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Abstract 

  

The wide range of applications of extreme ultraviolet (EUV) and soft 

X-ray sources including for next generation photolithography around 13.5 nm 

and 6.7 nm as well as for broadband EUV sources lead to the investigations 

of various methods to generate the radiation. In this thesis, spectral emission 

from laser-produced plasmas (LPPs) of several target materials such as tin, 

tin-gold alloy, tin-lead alloy, galinstan and gadolinium for EUV sources has 

been theoretically and experimentally characterized. LPPs of pure tin targets 

show very bright EUV emission around 13.5 nm whereas LPPs of Gd targets 

show unresolved transition arrays (UTAs) near 6.7 nm. Alloy targets such as 

Sn-Au, Sn-Pb and galinstan give rise to a broadband EUV emission in the 

10 – 18 nm regions, though the most intense radiation remains observed 

around 13.5 nm. The temporal behavior of Sn, Sn-Au and Sn-Pb alloys as 

well as Gd closely matches the temporal profile of the Nd:YAG laser used in 

the experiments.  

This thesis is divided into 9 Chapters. The theoretical background and 

motivations of this PhD work are presented in Chapter 1, whereas the 

experimental apparatus is described in Chapter 2. Chapter 3 discusses the 

theoretical calculations of the EUV and soft X-ray emission from several 

atomic elements including tin (Sn), gold (Au), lead (Pb), gallium (Ga), indium 

(In) as well as gadolinium (Gd) using the Cowan codes. Various steady state 

plasma calculations performed using the Colombant and Tonon model are 



	  

xi	  
	  

also presented in Chapter 3. Spectral analysis of EUV emission from laser-

produced plasmas (LPPs) of Sn, Au and Sn-Au along with their conversion 

efficiencies (CEs) are compared in Chapter 4, whereas a galinstan LPP is 

highlighted in Chapter 5 as a promising EUV source around 13.5 nm based 

on its spectral behaviour at different laser fluxes and spot sizes. In the last 

three results and discussion chapters (Chapters 6-8), the temporal evolution 

of several material targets including Sn, Sn-Au, Sn-Pb and gadolinium is 

presented. Eventually Chapter 9 concludes the whole work.  
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Chapter 1 

Introduction 

 

1.1 Plasma Definition and Parameters 

A plasma is a distinct state of matter which contains charged particles 

such as positive ions, negative electrons or ions. Unlike the three other 

fundamental states of matter (solids, liquids and gases), the presence of a 

large number of charged particles makes plasma electrically conductive, and 

therefore it responds strongly to electromagnetic fields. Plasmas can be 

artificially produced by a laser, microwave generator, electrostatic discharge 

and many other means. They can also occur terrestrially, for instance 

lightning, the ionosphere, the polar aurora, etc. In space, the sun and other 

stars are other examples of plasmas one can observe in nature.  

The fundamental properties of plasmas are characterized by several 

quantities such as: 

(a) Debye length (λD) 

Debye length is defined as the distance over which a balance is 

obtained between the thermal particle energy, which tends to 

perturb the electrical neutrality, and the electrostatic potential 

energy resulting from any charge separation, that tends to restore 

charge neutrality, and is given by [1,2]: 
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𝜆! =
!!!!!!

!/!  
!!!!

                              (1.1) 

Where kB is Boltzmann’s constant, 𝜺o is the permittivity of free 

space, Te is the electron temperature, ne is the electron density 

and e is the charge of electron. 

(b) Plasma temperature (T)  

Plasma temperature is described by the thermal kinetic energy per 

particle (measured in Kelvin or electron volts, eV) whereas the 

electron temperature is determined by the degree of the plasma 

ionization relative to the ionization energy which follows the Saha 

equation [2, 3]:  

!!!!
!!

= (!!"!  !!!)!/!

!!
𝑒!!!/!!!       (1.2) 

Where ne, np, nn are the number of electrons, protons and neutral 

atoms per unit volume respectively, me is the electron rest mass, h 

is Planck’s constant and EI is the ionization potential. 

(c) Plasma frequency (ωp) 

The frequency of particles within the plasma (ωp) satisfies the 

following formula: 

𝜔! =
!!!!
!!!!

                                (1.3) 

The above equation also corresponds to the cut-off frequency 

below which the plasma becomes opaque to electromagnetic 

radiation [4]. In addition, incident radiation with frequency ω > ωp 

is transmitted whereas when ω ≤ ωp the radiation is absorbed. 
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From equation (1.3), one can clearly predict that for any incident 

frequency, there is a critical density of electrons, nc, at and above which that 

frequency is absorbed according to the formula [4]: 

𝑛! =
!!!!!!

!!
                                      (1.4) 

A range of plasmas and their typical parameters including electron 

densities (ne), electron temperatures (Te), plasma frequencies (ωp), Debye 

length (λD) and the number of charges contained in the Debye sphere (ND), 

are compared in table 1.1. 

 

Table 1.1 Properties of typical plasmas [3, 5, 6]. 

Plasmas ne 

(cm-3) 

Te 

(eV) 

ωp    

(s-1) 

λD (cm) ND  

Fusion reactor 

Laser plasmas 

Glow discharge 

Arc discharge 

Earth ionosphere 

Solar corona 

Solar atmosphere 

Interstellar plasma 

1015 

1020 

108 

1014 

106 

106 

1014 

1 

104 

102 

2 

1 

10-2 

102 

1 

1 

3x1011 

9x1013 

9x107 

9x1010 

9x106 

9x106 

9x1010 

9x103 

2.4x10-3 

7.4x10-7 

0.1 

8x10-5 

0.2 

7.4 

7.4x10-5 

740 

5.4x107 

1.7x102 

5x105 

1.7x102 

2x104 

1.7x109 

1.7x102 

1.7x109 
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1.2 Basic Plasma Processes 

There are two fundamental processes involved in the emission and 

absorption of radiation in plasmas, namely collisional and radiative, which 

can be divided into three categories as follows [7]: 

(a) Bound-bound transitions 

This category involves any transitions between bound atomic 

states when an incident particle hits an atom or ion. If a bound 

electron moves to a higher energy level then it is called excitation 

whereas the reverse is known as de-excitation/relaxation. The 

difference in energy between the two states is provided or 

removed either in the form of kinetic energy by the collision, or as 

light by a photon. The amount of energy is precisely defined by the 

separation of the levels involved, and (in radiative transitions) 

leads to line spectra. 

