed. The SIMS process depicted in Fig. 5.1 is 

subject to ion-solid interactions and many different events are involved, which can be 

summarized as follows. A primary ion colliding with the surface transfers its energy, which is 

greater than the binding energy of the atoms, to the sample. Those target atoms are displaced 

from their original sites and collide with other atoms in the sample, and through binary energy 

transfer initiate a series of cascades. Atoms that are near the surface and have sufficient 

energy to break their bonds leave the surface as secondary atoms. The primary ions can be 

implanted or resputtered immediately or later. The depth of this implantation depends on the 

ion energy. The bombardment of the surface causes the continually redistribution of surface 
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and sub-surface species giving the so−called “mixing process”, which has a very important 

role especially for depth profiling [58, 59]. 

 

5.1.1 Modes of operation 

 

The most important aspects of this technique are the capabilities of detecting all 

elements and also providing this information as a function of the spatial coordinates. 

Furthermore, the SIMS measurements can be performed in different modes depending on the 

requirements of the experiment. 

 

5.1.1.1 Static SIMS 

If the analysis is restricted to the surface of the sample, and the density of the ion beam 

is small the information is acquired in static SIMS mode. This mode is used to study the 

surface composition of a sample, especially for thin films, where the needed information 

comes only from a few monolayers. Another important advantage is that isotopes are well 

resolved. In this work oxygen isotopes as well as the generated combined oxides were 

analyzed. 

 

 
Fig. 5.2. Peak shape of mass scans for isotopes (16 and 18 of Oxygen) and the 
definition of: a) mass resolving power (RP) and b) mass resolution (MR). Were 
A and B are the points at 10% of the peak, and C is the point at which the mass 
peak flat starts. 

 

Two definitions are used in SIMS measurement to resolve between two interfering 

peaks: Mass resolving power (RP); Mass resolution (MR). 
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Both definitions give dimensionless numbers and can by applied even when only a 

single peak is available. Referring to Fig. 5.2, the mass resolving power is defined as 

RP = M ΔM = M B − A( ) where M is the mass and ΔM = B − A( ) is the mass difference of 

the two sides of the peak at 10% height. While the mass resolution is 

MR = M ΔM = M C − A( ), where ΔM = C − A( ) is the mass difference between one side of 

the peak at 10% height (point A) and the mass at which the peak plateau starts (point C) [58]. 

The abundance sensitivity, which is defined as the ability of the mass spectrometer to 

resolve a low−abundance peak in close proximity to a high−abundance peak, is an other 

important parameter for mass analysis. The detection of negative O- ions from a STO 

substrate used for calibrations is shown in Fig. 5.3. The stable minor isotopes of oxygen 17O 

(0.04%) and 18O (0.2%) are resolved near the main 16O peak. The results do not agree with the 

natural isotope abundance of oxygen due to the increase of the signal at mass 17 as a result of 

the existence of residual gases (H2 and H2O) in the vacuum chamber that enhance the signal 

of mass 17 (OH) and 18 (H2O), respectively. 

 

 
Fig. 5.3. Negative mass spectrum of an STO substrate, in the range of the 
oxygen isotopes. 

 

5.1.1.2 Dynamic SIMS 

The information is acquired in dynamic SIMS mode when the surface of a sample is 

sputtered with a rapid removal of surface atoms by rastering the primary ion beam. The 

rastering of the primary ion beam over the surface is necessary to avoid the loss of depth 

resolution. The use of a stationary beam would lead to the collection of secondary ions from 
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different depths of the sample. In the dynamic mode an erosion of the surface is obtained in a 

defined region, as shown in Fig 2.19. In order to avoid the so−called crater wall effect, the 

secondary ions are detected only in the center of the crater. The depth profiling is achieved by 

acquiring in this mode the intensity of various secondary ions as a function of the sputter time 

[59]. In this work the objective of SIMS depth profiling was to follow the distribution of trace 

elements such 18O as a function of depth in the deposited thin films. The advantage of this 

method in thin films is that it is possible to obtain, with one measurements, different 

information such as the chemical structure of the films in three dimensions, the interactions 

and reactions at the interface, and the thickness of films with high resolution. From a depth 

profile a plot of secondary ion intensity as a function of time can be obtained. In order to 

convert it into a plot of the concentration as a function of depth it is necessary to know the ion 

yields of all species of interest as well as the sputter yields of all layers. The accuracy of these 

measurements is depending on various factors, but the main limitation is introduced by the 

measurements itself. i.e. by the “mixing process” effect [60]. 

 

5.1.2 Sputtering effects 

 

There are different factors that result in broadening of the true profile shapes, such as 

uneven etching, beam induced topography, cascade induced mixing process, etc. To 

understand this concept it is necessary to analyze the sputtering effects, described above in 

Fig. 5.1 in detail. The different sputtering effects can be described as ion−solid interactions. 

The primary ion beam can induce local changes of the sample due to the bombardment. These 

effects include: implantation, diffusion, preferential sputtering and recoil mixing. Out of 

these, the processes that have the highest importance in depth profile analysis are cascade 

mixing and recoil mixing. These two processes are quite similar and can be described as a 

displacement of target atoms due to collisions by recoil atoms (cascade mixing) and by the 

displacement of target atoms to greater depth (recoil mixing) [58]. It is possible to simulate 

the ion bombardment and its consequences utilizing Monte−Carlo calculations. For this work 

the TRIM−SRIM software was used [61]. 
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Fig. 5.4. TRIM simulation of Ar+ primary ions impinging on a STO film on a 
LAO substrate with different energies and angles of incidence. 

 

This code can simulate sputtering and recoiling of atomic species as shown in Fig. 5.4, 

where the effect of sputtering of an incident Ar+ ion beam for a STO film on an LAO 

(18O−exchanged) substrate is analyzed. 

The results show, that the depth of the recoil mixing is strongly dependent on the 

incident angle and on the energy of the incoming ions. In the worst case the effects of 

sputtering ions is present up to a depth of 30 nm (5 keV and 0° angle incidence). Lowering 

the energy and increasing the angle are possibilities to achieve less recoil mixing. Another 

option is to change the sputtering ions, which was not possible in our case. With the 

experimental setup of our instrument only the incident ion energy can be adjusted resulting in 

an uncertainty of a few nm of the interface between film and substrate, as shown in Fig. 5.5. 

 

Fig. 5.5. a) SRIM simulation for 2 nm STO on a LAO substrate with Ar+ ion 
bombardment with an energy of 2.5 keV and 45° incident angle. b) recoil 
distribution of 18O atoms and c) distribution of Ar atoms. 
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In this picture the simulation of the interaction of 2.5 keV Ar+ ions with the sample 

(STO on LAO with 18O−exchanged) is depicted. The 2D displacement of all the involved ions 

is shown in Fig 5.5 a) with respect to the depth. The red line indicates the interface between 

film and substrate. The different colors of the graph represent the different ions present in the 

target. The movement of the recoiled atoms causes intermixing of the different elements of 

the sample. Deeper penetration of the primary ion beam species results in a larger volume 

over which recoil mixing can occur. An increase of the energy of the primary ion beam 

induces mixing of the sample. The mixing depth is proportional to the projected range plus 

straggling of the primary ion beam. The distribution of two types of ions, i.e. Ar+ (red) and 
18O (light blue) are shown in Fig 5.5 b) and c), respectively. Initially the 18O are atoms are 

only present in the substrate but with the ion bombardment displacement occurs as the recoil 

distribution shows. From this distribution it can be assumed that the signal of 18O near the 

interface is due to recoil mixing. The Ar+ ions show diffusion into the target. From the 

simulations a stopping range of 2.7 nm can be assumed. These simulations are helpful to 

understand the broadening effect of the signals in depth profiling, and give information about 

the depth resolution. 

 

5.2 Case study: STO substrates 
 

One of the main drawbacks of SIMS is the strong sensitivity to the chemical 

composition of the target, the so−called matrix effect, where the matrix composition has an 

influence on the yield of the secondary ion intensity. From case to case there are different 

parameters that can affect the yield of the extracted ions. These issues influence the 

quantification process, i.e. the conversion of the measured signal intensity into a 

concentration, which is some times the goal of such measurements. It is possible to convert 

the secondary ion intensity, iA
s , to the atomic fraction of an element A, xA, by introducing the 

SIMS equation: 

 

iA
s = I pYαAηAθA xA  (5.1) 

 

where Ip is the primary ion intensity [ions per s]; Y the sputter yield [removed target 

ions per incident primary ions]; αA the ionization probability; ηA the combined transmission 

efficiency of extraction optics, the mass spectrometer and the detector [ion detected per ion 
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emitted] and ΘA the isotopic abundance. Most of these parameter are known, experimentally 

measured or tabulated, but this is not the case for αA and ηA. This means that quantitative 

analysis are complicated and time consuming. To solve the problem, calibration curves are 

used with a large set of standard materials, in particularly for semiconductor materials [59]. 

 

5.2.1 Mass spectra analysis 

 

In mass spectrometry the secondary ions in a pre−selected mass range are detected by 

continuously monitoring the ion signal while scanning a range of mass−to−charge (m/z) 

ratios. The mass spectrometer detects different types of species depending on the operation 

mode, the most common are atomic and molecular ions (positively and negatively charged) 

and neutral elements (both atomic and molecular). Depending on the analyzed sample it is 

possible to detect double charged ions or clusters of atoms. The mass analyzer must be 

scanned in small steps to ensure that all mass−to−charge (m/z) ratios are sampled. For this 

work STO substrates with different 18O contents where analyzed and compared with a non 
18O−exchanged substrate. 

In Fig 5.6 mass spectra of a) negative and b) positive secondary ions ejected from two 

different STO substrates with and without 18O exchange are shown. The negative ion spectra 

have the advantage of showing clearly the difference of these substrates. By analyzing the 

spectra it is possible to notice that 16O is dominating and only few molecular ions are detected 

for the non 18O−exchanged STO (blue line). The measurements of exchanged STO show 

strong signals for all isotopes of atomic oxygen (16O−, 18O−) and also for molecular oxygen 

(16O2, (16O18O)−, 18O2). Interestingly, the patterns of the metal−oxide species reveal a complex 

multi peak ion signal due to the different isotope combinations between the O and metal 

isotopes. This point will be analyzed in more detail below. The positive SIMS spectrum 

shows strong signals coming from the atomic metal ions as well as from the metal oxides 

(MO+). The signal for atomic oxygen is weak compared to the negative ions, i.e. about three 

orders of magnitude smaller. Both spectra show some impurity ions, such as H+/−, C−, Si−, Na+ 

that may origin directly from the target (Na+, C−, Si−) or from the background gas (H+/−, C− ). 
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Fig. 5.6. Mass spectra of SIMS experiment (3 keV Ar+) on STO substrates with 
and without 18O exchange showing: a) negative ions and b) positive ions. 