(b) Bound-free transitions 

These transitions involve one bound atomic state and one free 

continuum state, either the ionisation of an atom occurs with the 

release of an electron, or recombination where a free electron is 

captured by an ion. The energy can be provided/removed by 

another electron or by a photon. In the case of absorption, the 

spectrum is a continuum with a sharply defined minimum 

frequency (corresponding to the minimum ionisation energy). 

Emission transitions show no such clear cut off as the recombining 

electron may possess arbitrarily low kinetic energy and recombine 

to any level of the atom or ion. 
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(c) Free-free transitions 

Transitions between two continuum states can have any energy 

provided or removed by photons. Bremsstrahlung radiation is 

emitted when an electron is slowed by collision with an atom and 

the lost kinetic energy is carried away by a photon. The reverse 

process is inverse Bremsstrahlung, where an electron gains 

kinetic energy by absorbing a photon. The spectrum resulting from 

Bremsstrahlung is a continuum. 

 

1.3 Laser-Produced Plasmas 

One of the man-made plasmas is laser-produced plasma (LPP) which 

employs a laser beam to evaporate certain target materials. An example of 

the use of LPP for spectroscopic purposes is Laser-Induced Breakdown 

Spectroscopy (LIBS) which can be applied to study the atomic compositions 

of any matter regardless of its physical state [8]. Laser produced plasmas 

have also been widely used to generate extreme ultraviolet (EUV) and soft 

X-ray sources for next generation lithography [9-12] which will be discussed 

in a later section. 

A laser pulse causes rapid heating when a solid target surface is 

irradiated. The material first melts and then evaporates. Once this ionized 

target is created, it does not matter anymore if the target is a conductor or an 

insulator. The electrons strongly absorb the incident laser photons by 

inverse Bremsstrahlung as described in Section 1.2, and the absorption 

coefficient (K) follows [4]: 
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𝐾 = 5.64𝑥10!!! !!!
!!"Λ

!!!!
!/!

!

(!!
!!
!

!!
)!/!

                   (1.5) 

where Z is the atomic number of the target material, and ln Λ is the Coulomb 

logarithm (which is between 5 and 10 for LPPs), ne is the number density of 

free electrons (cm-3), ω is the angular frequency of the incident radiation (Hz) 

and ωp is the plasma frequency (Hz) given in eq. (1.3). 

In the early stage of the LPP formation, the electron densities, ne (and 

therefore ωp) are relatively low, and thus ω >> ωp. The denominator in the 

second term of equation (1.5) is unity and the electrons strongly absorb 

energy. This causes an increase in electron density, temperature and 

ionization rate, until ne approaches the critical electron density given by 

equation (1.4). At this point the plasma frequency reaches the incident 

radiation frequency, and the plasma becomes opaque to the laser radiation. 

From this point until the end of the laser pulse, the focal point of the laser 

radiation at the target acts as a self-regulating source of hot plasma at nc. 

The plasma at the critical density nc blocks the laser light from reaching the 

target, absorbs the incident energy completely, is heated and expands. 

When it expands the density drops and the laser can once more reach the 

target material to generate more plasma. The density rises to nc again and 

the process continues until the laser pulse ends or the target material is 

ablated.  
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1.4 Plasma Modelling 

In general, plasma modelling is developed to calculate some 

important plasma parameters such as electron temperature, density and 

average ion stage at each point of the plasma. However it is not easy to 

model the whole picture of the plasma due to its complexity, and therefore 

simplified models have been suggested by restricting the plasma conditions 

and neglecting certain processes, though such a simple model may not 

accurately describe essential quantities while remaining computable.  

 

Table 1.2 Typical steady state plasma models [7, 13-16]. 

Dominant processes Coronal Equilibrium 

(CE) 

Collisional-

Radiative 

(CR) 

Local 

Thermodynamic 

Equilibrium (LTE) 

ne increasing 

Excitation/Ionization Collisional Collisional Collisional 

De-excitation/ 

Recombination 

Radiative Collisional+ 

Radiative 

Collisional 

  

One of the most widely used simplifications is the steady state model 

in which the plasma is considered to be time-independent, meaning that the 

plasma has reached some equilibrium position and does not evolve with 

time. Such a model is applicable only when the laser pulse persists, which is 

suitable for the studies reported in some parts of this thesis. There are few 

models one can implement depending on the dominant processes in the 
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plasma as illustrated in Table 1.2. The primary excitation/ionisation process 

in each of these models is collisional while the principle difference is in the 

relaxation/recombination mechanism. Collisional processes become more 

and more important with increasing electron density and eventually dominate 

over radiative processes. 

The modelling regime employed for a plasma is determined by the 

following conditions: 

(a) The lower limit of electron density for the application of the local 

thermodynamic equilibrium (LTE) model is empirically given by 

[14]: 

𝑛! ≥ 1.6𝑥10!"𝑇!
!/!∆𝐸!            (𝑐𝑚!!)            (1.6) 

where Te is in Kelvin and ΔE is the maximum transition energy of 

the ions in the plasma. 

(b) The upper limit of electron density for the application of the 

coronal equilibrium (CE) model is determined by [15]: 

𝑛! < 1.4𝑥10!"(!!
!!
)!(!!

!!
)
!
!              (𝑐𝑚!!)         (1.7)  

Where EH is the ionization potential of hydrogen, 13.6 eV, and χZ 

is the ionization potential of the highest expected ion stage.   

(c) The collisional-radiative (CR) regime lies between the two limits 

[13, 14]. 

By applying these criteria, one can estimate which model is 

appropriate for their plasma conditions. For example, when a Nd:YAG laser 

operating at λ = 1064 nm (ω = 2.82x10-14 Hz) is irradiated onto a tin target at 
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a laser flux, Ф, of ~6x1010 W/cm2, the corresponding electron temperature is 

~40 eV. This condition gives a critical electron density, nc, of ~2.5x1019 cm-3. 

Assuming a maximum transition energy for tin ion of 91.85 eV 

(corresponding to the the lower wavelength 4d – 4f transitions around 13.5 

nm, discussed in Section 3.1.2), the LTE lower limit is, using equation (1.6), 

found to be 8.4x1020 cm-3. Meanwhile calculating the CE upper limit using 

equation (1.7) gives an electron density of 2.4x1015 cm-3 (note that the limit 

decreases with increasing ionization energy).  For the laser wavelength 

used, nc is between these limits, and therefore the CR model is applied. 

According to Colombant and Tonon [14], for optically thin plasmas, 

the rate of change of the population of (Z+1) times ionised atoms equals the 

sum of all processes leading to an increase (collisional ionisation of ions in 

the Zth charge stage, radiative and collisional recombination of ions in the 

(Z+2)th charge state) minus processes leading to a decrease (radiative and 

collisional recombination of ions in the (Z+1)th charge state): 

𝑑𝑛!!!
𝑑𝑡

= 𝑛!𝑛!𝑆 𝑍,𝑇! − 𝑛!𝑛!!! 𝑆 𝑍 + 1,𝑇! + 𝛼! 𝑍 + 1,𝑇! + 𝑛!𝛼!!(𝑍 + 1,𝑇!)  

+𝑛!𝑛!!! 𝑆 𝑍 + 2,𝑇! + 𝛼! 𝑍 + 2,𝑇! + 𝑛!𝛼!!(𝑍 + 2,𝑇!           (1.8) 

where nz is the density of ion Z and ne is the electron density. 

 The collisional ionization coefficient, S(Z,Te), is empirically defined by: 

𝑆(𝑧,𝑇!) =
!!!!!!!!(!!/!!)!/!

!!
!/! !.!!!!!!!

    
𝑒!!!/!!       𝑐𝑚!𝑠!!                    (1.9) 
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Where ξZ is	   the	  number	  of	  electrons	   in	   the	  outermost	  shell, χZ is the ionization 

potential for the Zth charge state. The radiative recombination coefficient, αr, 

is given by:  

𝛼!(𝑍,𝑇!) = 5.2𝑥10!!"(!!
!!
)
!
!𝑍[0.429+ !

!
log !!

!
+ 0.469(!!

!!
)
!
!  ]          𝑐𝑚!𝑠!! (1.10) 

The three-body recombination rate coefficient, α3b, is determined from: 

𝛼!! 𝑧,𝑇! = !.!"!!!!!"!!
!!!!!(!.!!!

!!
!!
)
                𝑠!!                      (1.11) 

And the electron temperature, Te, empirically satisfies: 

𝑇!(𝑒𝑉) = 5.2𝑥10!𝐴!/!(𝜆!Ф)!/!                              (1.12) 

where A is the atomic mass of the ionized target.  

In the steady state condition, equation (1.8) can be simplified as: 

!!!!
!

= !(!,!!)
!!(!!!,!!)

+ 𝑛!𝛼!!(𝑍 + 1,𝑇!)                       (1.13) 

By assuming that each state is filled in sequence, the above formula gives a 

set of ratios that can be summed and normalised to the estimated electron 

density. The fractional population of each ion can also be calculated: 

𝑓! =
!!
!!!

!!!
                                        (1.14) 

Examples of ion and spectral distributions performed with the Colombant 

and Tonon model will be discussed in Section 3.2 for laser-produced 

plasmas of tin and gadolinium. 
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1.5 Photolithography 

1.5.1 Photolithography Processes and Multilayer Mirrors 

Photolithography is a process employed in microfabrication to pattern 

parts of a thin film or the bulk of a substrate. It uses light to transfer a 

geometric pattern from a photomask to a light-sensitive chemical photoresist 

on the substrate. The development of photolithography is based on Moore’s 

Law which states that the number of transistors on integrated circuits (ICs) 

doubles approximately every two years [17]. Several measures of digital 

technology are improving at exponential rates related to Moore's law, 

including the size, cost, density and speed of components (performance).  

The basic procedure in photolithography processes (see Fig. 1.1) 

includes (a) cleaning and preparation of the wafer, (b) photoresist 

application, (c) photomask alignment, (d) light exposure, (e) development 

and removal of photoresist after light exposure, (f) etching, and eventually 

(g) removal of remaining photoresist.  

 

(a)               (b)                 (c)                  (d)  
 

 

       (e)                    (f)                  (g) 

Fig. 1.1 Photolithography processes [18]. 
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 It is very clear from the above figure that the transfer of geometric 

pattern by light projection is one of the most important steps in 

photolithography processes. The ability to project a clear image of a small 

feature onto the wafer is limited by the wavelength of the light that is used 

(λ), and the ability of the reduction lens system to capture enough diffraction 

orders from the illuminated mask. The minimum feature size (CD = Critical 

Dimension) that a projection system can print is given by the Rayleigh 

criterion [18]: 

𝐶𝐷 = 𝑘!
λ
!"

                                     (1.15) 

Where k1 is a coefficient that encapsulates process-related factors (usually 

ranging from 0.3 to 0.6) and NA is the numerical aperture of the imaging 

optics. 

 In order to put more and more transistors on ICs, it is necessary to 

make smaller and smaller transistors. According to equation (1.15), the 

minimum feature sizes can be reduced by decreasing the wavelength, and 

increasing the numerical aperture (to achieve a tighter focused beam and a 

smaller spot size). The wavelength reduction is more favourable over the 

increasing numerical aperture since the latter introduces persistent technical 

problems and economic considerations [18].  

 From the early 1960s through the 1980s, mercury (Hg) lamps (I-line 

at 365 nm) were used in lithography as shown in Fig. 1.2. However, with the 

semiconductor industry’s need for both higher resolution (to produce denser 
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and faster chips) and higher throughput (for lower costs), the lamp-based 

lithography tools were no longer able to meet the industry’s requirements. 