 
A detailed analysis of these spectra allows to calculate the relative intensities of each 

isotope for all elements. The atomic and molecular spectra for oxygen are shown in Fig. 5.7. 

The red and blue colors represent the pure substrate and the exchanged substrate, respectively. 

As discussed before the natural abundance is not obtained for the 16O substrate (see Fig. 5.3), 

therefore a residual gas analysis was performed in order to subtract the signal coming from 

the chamber. This method was used as standard routine for the mass spectra analysis, and 

later in this paragraph other preventative procedure to reduce this problem will be described. 

 

 
Fig. 5.7. Negative secondary ions mass spectra of: a) atomic oxygen isotopes 
and b) molecular oxygen isotopes obtained with a 3 keV Ar+ primary ion beam. 

 

The quantification of the isotope fraction does not present a problem, because the use of 

the isotope fraction c* in the analysis means that the unknown terms in equation (5.1) cancel 

out, as the tracer is chemically identical to the host: 
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c∗ =
c18

c16 + c18

=
i18

s

i16
s + i18

s  (5.2) 

 

From those measurement the ratio of 18O/16O = 1.6 indicates a 63% substitution of 18O 

in the exchanged substrate. In the next step the metal−oxides were analyzed from the spectra 

of negatively charged species. The different metal elements have several isotopes that make 

the spectra complicated to analyze. Still, the same 18O/16O ratio was observed. In Fig 5.8 two 

examples of TiO with its five isotopes are shown. Another observation is the increased 

number of peaks for 18O due to the combination of O and Ti isotope. 

 

 
Fig. 5.8. Negative secondary ions mass spectra of: a) TiO for STO substrate 
with 18O (blue) and non exchanged STO (red); b) different negative ions for 
STO substrate with 18O (blue) and non exchanged STO (red). 

 

The detected molecular ions from the two substrates are shown in Fig. 5.8 b). The 

interesting point is that in this range there is an overlap of signals coming from the TiO3 with 
18O and one of the isotopes of SrO (86Sr). Furthermore, there is a peak at mass 107 that is 

related to the interaction of Sr with OH−. These experiment were done with a relative high 

pressure (2•10−5 Pa) in the M−UHV chamber, therefore, also the ions, which interact with the 

residual gas, are detected. In later experiments these features were strongly reduced by baking 

the chamber and using the Ti−sublimation pump (to increase the vacuum quality). 
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The same results are obtained for analyzing the positive ion spectra. Moreover, the 

signals of the metal atom isotopes are obtained and can be compared with the natural 

abundance [62]. The results are shown in Table 5.2. 
 

Table 5.2: Theoretical and measured relative abundances of Ti and Sr atoms. 

Species 46Ti 47Ti 48Ti 49Ti 50Ti 84Sr 86Sr 87Sr 88Sr 
Measured 

Relative [%] 8.08 7.54 73.65 5.43 5.3 0.71 9.7 8.4 81.2 

Theoretical 
Value [%] 8 7.3 73.8 5.5 5.4 0.56 9 7 82.6 

 

Here, the measured concentrations are very similar to the theoretical values, with 

consistent lower numbers for the isotopes with higher mass, and higher values for the lighter 

isotopes. The relative error is related to an experimental “issue”, and reflects the so−called 

sputtering effect, where light isotopes are preferentially sputtered [63]. These results and the 

data for the metal−oxide species show a good correlation with the isotope abundance. 

Moreover, the 18O substitution ratio can be found in the oxides species in the correct amount. 

For measurements is O and O2 no correct numbers are obtained, which is due to the presences 

of residual gas enhance the signal for 17O and 18O, as discuss above. 
 

5.2.2 Depth profile analysis 

 

One of the most common application of SIMS for thin films is depth profiling. A brief 

introduction to this topic has been given above. In the following paragraph the basic work for 

depth profiling is described by obtaining precise quantitative and structural information from 

raw depth profiling data for a “real” sample. 

Fig. 5.9, where 18O isotope fractions are calculated according to equation (5.2). The 

content of exchanged oxygen was investigated for long sputter times in order to investigate 

the behavior of the oxygen substitution and to confirm the equilibrium concentrations 

expected from the gas phase analysis during the 18O replacement. Analyzing the data, 

presented in Fig. 5.9, an increase over the first nanometer is observed with the expected 

constant isotope fractions of 33.5% and 67.6%, respectively, for larger depths. These depth 

profile analysis were performed with different ion energies (5, 3.5, 3, 2.5, 1.75, 1 keV) in 

order to acquire information about the sputtering rate and to achieve higher depth resolution. 

As described in Fig. 2.18 a), the sputtering rate shows a linear increases for low ion energies. 
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Fig. 5.9. SIMS profiles of a STO substrates with different 18O contents using an Ar+ 
primary ion beam at 3 keV: a) 67 % 18O; b) 33 % 18O. 
Two STO substrates with different contents of exchanged 18O were used, as shown in 

Using a compromise between time scale for the measurements and resolution, the analysis of 

most of the thin films was performed with 2.5 keV and 1.75 keV. With these values it is 

possible to achieve stable and reproducible primary ion beam conditions (fluence and ion 

current) that allow to remove instrumental artifacts from the measurements. As described in 

the previous paragraph there are additional complications due to the sputtering process, such 

as the variation in the sputtering rate due to the matrix effects or the recoil mixing, etc. These 

effects are of particular importance during two stages of the thin film depth profile analysis: at 

the very beginning (the first nanometers) and at the interface between film and substrate. For 

a better understanding two different measurements on the same thin film deposited on 
18O−exchanged STO substrate are shown in Fig. 5.10. 

The initial stage of a depth profile is known as the “transient zone” as indicated by the 

yellow bar in Fig. 5.10. The depth calibration in this area is complicated due to the fact that 

the sputter yields changes as a result of the incorporation of primary ions and the native-oxide 

surface. The width of this zone is determined by the point at which the acquired signal 

reaches a steady state value. These figures (Fig. 5.10 a) and b) show the initial stage of SIMS 

depth profiling with different primary ion energies on the same sample. Using the low energy 

allows to reduce the width of this transient zone (yellow zone) from 4 to 2nm. Another 

interesting observation is the fact that the slopes of these curves in the transient zone, for 

negative ions show an increase of the signal towards the steady state value (e.g. O−), while the 

signal decreases for positive ions (e.g. La+). This effect on the surface was explained with a 



 121

native oxide layer for semiconductors [64], and is revealed from the peak that is present for 

the positive ions. In our case this is probably due to surface contamination, such as carbon 

species, which can create a CaCO3 layer on the surface as detected in previously [17]. The 

width is related to the penetration depth of the primary ion species and increases with the 

energy (as Fig 5.10 shows) but decreases with the tilting angle of the incidence beam from the 

surface normal [65]. Other analytical problems can be caused by contamination species on the 

surface as they will be subject to recoil mixing and appear deeper than their actual position, as 

shown clearly for the C− ions in Fig 5.11. 

Fig. 5.10. SIMS depth profile experiments on LAO thin films deposited on STO 
substrate: a) Ar+ primary ion beam at 2.5 keV; b) Ar+ primary ion beam at 3.5 
keV. 
 

 
Fig. 5.11. SIMS depth profile analysis on a La0.4Ca0.6MnO3 thin film deposited 
on a STO substrate analyzed with a 1.75keV Ar+ ion beam. In the graph the 
transient zone (yellow) and contaminant recoil mixing (green) are highlighted. 
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The SIMS measurements suggest an apparent interface width, which is larger than the 

actual width. The shape of an ideal interface is rectangular, but the measured interface is best 

described by an integrated error function. By measuring the width of an interface between two 

layers the depth resolution for the instrument can be obtained. In Fig 5.12 the ideal and the 

“true” profile with the parameters used to calculate the depth resolution are shown.  
 

 
Fig. 5.12. Parameters for depth profiling 

 

The interface width Δt (in terms of sputtering time t) or Δz (in terms of depth z) is 

arbitrarily defined as the interval where the intensity drops from 84% to 16% of the maximum 

of the signal, equivalent to two standard deviations (2σ) of the error curve [66]. The same 

pattern is obtained in our sample as shown in Fig 5.13. From these data it is difficult to 

determinate the correct interface depth. The most common method to determinate in this case 

the interface is to use the point at which the intensity drops, or rises, to 50% of its maximum 

value either leaving or approaching an interface [65]. The ion signals at the interface are 

different for different ions, which means that some species can provide a good depth 

resolution while others give the most accurate location of the interface [67]. 
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Fig. 5.13. SIMS depth profile analysis on a La0.4Ca0.6MnO3 thin film deposited 
on a STO substrate analyzed with a 1.75 keV Ar+ ion beam. Interface 
calculation using the error function. 

 

5.3 Study of STO - LAO system• 
 

5.3.1 Motivation 

 

A detailed depth profiling study has been performed for the LaAlO3 (LAO)/ SrTiO3 

(STO) system. These materials have been selected for several reasons: 

• It is a very “fashionable” system, which reveals very interesting properties, such 

as superconductivity at the interface. 

• To observe these properties very thin films (less than 10 unit cells) have been 

deposited on terminated, i.e. atomically flat, substrates. These type of interface 

could be considered as a perfect, atomic sharp interface, which is an ideal mode 

to evaluate depth profiling. 

• Oxygen deficiencies have a pronounced influence on the properties of these 

materials, and if there is no quantitative balance, the origin of oxygen in the film 

has to be investigated. An approach, using isotopic (18O) substrate, can be used 

to determine, whether oxygen from the substrate may be utilized during film 

growth. 