The challenges were eventually overcome by the use of deep ultraviolet 

(DUV) excimer lasers such as Krypton fluoride (KrF) lasers at a wavelength 

of 248 nm in 1990s and the argon fluoride (ArF) lasers at 193 nm which was 

introduced in early 2000. The latter lasers were able to produce as small a 

feature as 32 nm. However, the ArF lasers cannot be used properly to create 

smaller features such as at the 22 nm node and below due to overlay costs. 

Therefore new options using EUV sources around 13.5 nm and soft X-rays 

near 6.7 nm have been proposed along with the availability of multilayer 

mirrors to advance IC manufacturing smaller than 32 nm feature size nodes 

[19-22]. 

 

Fig. 1.2 Evolution of the wavelengths of lights used and proposed for next 

generation lithography [19-22]. 
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Historically, conventional mirrors such as fused silica and CaF2 were 

used to transmit DUV light from excimer lasers. Unfortunately none of those 

mirrors are able to transmit light with wavelengths lower than 100 nm. This 

major issue could be resolved with the development of multilayer mirrors 

(MLM), which use simple thin film interference effects to generate a 

reflection. For extreme ultraviolet (EUV) sources near 13.5 nm, a Mo/Si 

multilayer mirror with a reflectivity of ~70% has been suggested for the EUV 

collector [23] (Fig. 1.3), whereas several B- or B4C-based multilayer mirrors 

with a reflectivity of ~70% have been proposed for the optical collectors for 

the soft X-ray sources around 6.7 nm [24]. Other multilayer X-ray mirrors 

based on La/B4C and La/B9C have also been found to have reflectance of 

between 40% and 60% [25]. Calculated results performed by Makhotkin and 

co-workers [26] predicted that reflectance of the LaN⁄B4C multilayer system 

could be as high as 80% around 6.7 nm. 

  

Fig. 1.3 Reflectivity curves of (a) Mo/Si multilayer mirrors for 13.5 nm band 

EUV sources [23], and (b) several multilayer mirrors for 6.7 nm band soft X-

ray sources [24]. 
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1.5.2 Development of EUV and Soft X-Ray Sources  

A. EUV Sources around 13.5 nm 

Over the past decade, the light source generation mechanism for 

photolithography has changed from conventional lamps and lasers to 

relatively high temperature plasmas which emit EUV and soft X-ray as 

mentioned in the previous section. In 2006, ASML, the lithographic tools 

manufacturer, introduced their first production platform for EUV lithography 

using EUV source at 13.5 nm with numerical aperture of 0.25 and resolution 

of 32 nm, though the throughput was just 4 wafers per hour (Wph) [22]. A 

new prototype was later released in 2012 and was capable of 22 nm 

resolution and a throughput of 125 Wph. By 2014 the company expects to 

introduce a better EUV lithography tool which is able to create features as 

small as 16 nm with a higher throughput of 180 Wph. 

For the EUV source near 13.5 nm, tin (Sn) has been chosen as a 

material target [27] since certain tin ions emit unresolved-transition arrays 

(UTA) which are primarily due to 4d – 4f and 4p – 4d transitions in Sn VII – 

Sn XIV [28]. Other potential candidates which emit strong EUV around this 

wavelength were also suggested and studied, such as Li [29], O [30], Au [31] 

and Xe [32]. Apart from the wide use of LPPs as the mechanism to generate 

EUV sources, other means of producing EUV radiation have also proposed 

such as synchrotrons [33], discharge devices [34-36] and free-electron 

lasers [37].  

Tin and xenon have been the main sources of interest while lithium 

was initially a strong candidate, but was abandoned as a possible source 



Chapter	  1	  Introduction	  

16	  
	  	  

due to material handling issues. Metal targets like gold and especially tin 

gained a lot of research interest because of high conversion efficiencies 

(CEs). A CE of 2.5% in a 13.5 nm 2% bandwidth was achieved using a 

liquid-tin jet laser plasma [38], but there are substantial problems with debris 

generation [39]. High velocity droplets produced by the laser impact will 

heavily damage the mirrors, while lower velocity debris will be deposited on 

the surface.  

 

B. Soft X-Ray Sources near 6.7 nm 

Soft x-ray sources based on rare-earth elements such as gadolinium 

(Gd) and terbium (Tb) below 13.5 nm have also been of great interest and 

are still a subject of ongoing research both theoretical and experimental [40-

43]. The feasibility of Gd and Tb for next generation photolithography in 

semiconductor industries has been highlighted by a joint group of 

researchers from the Institute for Spectroscopy of Russian Academy of 

Sciences (ISAN) and ASML of the Netherlands [44, 45] who also proposed 

the target materials as potential soft X-ray sources around 6.5 – 6.7 nm due 

to the availability of Mo/B4C and other multilayer mirrors with a theoretical 

reflectivity of up to 80% around these wavelengths [26]. The unresolved-

transition array (UTA) which is responsible for the strong EUV emission 

around this wavelength has been previously identified by Churilov and co-

workers [46], and again is due to primarily from 4p – 4d and 4d – 4f 

transitions. 
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1.5.3 Optimization of Conversion Efficiencies  

Conversion Efficiency (CE) is defined as the ratio of the emitted 

spectral output (Iout) and the total input laser energy (Etot) over an area, dA, 

and time, dt, which is (for 13.5 nm 2% bandwidth) given by [47]: 

𝐶𝐸 = 2𝜋
!!"# !,! !"!#!!

!
!

!".!!!%
!".!!!%

!!"!
                          (1.16) 

In laser-produced plasmas, it is understood that CE optimization is a 

multi-parameter task which includes: 

(A) Laser parameters, such as: 

1. Laser wavelength 

Plasma opacity has become one of the major issues for 

generating plasmas to get high CE. Rewriting the electron critical density 

formula as mentioned equation (1.4), one obtains: 

𝑛! =
!"!!!!!!!!!

!!!!
                                      (1.17) 

from which is very clear that the critical electron density scales as λ-2. 

Therefore one way for reducing opacity and plasma density is to use longer 

wavelength lasers. Tao, et al [48] compared the tin spectra produced using a 

Nd:YAG laser (λ = 1064 nm) with a CO2 laser (λ = 10600 nm), and found 

that pronounced self-absorption was observed around 13.5 nm in optically 

thick tin plasma produced by Nd:YAG lasers whereas there was no obvious 

absorption in the spectrum when the plasma was generated using a CO2 

laser as indicated in Fig. 1.4.  As a result, the CE obtained using the longer 
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wavelength laser was significantly higher (up to 3% over 2% bandwidth) than 

that obtained using the Nd:YAG laser ( CE = 2%). 

 

Fig. 1.4 Tin spectra obtained from Nd:YAG laser-irradiated pure tin (blue 

line), CO2 laser-irradiated pure tin (red line) as well as CO2 laser-irradiated 

tin foam targets (black line) [48]. 

 

2. Pulse duration/shape  

In general, pulse duration/shape affects the laser irradiance, and 

hence also influences CEs achieved. As reported in reference [49], the peak 

of the EUV emission shifts to shorter wavelength with lowering pulse 

duration which results in different in-band CEs, though the CE values 

obtained in the experiments were all between 2% and 3% for pulse durations 

between 20 ns and 110 ns (Fig. 1.5). In addition, the pulse shape is also an 

important parameter to be taken into account since the plasma behaves 

significantly differently with different pulse shape as reported by White et al 

[50].  
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Fig 1.5 Experimental in-band CEs from CO2 laser-produced plasmas as a 

function of laser pulse duration [49]. 

   

3. Power density (laser energy and spot size) 

Calculated results using a one-dimensional Lagrangian plasma 

hydrodynamics code [50] indicated that varying laser power density by 

changing laser energy (Fig. 1.6) affects the spectral behavior of tin spectra. 

The 13.5 nm in-band intensity is maximum when the laser flux is increased 

to ~1011 W/cm2 but increasing the power density further results in decreasing 

the intensity. Similar spectral behavior is expected when the power density is 

changed by varying the laser spot size. This spectral behavior is also closely 

followed by the CE dependence on the laser irradiance.  
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Fig. 1.6 Calculated tin spectra at different laser power densities obtained by 

modifying laser energy [50]. 

    

(B) Target parameters, such as: 

1. Target geometry:  

Obviously target geometry is a very important parameter to be 

considered since it relates to the plasma-surface interaction and EUV 

emission. Planar, cylindrical, spherical and other forms of targets are 

expected to show different CE values which has been theoretically reported 

by Harilal et al [51] for Sn LPPs (Fig. 1.7(left)) while Nishihara et al [52] 

showed that CE values of up to 7% were attainable with a solid tin target 

irradiated using a two-pulse irradiation scheme. A group of researchers from 

the Military University of Technology in Poland [53] investigated various tin 

thin-layer targets deposited on a glass substrate and summarized that the tin 

plasma opacity was strongly dependant on the tin layer thickness (Fig. 1.7 

(right)), which eventually influenced the CE. The thicker the tin layer 
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deposited on the glass substrate, the more pronounced were self-absorption 

features that were observed. 

  

Fig. 1.7 (Left) Theoretical CE dependence on the Sn target geometry 

compared with the experimental results [51]. (Right) EUV spectra of tin thin-

layer deposited on a glass substrate [53].  

 Current studies on the EUV spectra as well as CEs from LPPs of Sn 

droplets suggested that higher CEs could be realized than for any other 

target geometry. CE values of up to 3% have been demonstrated by a team 

at Cymer Inc., while CE of over 4% are expected to be achieved in the later 

generation LPP source with EUV power level exceeding 400 W at 

intermediate focus [54]. Fujioka et al [55] also experimentally demonstrated 

CEs of up to 4% with tin microdroplets LPPs. 

 

2. Chemical compositions  

The intensity of the EUV emission from LPPs can be controlled by 

managing the target’s chemical composition. For example, tin LPPs of 

several targets with different atomic percentages give significantly different 
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shape and intensity around 13.5 nm which also result in different CEs as 

reported by Harilal and co-workers [56]. In general, they highlighted that 

lower atomic percentage in the target caused the EUV emission in the 

wavelength of interest to increase up to a certain composition. A foam target 

with 0.5% Sn composition gains a better CE (nearly 2%) than 100% Sn, 1% 

Sn and 0.1% Sn targets (see Fig. 1.8(left)).  

  

Fig. 1.8 (Left) Tin spectra at different target compositions (foam targets) and 

their CEs (inset) [56]. (Right) CE values from LPPs of 3 different Sn-

containing targets [57].  

 

1.6 Other Applications of EUV and Soft X-Ray Sources 

Radiation in the EUV and soft x-ray region can be used not only for 

next generation photolithography but also for many other applications 

including surface modification, imaging, reflectometry, source patterning, 

photoelectron spectroscopy, surface chemical analysis. Spectra from LPPs 

of different gas puff targets in the 1 – 20 nm range have been investigated 

by Fiedorowicz and co-workers [58] which have a wide range of potential 
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applications for the narrow as well as broadband EUV and soft X-ray 

sources.  

Intensive research on the use of EUV light for surface modification of 

polymers as well as other solid materials has been reported by scientists at 

Military University of Technology in Poland [59-63]. Using Broadband EUV 

emission in the 9 – 70 nm region (which peaks around 10 nm (see Fig. 1.9)) 

from a LPP of a double stream gas puff target created by pulsed injection of 

xenon or krypton. Bartnik and co-workers [59, 61, 62] irradiated polymers in 

order to modify their surfaces, and found that irradiation with low EUV 

fluence results in a strong surface modification. However, at higher EUV 

irradiance material ablation becomes apparent and the use of EUV light 

hardly modifies the chemical structure of the remaining material. Surface 

structure modification remains observed in the case of solid targets, though 

material ablation was not observed [60, 63]. Broadband EUV and soft X-ray 

sources in the 5 – 50 nm region has also been suggested for nanometer 

scale imaging [64] with spatial resolution as good as 50 nm using several 

imaging techniques that do not require sophisticated optics, but only a 

coherent illumination source and a hologram or self−imaging Talbot mask.   