                                                 
• Published: 
C. W. Schneider, M. Esposito, I. Marozau, K. Conder, M. Doebeli, Yi Hu,  
M. Mallepell, A. Wokaun, and T. Lippert, The Origin of Oxygen in Oxide Thin Films - Role 
of the Substrate, Applied Physics Letters 97, 192107 (2010) 
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For a deposition using pulsed laser deposition it often seems to be sufficient to create 

the correct amount of plasma species within an oxygen background to form the chosen 

compound as a thin film on a suitable substrate, and to supply the missing oxygen with a 

subsequent annealing step. During a deposition, the only discussed and usually considered 

oxygen sources are the target and the background gas. The substrate is taken as the template 

for the film to be and to match the respective lattice constants to grow the oxide film, e.g. 

epitaxially, with a preferred crystalline orientation. For an oxygen substrate contribution, 

there is so far only circumstantial evidence from YBa2Cu3O7-δ grown on SrTiO3 [68] and EuO 

grown on YSZ [69]. Growing oxides with e.g. a perovskite structure, the dielectric SrTiO3 is a 

typically used substrate due to an acceptable lattice mismatch to most commonly investigated 

oxides. When doped with oxygen vacancies or metals SrTiO3 becomes an n−type [70, 71] or 

p−type conductor [72] and a superconductor [73]. Recently, TiO2−terminated SrTiO3 [74] 

served as a substrate for ultrathin LaAlO3 layers grown by PLD where the polar discontinuity 

at the LaAlO3/SrTiO3 interface [75] causes a highly conducting n−type layer with charge 

carriers confined within a few nm at the interface [76, 77, 78−79]. Oxygen vacancies, caused 

by the PLD process itself [80], were briefly considered to be the origin of the observed 

conductivity. However, oxygen vacancies in SrTiO3 are highly mobile [81] and to localize 

them exclusively at an interface seemed unlikely. 

The example of SrTiO3 shows that the oxygen content plays an important role for the 

respective material properties. It could even affect the properties of an oxide grown on it. This 

is shown in Fig. 5.14 where the resistance of SrTiO3 thin films grown by PLD on 

(100) SrTiO3, (100) LaAlO3 and (100) oriented MgO single crystalline substrates at a vacuum 

background pressure p, of 1.5•10−3 Pa, a fluence F, of ∼ 4 J/cm2 and a substrate temperature 

TS, of 750°C, were measured between 4 K and 300 K. After the deposition, the cooling−down 

took place at the vacuum base pressure. The sheet resistance of the SrTiO3 thin film on 

SrTiO3 clearly shows a metallic−like temperature dependence whereas SrTiO3 grown on 

LaAlO3 and MgO is semiconducting−like. The expectations have been to prepare SrTiO3 with 

similar transport properties using the same growth conditions on different substrates. 
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Fig. 5.14. Temperature dependence of the sheet resistance of SrTiO3 thin films 
grown on (100) SrTiO3 (red), (100) LaAlO3 (blue) and (100) MgO single 
crystalline substrates at TS=750°C. All films are ~100nm thick and grown at a 
vacuum base pressure of 1.5•10−3 Pa, F∼4J/cm2 and a substrate temperature of 
750°C. 

 

 A difference of 106 at 4 K for the measured resistance is unexpected and indicates a 

potential substrate contribution to the measured resistance. For SrTiO3 grown on oxygen 

deficient SrTiO3-x a metallic−like temperature dependence can be expected. Estimating the 

oxygen content of the SrTiO3-x thin films using Rutherford back scattering (RBS), values of 

∼2.5 for the films shown in Fig. 5.14 have been obtained with an average composition of 

Sr0.97±0.03Ti1.03±0.03O2.52±0.06. This raises the questions where does the oxygen in an oxide thin 

film grown on an oxide substrate comes from, is oxygen supplied by the substrate and how 

significant is the oxygen transfer for deposition techniques other than PLD? 

 

5.3.2 Experimental description 

 

To investigate the role of oxygen supplied by the substrate during a deposition, the 

oxygen diffusion properties of SrTiO3 and LaAlO3 thin films grown on 18O isotope exchanged 

SrTi18O3 and LaAl18O3 substrates were studied by dynamic secondary ion mass spectrometry, 

which yields elemental depth profiles. SrTiO3 and LaAlO3 thin films have been prepared at 

three different deposition temperatures (nominal room temperature, 650°C and 750°C) by 

PLD (λ=248nm, 10Hz) at a background pressure p=1.5•10−3 Pa and F=4 J/cm2 on 18O2 

exchanged (100) oriented SrTi18O3 and LaAl18O3 substrates (non-terminated and TiO2 

terminated) with a total thickness of ~100 nm. Details of the oxygen exchange are given in 

chapter 2. SIMS spectra were recorded using a quadrupol mass spectrometer, operated with a 
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2.5 keV Ar ion beam focused to 150 µm diameter rastering over a square of 1x1mm with an 

effective sampling area of 500x500 µm2. The etched area is subsequently measured with a 

Dektak 8 profilometer to convert etching time into depth. In addition a kinetic energy 

selection scheme is used to separate species with the same mass [82]. Two series of films 

were deposited; the first one was analyzed with RBS and ERDA and after 4 months with 

SIMS. The second series was analyzed by SIMS directly after deposition, with a focus on 

LAO on STO for high deposition temperatures. In the next paragraph the results of depth 

profiling for the first series are presented, but similar results were obtained for the second 

series suggesting that the storage did not alter the sample composition. 

 

5.3.3 SIMS depth profiling 

 

In both series the 18O diffusion from SrTi18O3 into SrTiO3 shows a pronounced 

dependence on the deposition temperature as revealed in Fig. 5.15 a). Whereas for a room 

temperature deposition, no traceable 18O diffusion into the film has been measured, the 

situation changes dramatically for elevated deposition temperatures. At 650°C, there is a 

considerable 18O diffusion from the substrate into the film, while at TS=750°C there is no 

significant difference with respect to the amount of 18O measured in the film and in the 

substrate. Measuring Sr and Ti species from the substrate and film simultaneously with 16O 

and 18O, the elemental composition of film and substrate are very similar. This implies that 

oxygen in the SrTiO3 thin film is supplied by the substrate and the oxygen provided by the 

target seems to play a minor role for this system. 

The 18O diffusion into LaAlO3 from LaAl18O3 differs significantly compared to SrTiO3 

on SrTi18O3. No considerable oxygen diffusion from the substrate into the film is detected, in 

particular at the interface region, irrespective of the studied deposition temperature. In the 

case of SrTiO3 grown on LaAl18O3 a significant and homogeneous oxygen contribution is 

measured for the SrTiO3 film prepared at TS=750°C (Fig. 5.15 b). 
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Fig. 5.15 a) 18O SIMS depth profile of SrTiO3 on SrTi18O3 grown at Ts=750°C, 
650°C and room temperature. The sharp drop of the 18O signal near the SrTiO3 
surface for the film grown at TS=750°C could be related to a back−exchange of 
16O at room temperature. b) 18O SIMS depth profile of SrTiO3 on LaAl18O3 
grown at Ts=750°C, 650°C and room temperature. c) 18O SIMS depth profile of 
LaAlO3 on SrTi18O3 grown at Ts=750°C, 650°C and room temperature. These 
samples have been grown at a vacuum base pressure of 1.5•10−3 Pa and a 
fluence of ∼4J/cm2. The yellow area visualizes approximately the depth over 
which the information of the interface region is collected. 

 

Even at 650°C, there is still a significant 18O intake which can be detected up to the film 

surface. It is interesting to note the comparably large difference in oxygen diffusion properties 

of the SrTiO3 thin film considering a modest difference in TS of 100°C. This is probably due 

to the activation energy of oxygen diffusion in SrTiO3 as well as that a film is inherently 

defect rich which allows oxygen to diffuse more easily at elevated temperatures compared to 

a single crystal (Dcrystal=10−15cm2s−1; Ddefects=10−11cm2s−1 [81]). The large 18O concentration in 

SrTiO3 thin films is unexpected if compared to LaAlO3 on LaAl18O3. This suggests that 

SrTiO3 is a material, which can either take or give oxygen during film growth, whereas 

LaAlO3 is more likely to keep oxygen during the deposition. Oxygen diffusion into LaAlO3 is 

more difficult to achieve than into SrTiO3. This becomes evident when depositing LaAlO3 

onto SrTi18O3 (Fig. 5.15 c). The 18O concentration in the ≈100 nm thin LaAlO3 films 

deposited at different temperatures is smaller than in SrTiO3, still there is a significant amount 

of 18O at the film−substrate interface for the film grown at TS=750°C.  

The growth of oxide thin films by PLD is a process influenced by its plasma species 

formed during the ablation process (positive and negative ions, neutrals), their kinetic energy 

and propagation velocity, and respective scattering events with a background gas. For a 

vacuum deposition, the only obvious oxygen source is the target. RBS measurements of these 

LaAlO3 films show that a substantial amount of oxygen is transferred from the target to the 

film, at the same time 18O is supplemented from the substrate. The total amount of oxygen in 

the film is still smaller (approx. LaAlO2.9) compared to the SrTiO3 substrate indicating a 
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substantial oxygen deficiency for the as-grown LaAlO3-x with induced vacancies in the 

substrate. The 18O diffusion data have been reproduced, albeit with a reduced depth resolution 

by ERDA and essentially confirm the presented SIMS measurements as will be described in 

the next paragraph. 

Frequently, electrical transport properties of as−grown oxides such as LaTiO3+δ on 

SrTiO3 and other substrates have been reported [77] which yield similar variations in 

conductivity to the data in Fig. 5.14. Like SrTiO3, LaTiO3+δ (0 ≤ δ ≤ 0.5) will most probably 

draw oxygen from the substrate if available which would explain the observed conducting 

properties [77]. The additional substrate contribution is often eliminated if films are grown on 

oxides such as MgO or scandate substrates. 
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5.3.4 ERDA vs. SIMS depth profiling 

 

The first series of samples was deposited by Dr. Ivan Morazau, while the analysis by 

RBS and ERDA has been preformed at the ion beam analytical facilities at ETH Zurich. 