 



Chapter	  1	  Introduction	  

24	  
	  	  

 

Fig. 1.9 Broadband EUV spectra from LPP of Xe+Kr gas tagets observed in 

the 7 – 20 nm region [60]. 

 

An example of the use of EUV source for photoelectron spectroscopy 

has been demonstrated by Fushitani et al [65]. In their paper, they studied 

the temporal evolution of dissociating I2 molecules in the B 3Π(0µ+) and B” 

1Π(1µ) states using a single-order EUV harmonic pulses at 80 nm which 

showed a rapid increase in the yield of atomic iodine, reflecting the ultrafast 

dissociation dynamics in the two excited states. 

Soft X-ray emission in the water-window region (2.2 – 4.4 nm) can be 

used to study the chemical compounds of polymers and organic substances 

[65-66]. Bayer et al [66] employed soft X-ray emission from an Ar LPP in the 

water-window region (Fig. 1.10(left) to obtain the spectrum of polyimide at 

the carbon K-edge as seen in Fig. 1.10(right) using the so-called near-edge 

X-ray absorption fine structure spectroscopy (NEXAFS). The spectroscopic 

technique allowed them to characterize C=C, C=O, C-N and many other 

bonds in the polyimide. Soft X-ray emission in the water-window region can 
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also be generated from a LPP of an Ar/He double stream gas-puff target as 

reported by P. W. Wachulak et al [67]. Another possible water-window 

source is from Bi LPP as discussed by Higashiguchi and co-workers [68].  

 

Fig. 1.10 (left) Argon LPP and N2 LPP spectra as comparison. (Right) 

NEXAFS spectrum of polyimide at the carbon K-edge [66]. 

 

 Thus EUV sources can be used for a range of applications and are 

not limited to EUV lithography. 
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Chapter 2 
 
Experimental Apparatus 

 
 

2.1 Introduction 

 This chapter describes the equipment used in the experiments which 

includes the Nd:YAG lasers, vacuum chambers and target systems, 

spectrometers (Jenoptik E-Spec spectrometer, ISAN spectrometer and the 

modified ISAN spectrometer), Hamamatsu ICCD and the optics set-up 

associated with the phosphor imaging. 

 

Fig. 2.1 Experimental set-up for spectroscopic studies of tin, tin-gold alloy 

and galinstan. 
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Two main experimental set-ups were used in the production of this 

thesis, including the set-up for spectroscopic studies (Fig. 2.1) of tin, tin-gold 

alloy and galinstan as well as the set-up for time-resolved studies (Fig. 2.2) 

of tin, tin-gold alloy, tin-lead alloy and gadolinium laser-produced plasmas. 

These experimental set-ups will be discussed in the experimental set-up 

sections of Chapters 4 – 8. 

 

Fig. 2.2 Experimental set-up for time-resolved spectroscopic studies of tin, 

tin-gold alloy, tin-lead alloy and gadolinium. 

	  

 

2.2 Lasers 

2.2.1 Surelite Nd:YAG Laser 

The Surelite laser, made by Continuum, Inc. [1] can generate an 

output at the Nd:YAG (Neodymium:Yttrium Aluminium Garnet) fundamental 
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wavelength of 1064 nm or  its second, third or fourth harmonic (λ = 532 nm, 

355 nm or 266 nm), though the experiments reported in here used the 

fundamental wavelength operating at 10 Hz with laser pulse duration of 7 ns 

Full-Width Half Maximum (FWHM) [1].  

 The Nd:YAG laser energy can be varied by varying the Q-switch 

delay to get variable power densities when the output is focused to a spot of 

a particular diameter. The dependence of the laser energy on the Q-switch 

delay is shown in Fig. 2.3(left) while its temporal profile recorded by a 

LeCroy digital oscilloscope connected to a Litron energy meter (LPM250 

series) can be observed in Fig. 2.3(right). Some of the experiments 

presented in this thesis were done at varying Q-switch delays of 243 µs, 300 

µs, 350 µs, 400 µs and 450 µs to get laser energies of 530 mJ, 437 mJ, 315 

mJ, 175 mJ and 78 mJ on target. 

 

  

Fig. 2.3 (Left) Dependence of the Surelite laser energy on the Q-switch 

delays and (Right) the laser beam temporal profile (blue line) and 

Hamamatsu camera gate (yellow line). 
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The Surelite Nd:YAG laser may be directly controlled by a user 

provided TTL level signal. A Stanford Research Pulse Generator (model 

DG535) is required in the DATA mode. This external trigger mode gives the 

lowest possible jitter of ±1 ns between the input commands and laser output 

and requires the input of 2 TTL level negative going signals (5 V .0 V, 10 µs 

wide). The first TTL signal (fire command) will cause the laser flash lamps to 

discharge. This signal preceeds lasing by approximately 180 µs. The second 

TTL signal (Q-switch command) controls the pockels cell and preceeds 

lasing by 170 ns. 

 

 

2.2.2  Spectron Nd:YAG Laser 

Another laser used in the experiments was a Spectron pulsed-

Nd:YAG laser (type SL803 1293) made by Spectron Laser System, Inc. [2],   

operating at λ = 1064 nm, with a pulse duration 9 ns FWHM and an internal 

repetition rate of 10 Hz. In principle the Spectron Nd:YAG laser works 

broadly similar to the Surelite Nd:YAG laser.  

 The Spectron Nd:YAG laser was used in the galinstan experiments 

and the laser output energy was also varied by varying the Q-switch delay. 

The energy increases with lowering the Q-switch delay as can be seen in 

Fig. 2.4(left) which is very similar to the Surelite Nd:YAG laser described 

previously and its temporal profile recorded by a LeCroy digital oscilloscope 

connected to a Litron energy meter (LPM250 series) can be seen in Fig. 

2.4(right). 



Chapter	  2	  Experimental	  Apparatus	  

37	  
	  	  

  

Fig. 2.4 (Left) Dependence of the Spectron laser energy on the Q-switch 

delays. (Right) the laser beam temporal profile (blue line) and Hamamatsu 

camera gate (yellow line). 

 

 

2.3 Vacuum Chambers and Target Systems 

 

Two vacuum chambers were used in the experiments and are shown 

in (Fig. 2.5). The stainless steel vacuum chambers could be pumped down 

to a pressure of 2.1 x 10-6 mbar by a combination of a backing pump and 

turbo pump. 
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Fig. 2.5 Vacuum cambers used in the experiments (a) and (b) as well as 

their schematic diagrams in (c) and (d). 

Each vacuum chamber has a similar target system set-up in which a 

Nd:YAG laser beam is focused onto a target using a 75 mm focal length 

plano-convex lens (at λ = 659 nm) after being reflected by a set of three 
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mirrors. The target system inside the chamber depicted in Fig. 2.5(b) is 

shown in Fig. 2.6(top). The target and lens positions can be controlled 

precisely by actuators mounted behind the target holder. The target is 

rotated to present a fresh surface after each two shots. In the other system 

(not shown in the figure) the target can be controlled for x and y translations. 

 

 

Fig. 2.6 Target system used in the experiments (top), and experimental 

set-up for lens focusing determination (bottom). 
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With this set up, the laser spot size diameter, and hence the laser 

power density can be varied by moving the lens away from or closer to the 

target. In order to ensure that the laser beam was in focus, an incoming 

laser beam (at λ = 532 nm) was sent through the beam splitter of a Carl 

Zeiss (Cz) camera (Type NTSC 328564) before being reflected to the 

mirrors (Fig. 2.6(bottom)). The beam then hit the target after passing through 

the 75 mm focal length plano-convex lens. The scattered beam was 

eventually reflected back up to the beam splitter on the Carl Zeiss camera. 

The laser spot was imaged and processed by a PC which allowed 

determination of when the beam was in focus.  The distance from focus of 

the plano-convex lens to the target was then corrected for the Nd:YAG laser 

at λ = 1064 nm using equation 2.3 (since the 75 mm focal length lens is 

designed and specified like most optical lenses at 587.6 nm [3]).  

For a Gaussian beam of wavelength λ at a distance z along the beam 

waist, wo, the variation of the spot size, w(z) is given by [4]: 

𝑤(𝑧) = 𝑤!   1 + (
!
!!
)                                  (2.1) 

where zR =𝜋w!
!/λ.  

And                 𝑤! =
!!!!"
!"

                                           (2.2) 

Where M2 is the beam mode parameter, f is the focal length of the lens and 

D is the input beam diameter at the lens (at which the irradiance has fallen to 

1/e2 (13.5%) of its peak). Therefore for two beams of wavelength λ1 and λ2, 

their in focus positions (z1 and z2) follow: 
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!!.!!
!"! ! =

!!.!!
!"! !                   (2.3) 

Using equation (2.1), when the laser beam is in focus (lens position = 

0 cm), the spot diameter is about 42 µm (calculated for a Gaussian beam 

with M2 = 1.2) which corresponds to a power density, Φ = 5.5x1012 W/cm2 

(Fig. 2.7 (top) and (bottom)). The maximum spot diameter used in the 

experiment was 445 µm when the lens was moved about 5 cm away from 

the in-focus position which gives a laser intensity of 4.9x1010 W/cm2 (for 

laser energy of 527 mJ). Similar spot size determination was also done in 

the other target system. It was also confirmed experimentally that the 

Pockels cell delay did not significantly affect the beam profile and hence the 

M2. 

 

Fig. 2.7 Calculated spot diameters (for a Gaussian beam with M2 = 1.2) at 

different lens positions (bottom), and laser power density dependence on the 

lens position (top). 
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2.4 Spectrometers 

2.4.1  Jenoptik Spectrometer 

A. Specifications 

A Jenoptik Mikrotechnik E-Spec EUV 0.25-m flatfield spectrometer [5] 

was used in some of the experiments as shown in Fig. 2.8. The 

spectrometer basically consists of a piezo-driven entrance slit, variable line 

spacing (flat-field) grating and a backside illuminated CCD camera. Some 

apertures for stray light and zero-order blocking are also included in the 

spectrometer. 

 

 

 

 

 

 

 

 

 

Fig. 2.8 Jenoptik EUV 0.25-m flatfield spectrograph. 
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During the operation the EUV light enters the spectrometer through 

the horizontal slit and then hits a Hitachi grating (with approximately 1200 

grooves/mm) before the radiation is dispersed in the vertical direction and 

eventually detected by a Princeton Instruments CCD camera (type 

PA.MAX:1K SX 1024EB/TE) which is mounted so as to cover the 

wavelength range from 10 to 18 nm. Prior to purchase, the spectrometer 

was absolutely calibrated at the BESSY Synchrotron in Germany. The 

spectral resolution (Δλ) of the spectrograph was experimentally determined 

to be around 0.03 nm (FWHM) at 13 nm. 

 

B. Recorded Spectra 

The sensitivity curve of the Jenoptik spectrograph is given in Fig. 

2.9(a) which is related to the number of counts recorded for photons entering 

the slit at a particular wavelength. An example of the spectral image 

recorded on the CCD camera from a laser-produced plasma of a tin target is 

shown Fig. 2.9(b) while the associated spectrum is given in Fig. 2.9(c).  Note 

that the 99.85% pure tin target was irradiated with the Surelite Nd:YAG laser 

at Φ = 5.5x1012 W/cm2.  
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Fig. 2.9(a) Sensitivity of Jenoptik spectrograph. (b) Image of laser-

produced plasma of tin recorded on the CCD camera. (c) Tin spectrum. 

 

It is seen that the response sensitivity drops rapidly below 12.4 nm 

which corresponds to the Si L-edge. Below this edge, a small narrow peak 

centered near 11.8 nm is also observed. Between the peak and the edge, a 

very narrow minimum is obtained near 12.4 nm. Some anomalies resulting 

from correcting to this feature emerged in reconstructing spectra due to the 

narrowness of the minimum and will be addressed in the relevant chapters. 