 

 
Fig. 5.16. Comparison of 18O ERDA and SIMS depth profile of LaAlO3 on 
SrTi18O3 grown at Ts∼ 600°C  

 

The comparison between an ERDA measurements (green markers) and a SIMS depth 

profile (red markers) is shown in Fig. 5.16. The first observation is that the diffusion of 18O 

into the film is verified with both techniques. Similar results are obtained for all combinations 

of films and substrates described in the previous paragraph. 

But the correlation of the 18O concentration [%] values in the substrates is not very good 

between the two methods. In general, the measurements made with SIMS agree well with the 

values measured during exchange from the equilibrium 18O/16O analysis (±2%), while the 

ERDA measurements reveal an experimental uncertainty (accuracy) in exchanged oxygen 

stoichiometries of up to ±10%. The interface defined with the criteria explained in paragraph 

5.2.2 is highlighted in yellow in Fig. 5.16. This space visualizes the interface region, and 

shows that the interface is better defined in SIMS experiments with an accuracy of 5 nm, than 

in ERDA measurements with an accuracy of 15 nm. 
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5.4 Conclusion 
 

The work on the conducting LaAlO3/SrTiO3 interface shows, that a combination of 

surface and interface engineering and controlled defect chemistry can give functionalities to 

structures which are different from the bulk as shown for the conducting interfaces. 

Therefore, it seems possible to create structures where the controlled oxygen diffusion from 

or to SrTiO3 or related oxides helps to prepare multilayers with a defined oxygen defect 

structure. This is potentially beneficial for oxide multilayers used for thermoelectric 

applications where the contradictory demands between low thermal conductivity and good 

electrical conductivity could be reduced by creating defect-rich inter-layers leading to an 

enhanced conductivity. Also, the presented experiments are most likely not just restricted to 

PLD, because the general diffusion kinetic of a substrate−film structure is not restricted to a 

specific deposition technique. First data have confirmed that during sputtering oxygen is also 

supplied by the substrate. Details will be different, but the deposition of a material, which can 

take oxygen during the deposition, will typically result in oxygen redistribution between 

substrate and film. To achieve the desired properties, the specific deposition conditions for the 

chosen deposition technique need to be adjusted accordingly.  

In summary, we have demonstrated that the oxygen−substrate contribution has to be 

taken into the overall oxygen balance when growing oxide thin films. LaAlO3 and SrTiO3 thin 

films were deposited on 18O exchanged SrTiO3 and LaAlO3 substrates and the 18O diffusion 

profile studied by dynamic SIMS. A substantial oxygen transfer between substrate and 

as-grown thin film has been noted, which indicates that the initially formed film is oxygen 

deficient and a chemical gradient is in favour of supplying oxygen via the substrate. This 

finding should also be applicable to other depositions techniques such as MBE or sputtering if 

high deposition temperatures are involved. 
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6. DEPOSITION AND CHARACTERIZATION OF La0.4Ca0.6MnO3 

THIN FILMS 
 

Properties of doped perovskite manganates R1-xAxMnO3 (R: rare earth, A: divalent 

cation) have been widely studied in the past decades [83, 84]. The Mn4+/Mn3+ ratio is of 

crucial importance since it is relevant for the Double Exchange (DE) and can be “tuned” by 

controlling the oxygen content [84−86]. It was demonstrated in our group that it is possible to 

prepare thin perovskite films with varying oxygen contents [17, 87] by changing the 

deposition parameters and by varying the amount of “reactive” oxygen species in the 

deposition chamber as shown in Fig 6.1. A part of this work is based on previous studies, 

where the correlation between deposition and film properties was investigated. As mentioned 

in the introduction, the aim of this work is to explore the possibility to trace oxygen during 

deposition and to better understand the growth of oxide thin films. 

 

 
Fig. 6.1. Oxygen stoichiometric index of La0.6Ca0.4CoO3-x films deposited on (100) 
MgO as a function of the pressure for O2 and N2O gas pulses, respectively, with a 
constant oxygen background of 8•10−2 Pa [87]. 

 

6.1 Motivation and introduction 
 

With the discovery of the giant magnetoresistance effect (GMR) in 1988 in multilayers 

of Fe/Cr [88, 89], a new generation of devices for storing information was born with a change 

of electrical flow by several %. In more recent years a family of materials based on LaMnO3 
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has been studied which demonstrated an increase of 100% in magnetoresistance. This effect 

has been named colossal magnetoresistance (CMR). Indeed, it was also the beginning of a 

detailed investigation on mixed−valence manganese oxides. These oxides have a rich and 

complex physics related to electron−lattice and electron−electron interactions, giving a strong 

coupling between structural, magnetic, and transport properties. Therefore, it is necessary to 

master the growth of high quality thin films with well controlled, tailored properties; the 

application of pulsed laser deposition is a preferred method for growing thin films with this 

requirements as demonstrated for thin films with colossal magnetoresistance [90]. 

For this work La1−xCaxMnO3 was chosen in order to continue with a system, which is 

well known in our group from a previous thesis [17]. Additionally, this system gives the 

possibility to change different properties depending on the exact position in the phase 

diagram. 
 

Fig. 6.2. The phase diagram of La1−xCaxMnO3: a) from Shiffer et al. [91]. The transition 
temperatures are taken as the inflection points in M(T) and ρ(T), and TN for x = 0.48 and 
0.5 is obtained on heating at H = 0.1T. b) Adapted from Cheong and Hwang [92]. The 
solid curve represents a boundary between the insulating paramagnetic state and spin-
ordered states, dashed lines indicate boundaries between different ground states. PI 
denotes paramagnetic insulator; CAF, canted antiferromagnet; FI, ferromagnetic 
insulator; CO, charge/orbital order; FM, ferromagnetic metal; AF, antiferromagnetic 
phase. 

 

The complete phase diagram of La1−xCaxMnO3 as shown in Fig 6.2 (a) was first 

reported by Schiffer et al. [91]. It was obtained doing magnetization and resistivity 

measurements over a broad range of temperatures and doping levels. The parent compounds 

for the rare earth manganites are in the ABO3 form, where A and B are large and small 

cations respectively, in this case LaMnO3 and CaMnO3. These compounds are 

antiferromagnetic at low temperatures and insulating at all temperatures. The behavior of the 
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complex LCMO, which is affected by a competition between several mechanisms such as 

charge, orbital, and spin ordering superimposed by lattice effects, is different. Cheong and 

Hwang [92] constructed a more detailed phase diagram later, which is shown in Fig. 6.1 (b). 

Looking at the phase diagram, it is clear that at high temperatures LCMO is a paramagnetic 

insulator (PI) over the whole composition range. At low temperatures, Ca doping leads to a 

series of phase transitions. At low dopant levels (x < 0.175), canted antiferromagnetic (CAF) 

and then ferromagnetic insulating (FI) and charge-ordered (CO) phases are observed. In the 

Ca concentration range from 0.175 to 0.50, LCMO is a ferromagnetic (FM) metal. The CMR 

effect occurs in the aforementioned composition range. Near x = 0.50, the ground state of the 

material changes from a ferromagnetic conductor to a charge-ordered antiferromagnetic (AF) 

insulator. At high doping levels (x > 0.87), LCMO becomes a canted antiferromagnetic 

insulator again. Note that some peculiar features appear in the diagram at commensurate Ca 

concentrations, indicating the importance of electron−lattice coupling. The Curie temperature 

reaches its maximum at x = 3/8 (0.375), and the charge-ordering temperatures peak at 

x = 1/8 (0.125) and x = 5/8 (0.625). At x = 4/8 (0.5), the phase boundary between the 

ferromagnetic and charge-ordered antiferromagnetic states takes place while another phase 

boundary exists at x = 7/8 (0.875) [93]. In this work a La0.4Ca0.6MnO3-δ target was studied. 

This composition was chosen in order to have the complementary composition of the LCMO 

(La0.6Ca0.4MnO3-δ) investigated in the previous thesis [17]. 
 

6.1.1 LCMO structure and the role of the stoichiometry 
 

As briefly discussed before, the parent compound of LCMO is LaMnO3, which has an 

orthorhombic structure. It is a nearly cubic perovskite−like crystal as shown in Fig 6.3. 
 

 
Fig. 6.3. Crystallographic structure of LaMnO3. 



 134

 

Materials with CMR properties are formed via partial substitution of the trivalent La 

ions by divalent ions, such as Ca, Sr, Ba. The resulting materials, with a La1-xMxMnO3 

composition, have the properties described above depending on the doping level x. 

The crystal structure of the manganate materials is shown in Figure 6.4, in which the 

Mn ions (with mixed valence Mn3+ and Mn4+) occupy a 6 − fold coordination site and are 

surrounded by oxygen octahedra. The eight octahedra form a cube where a divalent or a 

trivalent ion, such as La3+ or Ca2+ occupies the center, of a 12 − fold coordination site. 
 

 
Fig. 6.4. The crystal structure of LCMO. 

 

Nonstoichiometry and lattice defects in lanthanum manganate influence the multivalent 

nature of Mn. Charge equilibrium is maintained by a change of the oxidation of a 

corresponding fraction of Mn3+ ions into the oxidation state Mn4+. The oxidation state of Mn 

also depends on the oxygen stoichiometry in LaMnO3±δ and can be enhanced by the presence 

of transition metal vacancies or reduced by oxygen vacancies in the lattice [94]. 

Furthermore, the ionic radii mismatch is strongly influenced by the cation exchange, 

which can be related to the electronic structure of the material. A tolerance factor t was 

defined by Goldschmidt [95, 96] to describe the distortion and stability limits of any 

perovskite structure, ABO3, which is defined in equation 6.1. The ionic radii of the A, B 

cations and O anions are labeled r(A), r(B) and r(O), respectively. 
 

t =
r A( )+ r O( )

2 r B( )+ r O( )[ ]  (6.1) 
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With a value of t = 1 the structure is cubic. The perovskite structure is stable when the 

tolerance factor ranges between 0.89 and 1.02 [95]. The distortion of the perovskite structure, 

shown in Fig. 6.3, is determined by tilting or buckling of the octahedra due to the size of the 

A cations, for a cubic lattice. Not only structural origins can cause distortion, but they can 

also have an electronic origin, such as Jahn−Teller effect of Mn3+ cations, which is part of the 

next topic. 

 

6.1.2 Electronic and magnetic interactions in LCMO structures 
 

From the phase diagrams shown, in Fig 6.2, it is clear that electrical and magnetic 

properties of these materials, but also in the entire class of manganites, result from a 

competition between several mechanisms. There are still many open questions to explain this 

phase diagram due to many experimental and theoretical studies [85, 92, 94]. Some 

mentioned effects can be used to explain partially these properties for this class of materials. 

The introduction of cation doping changes the Mn3+−O−Mn4+ angle, therefore inducing 

a change in the electronic conduction. The double-exchange model proposed by Zener [86] is 

crucial to explain the electron transfer in the ferromagnetic-metallic phase. A simple sketch of 

the double exchange mechanism (DE) is shown in Fig 6.5. 
 

 
Fig. 6.5. Double exchange (DE) mechanism. 

 

According to the DE mechanism the eg electrons of Mn3+ ions can simultaneously jump 

to the Mn4+ ions through the intermediate O 2p orbital. Due to strong Hund coupling the 

probability of electron transfer is larger when spins of neighboring Mn3+ and Mn4+ ions are 

parallel, therefore, suggesting a strong ferromagnetic interaction. As the eg electrons are 

responsible for electrical and ferromagnetic interactions a paramagnetic to ferromagnetic 
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transition accompanied with an insulator to metal transition at the ferromagnetic Curie 

temperature is expected. 

The effective hopping probability of the eg electrons of Mn3+ ions is proportional to (sin 

(θ/2)), which varies from 0 to 1 as the relative orientation of the spins of neighboring Mn ions 

varies from antiparallel to parallel [97] and is given by: 

 

t ∝ d−3.5 sin θ 2( ) (6.2) 

 

where d is the Mn − O bond length and θ is the bond angle. This suggests that the bulk 

resistivity is determined by the elemental composition of the material. 

The introduction of a divalent doping element into the perovskite structure results in the 

formation of Mn3+ and Mn4+ ions. In order to explain the role of manganese in the transport 

properties and the CMR effect, the crystal field theory can also be used. Mn ions are in 

octahedral oxygen coordination, and the 5−fold orbital degeneracy of the 3d levels of Mn is 

split by the octahedral crystal field into the lower-lying threefold degenerate t2g states and the 

higher lying double degenerate eg states (see Fig 6.6). The d−electrons have the same spin 

orientation according to Hund’s first rule (maximum S). A Mn3+ ion has the electronic 

configuration 3d4 with three electrons in the t2g levels and one electron in the eg level (S = 2). 

An Mn4+ ion with 3d3 electron configuration has three t2g electrons and no electron at the eg 

level (S = 3/2). The degeneracy of the t2g and eg levels can be removed as a result of the 

Jahn−Teller distortion: a crystal field with symmetry lower than octahedral (which is the case, 

for example, when the oxygen octahedron is axially elongated) lifts the degeneracy of the t2g 

and eg levels, as shown on the right side of Fig 6.6. One can see that the energy of the Mn4+ 

ion having no eg electrons remains unchanged, whereas the energy of the eg occupied state of 

the Mn3+ ion is lowered due to Jahn−Teller distortion at the cost of lattice energy. Therefore, 

Mn3+ ions have a great tendency to Jahn−Teller distorted octahedra. 

In manganites with high concentration of Mn3+ ions, cooperative Jahn-Teller distortions 

take place, leading to lowering of the lattice symmetry [93]. For example, the compound 

LaMnO3 containing Mn in the 3+ states has the orthorhombically distorted perovskite lattice 

as shown in Fig 6.3. 
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Fig. 6.6. Crystal−filed splitting (CFS) of the 5−fold degenerate atomic 3d levels into 
lower t2g (triply degenerate) and higher eg (doubly degenerate) levels (in the middle). 
The Jahn−Teller distortion of the MnO6 octahedra further lifts each degeneracy. 
Splitting of the t2g and eg levels and distortion of the MnO6 octahedron due to the 
Jahn−Teller effect is shown on the right side. 

 

The eg electron together with the lattice forms a so−called lattice polaron, with larger 

mass and lower mobility than that of a free electron. According to polaron conduction, the 

bulk resistivity above the Curie temperature (Tc) is given by the equation: 

 

ρ ≈ T exp ρ0

kbT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  (6.3) 

 

The polaron conduction, e.g. lattice distortion accompanying the move of the charge 

carriers, is the main conduction mechanism of the manganates in the paramagnetic phase, e.g. 

T> Tc [85]. 

Double exchange generally competes with the superexchange mechanism [98] 

representing the electron transfer between two Mn4+ ions, which favors antiferromagnetism. 

 

6.2 Morphology and crystalline quality 
 

This chapter presents studies on the growth of the La0.4Ca0.6MnO3 manganite thin films. 

The growth of oxide films was performed under different environmental conditions: in 

vacuum at low pressure (≈ 10−5 Pa), as well as in oxidizing background gases (N2O and O2). 
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From previous studies [17, 83] it is known that in order to achieve high quality films with the 

desired oxygen content and crystal phase, a good control of the background pressure and of 

the target to substrate distance are necessary requirements. 

First, the influence of the experimental parameters on the surface morphology and 

crystallinity of the manganite thin films will be discussed. The results will be correlated with 

the transport properties of the thin films and finally all parameters will be compared to the 

plasma plume composition and expansion properties. 
 

6.2.1 LCMO structure and the role of stoichiometry 
 

Pulsed laser deposition is known as a technique that allows a stoichiometric transfer of a 

target material. But in fact, an incongruent transfer was shown in various studies [99]. 

Furthermore, previous studies on La0.6Ca0.4MnO3 [17] present a deficiency in Ca and O when 

the deposition occurs at a higher deposition temperature (700°C). Ca enrichment at the 

surface (and therefore depletion in bulk) has been previously reported during the growth of 

La1−xCaxMnO3 films and it was mainly attributed to a surface segregation process [100]. 
 

 
Fig. 6.7 Composition of La0.4Ca0.6MnO3 films deposited on STO substrates using an 
ArF 193 nm excimer laser at different fluences in vacuum at a pressure of 2•10−5 Pa, 
determinated by RBS measurements. 

 

Using the same starting parameters as for the growth of La0.6Ca0.4MnO3, the elemental 

composition of the thin films prepared from a La0.4Ca0.6MnO3 target was investigated as a 

function of the laser fluence, ranging from 0.9 J/cm2 to 2.1 J/cm2. The depositions were 

performed also in different background gases. All films were grown on SrTiO3 substrates. 

The substrate temperature was kept constant at 650°C during the deposition, in order to 



 139

prevent Ca and O deficiencies that were observed for films grown at temperatures higher than 

700°C [17]. The composition of the films follows, according to the RBS analysis, the same 

trend for laser fluences ranging from 0.9 J/cm2 to 2.1 J/cm2. The compositions of films grown 

in vacuum are shown Fig 6.7. 

For the lowest applied fluence (0.9 J/cm2) RBS analysis for vacuum grown film reveals 

an incongruent composition of the film, where Ca (0.56) was partially substituted by La 

(0.44), while Mn (0.95) is deficient. The composition determined by RBS analysis is the 

average distribution over the film thickness, therefore it is not possible to determine if a non-

uniform arrangement is present in the film. More information gained with SIMS depth 

profiling will be presented later in this chapter. Comparing the RBS data for different 

background gases (see Fig. 6.8) a slightly incongruent transfer of the material was found: the 

grown films are O deficient in all cases. Furthermore, for films grown in N2O and O2 the 

target stoichiometry is preserved except for oxygen, which reveals an oxygen content of 2.55 

and 2.7, respectively. 

 

Fig. 6.8. RBS measurements of the La0.4Ca0.6MnO3 films deposited on STO substrates 
using an ArF 193nm excimer laser at the same fluence of 0.9 J/cm2 in different 
environments: a) in vacuum at a pressure of 2•10−5 Pa, b) in N2O at a pressure of 
1.5•10−1 Pa 

 

Plasma plume mass spectrometry (chapter 4) reveals that in vacuum LaO is the only 

detected oxidized metal species, while in background gases (N2O and O2) all other oxidized 

species such as MnO or CaO appear. A first important conclusion can therefore be drawn: 

oxidized metal species are one of the possibilities to incorporate more oxygen into a thin film 

grown by PLD. Moreover, the binding to oxygen seems to be advantageous for the cation 

stoichiometry as well (shown in Table 6.1), where for the films grown in N2O the 

composition of the target is better preserved. 
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Table 6.1: Elemental composition of thin films measured with RBS for different 

deposition fluences and environments. Target composition La0.4Ca0.6MnO3 

Vacuum P: 2•10−5 Pa N2O P: 1.5•10−1 Pa 
Element 

0.9 J/cm2 1.5 J/cm2 2.1 J/cm2 0.9 J/cm2 1.5 J/cm2 2.1 J/cm2 

La 0.44 0.41 0.43 0.39 0.4 0.41 

Ca 0.56 0.59 0.57 0.61 0.6 0.59 

Mn 0.95 1 0.95 1 1 1 

O 2.4 2.45 2.4 2.7 2.7 2.7 

 

The elemental composition for films grown in O2 is similar to that of films grown in 

N2O. The results reveal in conclusion that films grown in reactive ambient gas present a better 

stoichiometry, which can be related to the higher abundance of metal oxide species in the 

plasma plume. 

 

6.2.2 Crystallinity of LCMO films on STO substrates 
 

All films grown by PLD were also characterized using X−ray diffraction. The θ−2θ 

scans show that all samples are single phase and have a orthorhombic crystal structure. Two 

θ−2θ scans, representative for the La0.4Ca0.6MnO3 films on (100) STO are shown in Fig. 6.9. 

The graphs show LCMO deposited in different background conditions, with a fluence of 

1.5 J/cm2. The cubic Pm3m space group was used for indexing the SrTiO3 substrate with 

a = 0.3905 nm, and the orthorhombic space group Pnma was used for indexing the 

La0.4Ca0.6MnO3 thin films. 

In each of the XRD patterns the (n00) substrate peak was detected. Moreover, these 

peaks are characterized by a double peak feature due to the contributions from both, Kα1 and 

Kα2 lines of the X−ray source. The main difference between the two graphs in Fig 6.9 is the 

detected film peak. We observe a different orientation of the grown films as a function of the 

deposition conditions, i.e. in vacuum the (100), and in N2O and O2 (not shown here) 

background gases a (001) orientation. To explain the film growth with different orientations, 

several processes can be taken into account, although a full understanding is not yet achieved. 
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Fig. 6.9. XRD patterns of the La0.4Ca0.6MnO3 thin films grown on SrTiO3 substrates 
a) in N2O at 1.5•10−1 Pa; b) in vacuum at 2•10−5 Pa 

 

During PLD film growth, the crystallographic structure and the film morphology are 

influenced by two energetic sources, namely the kinetic energy of the arriving species and the 

substrate temperature. These results may be explained by the fact that in vacuum the kinetic 

energies of the ablated species arriving at the substrate are higher (typically 10 eV) compared 

to the energies in reactive ambient gas. The high energy can cause re−sputtering of the 

elements from the growing film [101]. Previous work [87] suggests that there is no 

pronounced re−evaporation of the elements from the growing films at the applied temperature 

of 650°C. Another possible explanation is related to the cooling conditions. For all films the 

same cooling procedure was used. A heating ramp of 20°C per minute followed by 60 

minutes at 650°C, during which the deposition took place, was used. Growth was finished 

with a cooling ramp of 20°C per minute to ambient temperature. In the case of vacuum the 

chamber was kept in vacuum at 2•10−5 Pa, while for the background gases the pressure of 

1.5•10−1 of N2O or O2 was kept until the heater reached 100°C. The use of a slow cooling rate 

suggests that oxygen diffusion into the film from the background gas occurs (for temperatures 

above 300°C), and therefore in the case of vacuum losses of oxygen from the film can be 

possible [87]. Moreover, the content of the films grown in vacuum present a pronounced non-

stoichiometricity of all elements. The amount of light elements such O, Ca and Mn decreased 

while La is enhanced and substitutes Ca in the crystal structure. The difference in the atomic 

radius between La and Ca and a low content of O may induce a different growth direction. 

This hypothesis necessitates additional measurements to prove it. 
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Table 6.2: Lattice parameters a, b ,c for the deposited LCMO films 

Sample a [Å] b [Å] c [Å] 

Reference 5.386 7.569 5.381 

N2O 5.329 7.53 5.324 

O2 5.314 7.499 5.303 

Vacuum 5.402 7.634 5.402 

 

In Table 6.2 the lattice parameters are presented. In this table the out−of−plane lattice 

parameter is assigned to the orthorhombic LCMO and the in−plane parameters are indexed on 

the single perovskite cell as the splitting between the (110) and (001) reflection of the 

orthorhombic LCMO is too small to be resolvable. 

The deposited films grow in heteroepitaxy mode where the lattice parameters between 

substrate and film are necessarily unmatched because film and substrate are composed of 

different materials. It is possible to observe three different epitaxial regimes depending on the 

mismatch. If the lattice mismatch is very small, then the interfacial structure is essentially 

comparable the one of the substrate, resulting in a “homoepitaxial” growth. The lattice 

mismatch is important for the growth (and other characteristics, like the electrical and optical 

properties, etc…) when it is substantial. In this case the two lattices strain to accommodate 

their crystallographic differences or, dislocation defects are formed at the interface (relaxed 

epitaxy). Strained layer epitaxy usually occurs between film-substrate pairs composed of 

dissimilar materials, which have the same crystal structure. A quantity that characterizes 

epitaxy is the lattice misfit (mf) defined as: 
 

m f =
a0 s( )− a0( f )[ ]

a0 f( )  (6.4) 

 

with a0(s) as the lattice parameter of the substrate and a0(f) as the lattice parameter of 

the film. Positive values of mf imply that the initial layers of the epitaxial film will experience 

tension stress while the substrate is compressed. Similarly, a negative mf means film 

compression and substrate extension. However, the importance of the interface mismatch is 

due to the fact that differences between the film and the substrate chemistry and thermal 

expansion coefficient can strongly influence the electronic properties of the interface, and of 

the film. 



 143

The X−ray pattern show the good crystalline quality of the LCMO films. The full width 

at half maximum (FWHM) of the rocking curve of each film peak, that characterizes the 

quality of the c-axis orientation, reveal the high quality of films grown in reactive gases as 

shown in Fig. 6.10 a), with a slightly smaller FWHM for films grown in N2O (see Table 6.3). 
 

Fig. 6.10. Rocking curves of LCMO deposited on STO (100): a) deposition with 
1.5 J/cm2 in different gases; b) deposition in O2 at different laser fluence. 

 

Fig 6.10 b) reveals that the film with the best crystalline quality are grown at the 

intermediate fluence of 1.5 J/cm2 in an oxygen background. From the θ−2θ scans and from 

the rocking curves it is possible to characterize the crystal growth of the films. For films 

grown in the reactive gases, the b lattice parameter is oriented perpendicular to the substrate 

surface. The a and c edges of the LCMO unit cell correspond to the face diagonals of the 

cubic STO unit cell (Fig. 6.11(a)). LCMO films grown in vacuum present the c (or a) lattice 

parameter oriented perpendicular to the substrate surface; the b and a (or c) edges of the 

LCMO unit cell correspond to the face diagonals of the cubic STO unit cell. 
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Fig. 6.11. Epitaxial orientation of LCMO films on (100) STO: a) film grown in N2O 
and O2 b) film grown in vacuum. 

 

Table 6.3: Crystal parameters for the LCMO films deposited at 1.5 J/cm2 

Sample Lattice parameters [Å] Lattice misfit [%] Δω [°] 

Vacuum a: 5.402 0.36 > 2 

N2O b: 7.53 − 2.25 < 0.07 

O2 b: 7.49 − 3.34 0.15 

 

Table 6.3 summarizes the different parameters for the crystal structure characterization 

of the deposited thin films. The films grown in vacuum present the smallest mismatch with 

the STO substrate (a = 3.905 Å) due to the different orientation, but the worst crystalline 

quality. For films grown in the presence of N2O or O2 as background gases, the negative 

lattice misfit indicates compressive stress with the cell elongated along the growth direction 

and compressed in the film plane. Films grown in O2 present the largest value for lattice 

mismatch and therefore a higher stress. This can be related to the different oxygen content in 

the plasma plume during the deposition and therefore during the growth of the films in N2O 

or in O2. 
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6.2.3 LCMO film morphology 
 

Different series of deposited films were analyzed with SEM and AFM in order to 

characterize the surface. The influence of the background gas and the laser fluence was 

examined in more detail. AFM and SEM measurements were performed on different regions 

of each sample to check the homogeneity of the surface. The preparation of the substrates was 

of particular importance in order to deposit a highly epitaxial film. The STO substrate was 

prepared with a “standard” procedure that consists of 10 minutes cleaning in acetone in an 

ultrasonic-bath, followed by 10 minutes in iso-propanol in the ultrasonic-bath. The STO (100) 

surface can additionally be terminated with Sr−O planes, Ti−O planes or with a mixed 

surface. Except for 18O−exchanged substrates, a mixed surface was used for all depositions. 
 

 
Fig. 6.12. Image of LCMO surface on (100) STO deposited at 2.1 J/cm2: a,b) 
1.5•10−1 Pa of O2 c) 1.5•10−1 Pa of N2O d) 2•10−5 Pa in vacuum. 

 

The images presented in Fig. 6.12 show the LCMO thin films deposited on a (100) STO 

substrates with a laser fluence of 2.1 J/cm2 in different background gases. The surface 

morphologies of all films show similar features, e.g. the presence of “flake” formation that is 

not visible at lower fluences e.g. 1.5 J/cm2. However, some differences exist depending on the 

background gases. In the case of an N2O background, flakes and cracks are well observed but 

affect only a part of the sample. Furthermore, a few µm−size particles are visible, as shown in 
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Fig. 6.12 c). For O2 the film presents a completely “chopped” surface as shown in 

Fig. 6.12 a,b), presenting different film surface regions. These pictures were acquired with 

different scales and show that the surface cracks are “regularly” arranged. Furthermore, in 

Fig. 6.12 a) a surface is visible with different flakes of rectangular shape (from 2 x 3 µm up to 

2 x 5 µm), while in Fig. 6.12 b) in addition to the rectangular−flakes (up to 5 x 10 µm) small 

particles can be observed. The AFM picture in Fig. 6.12 d) shows the film grown in vacuum 

in detail. The edge of the film presents a well-defined rectangular shape with no flakes but 

again particles are visible. For vacuum the surface presents a similar behavior as for O2. 

Fig. 6.13 shows LCMO thin films deposited on (100) STO substrates with a laser fluences of 

1.5 J/cm2 in N2O and vacuum. 

 

Fig. 6.13. Image of the LCMO surface on (100) STO deposited at a fluence of 1.5 
J/cm2 in: a) 1.5•10−1 Pa of N2O and b) 2•10−5 Pa in vacuum. 

 

The films present a smooth surface and no “flake” appearance but small amounts of 

small particles with a maximum size of 2 µm diameter for all studied deposition conditions 

using a fluence of 1.5 J/cm2. The last series of films (not shown) grown at 0.9 J/cm2 present a 

similar behavior as the films grown at 2.1 J/cm2 in N2O ambient gas, with the presence of 

flakes and particles while some areas of the films reveal a smooth surface. 

In conclusion, we observed that the different background gases have no significant 

influence on the morphology (except that O2 presents more flakes than N2O), while the 

fluence plays a more pronounced role when growing films with a smooth surface. A possible 

explanation of the detrimental effects on the surface morphology for high fluences could be 

the amount of incoming species with high kinetic energies. It is not possible to find the 

optimum fluence considering only kinetic energies, i.e. that high energies results in “flake” 

formations. Additional information from the plasma composition are necessary. The plasma 

analysis reveals that the composition of the plume generated by ablation with a fluence of 1.5 
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J/cm2 presents the highest amount of metal−oxides and negative species. The presence of this 

metal−oxide and negative ions seem to be beneficial for the growth process. From the 

crystallinity point of view the presence of areas with rectangular-shape flakes on the STO 

substrate can be related to the compressive mismatch strain observed in the θ−2θ scans. This 

would also explain that for films grown in vacuum, and therefore with a different orientation, 

the flakes are not present. 

 

6.2.4 LCMO bulk resistivity 
 

The electrical properties of the different samples were characterized with the Van der 

Pauw method. The bulk resistivity is plotted as a function of the temperature in Fig. 6.14. 

These graphs show that the electrical resistivity of LCMO films on (100) STO increases with 

decreasing temperature. The films grown with 2.1 J/cm2 show a very high resistivity, which is 

probably due to the bad morphology (as shown in Fig. 6.12), and crystalline quality. 

 

Fig. 6.14. a) Bulk resistivity of LCMO thin films deposited with a laser fluence of 
1.5 J/cm2 in vacuum at 2•10−5 Pa (green line), in N2O at a pressure of 1.5•10−1 Pa (blue 
line) and in O2 at a pressure of 1.5•10−1 Pa (red line) as a function of 1/T. b) Same 
curves as in (a) but as a function of T. 

 

As expected, films grown in reactive ambient gas show an improvement of the 

resistivity compared to films grown in vacuum. At room temperature these films are metallic. 

Moreover, the films deposited in O2 background present a lower resistance compared to the 

films grown in N2O. To explain this behavior not only the oxygen content must be taken into 

account. Films grown in N2O show a better crystalline quality and the highest amount of 
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oxygen, nevertheless, the best transport properties are measured for films deposited in O2. 

XRD patterns of 130 nm thick LCMO film on (100) STO grown in vacuum, N2O, and O2 are 

shown in Fig. 6.8. The (001) reflection of the film shifts to lower 2θ values, representing an 

increase in the out−of−plane lattice parameter. The expansion of the out−of−plane lattice 

parameter is presumably caused by the increase in the concentration of O vacancies since two 

Mn4+ ions should be converted to Mn3+, which has a larger ionic size than the former, to 

satisfy the charge neutrality in the lattice. The (001) reflection of LCMO grown in O2 shows a 

higher mismatch compared to the LCMO grown in N2O. That causes a higher stress (see also 

Table 6.3) in the film, which is possibly responsible for the higher conductivity. 

From the phase diagram a transition from the antiferromagnetic phase to a 

charge/orbital order phase is expected but has not been investigated. 

 

6.3 SIMS depth profiling 
 

Plume compositions of ablated species of a LCMO target were investigated under 

different environmental conditions and the results are presented in chapter 4. The next step is 

to understand if there is a direct correlation to the deposited thin films as discussed above. 

Therefore, an additional study of the film composition depending on the depth in the film was 

performed using secondary ion mass spectrometry. After morphology, crystalline and 

electrical characterization the films deposited under three different environments conditions 

were analyzed using SIMS depth profiling which, by definition is a destructive method. From 

previous studies [17, 87], it is known that films deposited by PLD have an oxygen deficiency. 

Therefore, this method was used to understand how the oxygen is included into the film. 

In order to compare the oxygen content of the films with the target stoichiometry, a 

“calibration” scan of the target was performed. From these measurements a baseline was 

created and used to estimate the oxygen content of the films. 
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Fig. 6.15. SIMS measurements of LCMO thin films on STO substrates. The laser 
fluence for deposition was fixed at 1.5 J/cm2 and different environments were used: 
deposition in vacuum at 2•10−5 Pa (green line), in O2 (red line) and in N2O (blue line) at 
a pressure of 1.5•10−1 Pa. The corresponding results of RBS measurement are depicted 
with black lines. 

 

The SIMS measurements for LCMO thin films deposited with a fixed laser fluence of 

1.5 J/cm2 are presented in Fig. 6.15. The different colors, green, red and blue represent the 

different gases used for the deposition: vacuum, O2 and N2O, respectively. The depth was 

calculated by measuring the sputtered hole and converting the results into sputter rate. The 

interface was determinated from the positive Sr ion signal. This graph shows the comparison 

between SIMS and RBS measurements. From Fig. 6.15 two important conclusions can be 

derived. First, SIMS and RBS measurements are in good agreement regarding the oxygen 

composition of the films. Second, the composition of the films shows that in vacuum oxygen 

is far away from the correct content. Using a background gas, more oxygen is included into 

the films. Moreover, two interesting features appear in the SIMS measurements. First, the 

transient zone for oxygen measured for the film deposited in vacuum is quite large (∼ 35 nm). 

This can be related to the slow cooling rate, which suggests that oxygen losses from the film 

may occur (as diffusion occurs for temperatures above 300°C). Second, each oxygen curve 

shows a depression close to the interface, which suggest an even large “oxygen deficiency” 

layer close to the interface. This strange phenomenon was studied in more detail and is 

presented in the next pages. Similar measurements were also performed for films deposited 

with other fluences, and their SIMS and RBS measurements are in good agreement. Another 
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important observation is the constant oxygen content through the complete film. As a result, 

the film growth can be considered uniform except for the interface where further 

investigations are necessary. 

 

6.3.1 Analysis of the LCMO - substrate interface 
 

The interface between the deposited LCMO films and STO substrates was investigated 

in more detail in order to understand the unexpected behavior in Fig. 6.15 and if this may be 

related to oxygen diffusion. For this reason a new set of thin films was deposited in an N2O 

background at a pressure of 1.5•10−1 Pa with a laser fluence of 1.5 J/cm2. The interface 

behavior of four different substrate materials was investigated to exclude any dependence 

from the STO substrate. 

 

Fig. 6.16. SIMS measurements of LCMO thin films on STO substrates. The laser 
fluence for the deposition was fixed at 1.5 J/cm2 and an N2O background gas at a 
pressure of 1.5•10−1 Pa was used. a) Depth profile of the selected ions; b) Depth profile 
normalized to highlight the interface region. 

 

In Fig 6.16 a) a typical depth profile is presented. In order to analyze the interface 

region in more detail, a normalization was performed and the results are shown in Fig. 6.16 

b). From these measurements it is clear that something happens at the interface. Therefore, in 

order to understand this phenomenon more ions, (positive and negative, from the substrate 

and from the films) were investigated. Moreover, the different films where deposited also 

with different thicknesses ranging from 30 nm to 180 nm.  
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Fig. 6.17. SIMS measurements of LCMO thin films on STO substrates. The laser 
fluence for deposition was fixed at 1.5 J/cm2 and N2O background gas at a pressure of 
1.5•10-1 Pa was used. a) Normalized depth profile of the Ca species and O ions; b) 
normalized depth profile of film and substrate species. The dotted lines indicate the 
different interface position. The “interface gap” is indicated as Δg 

 

Ca species and CaO species (positive and negative) were investigated by SIMS depth 

profiling, and the resulting data are presented in Fig. 6.17 a). These measurements show a 

clear influence, especially of the position of the interface, on the charge of the detected ions. 

The positive ions suggest an interface, which is located closer to the film surface, while the 

negative ion suggest an interface more away from the surface. This “strange” behavior, i.e. a 

different position of the interface which we call “interface gap” (Δg) in the following 

paragraph is also observed when positive ions from the film and from the substrate are 

investigated as shown in Fig. 6.17 b). It is noteworthy that the “interface gap” between 

positive/negative (Fig. 6.17 a), and positive film/positive substrate (Fig. 6.17 b) coincide with 

the decrease of oxygen from Fig, 6.15 and also in Fig. 6.17 a). The width of the oxygen 

decrease agrees well with the “interface gap”. 

The SIMS depth profile of LCMO thin films deposited on LaAlO3 (LAO) and 

Y2O3:ZrO2 (YSZ) are shown in Fig. 6.18. For these films the appearance of the “interface 

gap” was observed too. The oxygen signal shows an even more complex behavior, i.e. 

different slopes in both measurements. The behavior of LaO+ ions in the film deposited on 

LAO reveals an additional feature, which is particularly interesting, as LaO+ originates from 

the films and substrate. The signal, as Fig. 6.18 a) shows, decreases at the position where the 

CaO+ ion signal from the film decreases, followed by an increase which coincides with the 
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increase of the Al+. These two opposite slopes correspond in position also well with the signal 

from O−, which is also the case for MnO− that follows the O− signal (Fig. 6.18b), again 

revealing the “interface gap”. 

 

Fig. 6.18. SIMS measurements of LCMO thin films deposited with a laser fluence of 
1.5 J/cm2 and an N2O background gas at a pressure of 1.5•10−1 Pa. a) Normalized depth 
profile of the LCMO film deposited on LAO substrates; b) Normalized depth profile of 
the LCMO film deposited on YSZ substrates. 

 

A reasonable explanation for this phenomenon of different interface behaviors has not 

yet been found. Previous experiments on the systems with 18O−exchanged substrates (chapter 

5) do not show this interface gap. Therefore, an 18O−exchanged STO substrate was used to 

investigate the interface and in addition to test whether a possible diffusion of oxygen, as 

found for the STO/LAO system during the deposition occours. The results are presented in 

Fig. 6.19 and Fig. 6.20. 

This sample has additionally been analyzed with an ION−TOF SIMS 5 Qtac LEIS 

instrument at the Department of Materials, Imperial College London, to verify the data and to 

exclude experimental artifacts. The SIMS depth profile of LCMO deposited on a 
18O−exchanged STO substrate measured with our setup are shown in Fig. 6.19. Fig. 6.19 a) 

shows a measurement done at the border of the sample, which reveals a broad interface region 

for the positive ions compared to the negative MnO, which reveals a very sharp interface. A 

second measurement (away from the border) was performed and the results are presented in 

Fig. 6.19 b). In this measurement the signal of Sr+ has a sharper interface compared to the 

data in Fig. 6.19 a), showing the influence of the measurement position. Noteworthy are the 
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signals of La16O+ and Ca16O+ in the measurements with our setup (Fig. 6.19 b). These signals 

indicate an oxygen exchange at the interface, in this case 16O from the film into the substrate, 

while a clear diffusion of 18O from the substrate into the film is clearly visible from the 

La18O+ and Ca18O+ signals (Fig. 6.19 b). 

 

 
Fig. 6.19. SIMS measurements of LCMO thin films on a 18O−exchanged STO substrate. 
The laser fluence for deposition was fixed at 1.5 J/cm2 and an N2O background gas at a 
pressure of 1.5•10−1 Pa was used. a) Normalized depth profile of Sr species and Ca+ and 
MnO−. ; b) Normalized depth profile with a Sr+ signal as reference for the interface and a 
comparison of the signal of Ca18O vs. La16O and of La18O vs. Ca16O. 

 

The data shown in Fig. 6.20 for the 18O−exchanged STO substrate reveals a very 

surprising result, i.e. no “ interface gap” is present in these measurements. This is unexpected 

as 18O is chemically “identical” to 16O. The data from the ION−TOF SIMS present an initially 

sharp interface for Sr+ and MnO−, which coincide well, but the initial sharp decay is followed 

by a slower decay. The same behavior is also detected with our instrument, although with 

different slopes. The highlighted region (red dotted lines) in Fig. 20 a), reveals a diffusion of 

Sr+, while the 18O− signals with both SIMS setup of Fig. 6.20 b) show that 18O diffusion takes 

also place (second slope between the dotted lines). The remaining 18O signal into the film 

after the diffusion region (see Fig 6.20 b) corresponds well to the natural abundance of 18O. 
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Fig. 6.20. SIMS measurements of LCMO thin films on an 18O−exchanged STO 
substrate. The laser fluence for deposition was fixed at 1.5 J/cm2 and an N2O 
background gas at a pressure of 1.5•10−1 Pa was used. a) Comparison of the same ions 
measured with two different SIMS instruments. The region between the dotted lines 
indicates the diffusion depth of Sr+ into the LCMO film. ; b) 18O ratio measured with 
two different SIMS instruments. The region between the dotted lines indicates the 
diffusion depth of 18O into the LCMO film. 

 

 
Fig. 6.21. SIMS measurements of LCMO thin films on an 18O exchanged STO 
substrate. The laser fluence for the deposition was fixed at 1.5 J/cm2 and N2O 
background gas at a pressure of 1.5•10−1 Pa was used. A comparison of the same ions 
(18O− and 16O−) measured with two different SIMS instruments is plotted.  

 

A more detailed analysis of the oxygen signals for 16O and 18O for both SIMS setups is 

shown in Fig. 6.21. The signals from both SIMS systems correspond well, only the signal 

intensity varies, which is explained due to the different spot size of the primary ion beams. 
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One small feature is different between the two measurements, i.e. in our setup a small 

increase of the 16O signal at the interface is observed, which is not detected by the 

nano−SIMS setup of the Imperial College. 

In general we have a very good agreement between the two systems for the 
18O−exchanged substrates, which suggests that the data for the 16O substrate are not an 

experimental artefact, and therefore need more investigations. 

 

6.4 Conclusion 
 

The data presented in this section clearly shows that the O content is of primary 

importance for the structural and electrical properties of LCMO thin films. XRD 

diffractograms of the films deposited on STO are shown as a function of the deposition 

fluences and background gases. The reflections of the films shift to lower 2θ values, 

representing an increase in the out−of−plane lattice parameter, when changing the fluence for 

a selected background gas. The best crystalline qualities were found for a laser fluence of 

1.5 J/cm2. This fluence coincides with moderate kinetic energies of the species arriving at the 

substrate and the higher amount of negative ions and metal oxides species in the plasma 

plume. The present study shows that it is possible to alter the electronic properties by varying 

the O stoichiometry of the LCMO films. The films grown in O2 present a lower oxygen 

content but, a higher strain in the LCMO compared to films grown in N2O. The higher strain 

in the film is probably the origin of the higher conductivity of the films grown in the O2 

background. Different LCMO thin films were deposited and investigated in detail using SIMS 

depth profiling. A strange phenomenon was observed at the interface, i.e. two different 

position of the interface are indicated by different ions, which could be reproduced, for 

several samples and depth profiles, but is not yet understood. Even more surprising is the fact 

that this phenomenon is not observed for an 18O−exchanged STO substrate. For this sample 

an interdiffusion of oxygen, 16O into the substrate and 18O into the film was observed, which 

can be also related to the ion mixing. One possible explanation is that the measurements for 

the 16O substrate were affected by a charge effect at the interface, but why this is not observed 

for the 18O−exchanged STO substrate, it is absolutely unclear. For further experiments, a test 

for the charge compensation adjustment for different sputtered depths (film or substrate) 

needs to be performed. 
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SUMMARY 

 

The aim of the work, was to understand the correlation between the laser ablated plasma 

properties and the deposited manganate thin films. This includes studies on the plasma 

induced by laser ablation in vacuum and in background gases with different techniques. In 

order to understand the correlation to the deposited thin films, different measurements for 

La0.4Ca0.6MnO3 were performed.  

 

Plume analysis by mass spectroscopy 

A detailed investigation of the plasma induced by laser ablation generated by a 193 nm 

ArF excimer laser from a La0.4Ca0.6MnO3 target, was performed using mass spectrometry. 

This instrument has the possibility to perform different measurements, such as mass 

spectrometry for composition analysis, ion kinetic energy analysis, and time of arrival mass 

spectrometry. In vacuum the plume consists of metal ions, as LaO, and a lower amount of 

negative species (mainly oxygen) was detected. The neutral species show larger kinetic 

energies and possibly a broader angular distributions than the ions. 

During the investigation of the plasma plume composition in O2 and N2O background 

gases, an increase of the amount of metal−oxides species and negative ions was found. In 

particular the Mn species signal was enhanced compared to the La and Ca species if a N2O 

was used as background gas. These negative metal−oxides are the slowest species in the 

plume with kinetic energies around 2 eV. The films with the best crystalline quality were 

obtained when the plasma contained the largest amount of metal−oxides and negative ions. As 

a consequence, an important role for these species during the deposition can be assumed. The 

formation mechanism of negative ions and their role on the properties of the manganite films 

is not well understood at the moment. 

From the TOA measurements the plume can be seen as a complex space charge 

configuration, which performs an oscillating exchange of matter and energy with the 

surrounding due to repulsive electrostatic forces. Our data support a previous explanation, 

suggested in the literature, of a multiple double layer structure. This kind of behavior was 

detected for the first time with a mass spectrometer and further investigations are needed to 

achieve a better understanding of this phenomenon. 

The kinetic energies obtained by mass spectrometry could be confirmed by optical 

emission spectroscopy. The measured spectra acquired in background gases show a certain 
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number of not assignable lines. They probably originate from diatomic species and may be 

even, triatomic and more complex metal−oxide species, which have been detected by mass 

spectrometer. 

 

Thin films 

 

Different LCMO thin films were deposited and investigated in detail with various 

characterization techniques. The data reveal that the oxygen content is of primary importance 

for the structural and electrical properties of the deposited thin films. The films, with the 

highest crystalline quality, were deposited at a fluence of 1.5 J/cm2. This is the fluence were 

the highest amount of metal oxide species as well as the highest amount of negative species 

are detected. This is, a clear indication that these species have an important role in the growth 

of thin metal−oxide films. 

The electrical properties are correlated with the oxygen content, too. A lower content of 

oxygen induces higher stress in the thin films, which is probably responsible for the higher 

conductivity of the films grown in the O2 background. 

SIMS depth profiling was performed on the deposited LCMO thin films. For this 

particular material a good agreement with RBS measurements was obtained. Both techniques 

reveal the same oxygen content in the grown films. Depth profiling shows a strange 

phenomenon at the film−substrate interface, which was observed for all deposited LCMO thin 

films. Two different position of the interface can be observed depending on the charge of the 

measured ions. The oxygen signal shows a deficiency in the same region. This phenomenon 

was not found in the films grown on 18O−exchanged substrates. Moreover, for these films a 

diffusion of 18O from the substrate into the film was detected over a short distance. 

The LAO−STO system was also investigated with films deposited on 18O−exchanged 

substrates with different substrate temperatures. These experiments show a diffusion of 18O 

from the substrates into the films as a function of the substrate temperature. This data proved 

clearly that the substrate plays also an important rule during the film deposition of certain 

material combination. 
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OUTLOOK 

 

The present work, which was focused on La0.4Ca0.6MnO3, shows that still additional 

experiments should be performed to answer several open questions. A first step would be to 

consider an optimization of the plume investigation via mass spectrometry using the time of 

arrival setup and the correlation of the results to those gained with emission spectroscopy. 

The time evolution of the different species that compose the plasma has its own characteristic 

evolution depending on the environmental gas. The investigation of LCMO targets but with 

different doping concentrations can give more information regarding the plume composition, 

especially referring to the oxides species. This allows to analyze the data more quantitatively. 

Based on the analysis of the data obtained with the time of arrival mass spectrometry a 

multiple double layer structures was proposed. Further work with this method under different 

PLA conditions is necessary in order to gain more information about these phenomena. 

 

Langmuir probe measurements for negative currents are normally related to the 

electrons of the plasma, but our experiment shows that also negative ions are present in large 

amounts. Therefore, a detailed investigation of the negative current value is suggested in 

order to separate the contribution coming from negative ions from the contribution from 

electrons. 

 

Optical emission spectra acquired in background gases show several lines, which can 

not be assigned to any published plasma plume species. In these experiments a large amount 

of oxide species was detected with mass spectrometry. This suggests that a detailed 

investigation of simple oxides, i.e. CaO, MnO, or LaO in vacuum and in background gas is 

necessary to complete the information of the oxide lines, which are rarely investigated. 

 

One of the most important aspect for further studies are the role of diatomic and 

negative ions on the composition of the thin films. The next possible step within on follow up 

project could be to investigate the plume expansion using all the technique described before 

but analyzing the plasma plume obtained via PRCLA (Pulsed Reactive Cross-beam Laser 

Ablation). The advantage of this technique is to deposit thin film with its own characteristics, 

which has to be studied carefully to obtain a successful deposition with the desired properties 

(i.e. crystallographic). 
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Regarding the deposited thin films the measurement using SIMS have provided 

interesting information about the interface properties. Further studies should be aimed at the 

control of the amount of oxygen present in the films, due to the significant importance of the 

oxygen for various thin film properties. A good control and reproducibility of this parameter 

can provide a lot of new information. The disadvantage of SIMS measurement is that a 

quantitative analysis is difficult and requires standard materials. In order to overcome this 

problem an intensive investigation of deposited films with SNMS (Secondary Neutral Mass 

Spectrometry) could be performed. With this method the composition of the thin film as a 

whole could be estimated and not only the oxygen content. 
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