 

2.4.2 ISAN spectrograph  

A. Specifications 

The ISAN (Institute for Spectroscopy of Russian Academy of 

Sciences) spectrograph (Fig. 2.10) is a 1-m grazing incidence spectrometer 

which covers the spectral range between 5 nm and 60 nm (depending on the 

gratings used in the experiments), and can be configured to get both 

spectral and temporal resolution [6]. For a 1200 grooves/mm grating the 
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working range is 5 nm – 15 nm whereas for 600 grooves/mm and 300 

grooves/mm the wavelength ranges are 10 nm – 30 nm and 20 nm – 60 nm, 

respectively. Three possible interchangeable slits may be used in the UV 

light detection, namely 25 µm, 50 µm and 100 µm, though only 100 µm slit 

was used in the experiments reported in this thesis.  

 

 

 

Fig. 2.10 The ISAN spectrograph. 

 

The principle of operation of the ISAN spectrometer is very similar to 

the Jenoptik spectrometer in which incoming radiation passes through the 

slit and then hits the grating before being eventually detected by a multi-
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channel plate (MCP) bent to fit the Rowland circle that is backed with a fiber-

optic array covered with a scintillator. An image obtained on its output side 

can be captured by photo-sensitive devices such as a CCD camera [6]. 

 

B. Wavelength Plane Calibration 

The ISAN spectrometer wavelength plane (for the wavelength range 

10 nm – 30 nm) was calibrated using aluminium (Al) emission from a laser-

produced plasma as shown in Fig. 2.11 in which the target was irradiated 

with the Surelite Nd:YAG laser at a power density Φ = 4.4x1012 W/cm2. The 

best spectral resolution, Δλ, obtained from the experimental data at 13 nm 

was 0.2 nm (at FWHM).  

 

Fig. 2.11 Experimental aluminium spectrum from the MCP detector used for 

the wavelength calibration showing ion stages of aluminium ranging from Al 

V – Al XI. The spectral lines were identified based on the theoretical 

calculations found in reference [7]. 
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2.4.3 Modified ISAN and Hamamatsu ICCD Camera 

A. The Modified Detection System 

The ISAN spectrometer was modified to improve the spectral and 

temporal resolution; therefore the old detection system was replaced with a 

new one which consists of an aluminium box in which a phosphor and its 

holder are placed along with a set of imaging optics and a Hamamatsu 

Intensified-CCD camera (Fig. 2.12). An incoming beam of EUV light that hits 

the grating will be diffracted and the resulting spectrum will eventually fall 

onto the phosphor and is then captured by the Hamamatsu camera after 

being imaged by the imaging optics.  

The improvement of the old ISAN spectrometer was necessary to 

enable us to capture fast processes (shorter than the laser pulse duration) in 

order to study the temporal evolution of laser-produced plasmas of tin, tin-

gold alloy, tin-lead alloy and gadolinium. The old spectrometer had a gated 

MCP whose electronics could be gated with a width of about 5 ns while the 

laser pulse duration used in the experiments was 7 ns (at FWHM), and thus 

it was essential to modify the detection system. With the new detection 

system using a para-terphenyl (PTP) phosphor and the imaging set-up, the 

modified spectrometer was able to improve the spectral resolution from 0.2 

nm (when using the old spectrometer) to 0.1 nm (with the modified 

spectrometer) whereas the PTP phosphor was faster (~1 ns decay time) 

than the MCP detector (~5 ns gate minimum).    
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Fig. 2.12 Modified ISAN spectrograph showing the detection system which 

consists of a phosphor placed inside the aluminium box, a set of imaging 

lenses and a Hamamatsu gated-ICCD camera. 

 

 

B. Phosphors 

Several phosphors including ZnO (Zinc oxide), ZnO:Fe (iron-doped 

zinc oxide), sodium salicylate and para-terphenyl (PTP) phosphors were 

tested in the modified ISAN spectrometer set up to choose the best 
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combination of the phosphors lifetime and photon intensity when the 

phosphors were exposed to EUV radiation. It was immediately clear that 

despite their short decay time (around 1 ns [8]), ZnO and ZnO:Fe produced 

very low photon intensity. While sodium salicylate generated much better 

fluorescence emission efficiency than the Zn:O based scintillators, the decay 

time of the sodium salicylate was much longer (around 7 ns [9]). The highest 

photon intensity (up to 50 times higher counts than that of sodium salicylate) 

was produced by PTP phosphor when exposed to EUV radiation from a tin 

laser-produced plasma. Since the fluorescence decay time of the PTP 

phosphor is known to be around 1 ns [10,11], we decided to use it as a 

scintillator in the modified ISAN spectrometer detection system.  

PTP is an aromatic hydrocarbon (C18H14) consisting of three benzene 

rings connected to each other in para positions without any additional 

functionalization which does not allow the fusion of the benzene ring (Fig. 

2.13 (left)). It is therefore not very reactive and is insoluble in water. A typical 

PTP fluorescence emission spectrum when it is dissolved in cyclohexane 

can be seen in Fig. 2.13 (right) which indicates two distinct peaks around 

323 nm and 337 nm as well as a ‘bump’ near 352 nm [12]. The emission 

spectrum does not change significantly when the phosphor is dissolved in 

ethanol [13]. 
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Fig. 2.13 Diagram of PTP (left) and its emission spectrum dissolved in 

cyclohexane (right) [10]. 

 

 The PTP material we used was ordered from Sigma-Aldrich Ireland in 

the form of white powder (CAS number: 92-94-4, 99.99% purity). The 

following is the procedure used to prepare the PTP phosphor for the 

modified ISAN detection system:  

(1) Pour 50 gram of the PTP powder into 100 ml ethanol. 

(2) Stir the mixture with a stirring machine at a speed of around 600 

rpm for about 4 hours. This step will make the mixture form a PTP 

paste.  

(3) Use a syringe to coat the paste onto a microscope slide surface 

(2.5x5 cm2) until a weight concentration of 20 – 30 mg/cm2 is 

achieved and the coating is reasonably homogenous and flat. 

Note that a quartz slide would give the best quantum efficiency 

and that a phosphor length of 5 cm would be able to image tin 
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spectra in the wavelength range of 10 nm – 20 nm when using a 

600 grooves/mm grating.  

(4) Heat the PTP-coated slide up to 40 oC for about 30 minutes or 

until the paste dries out and adheres well to the slide surface. The 

PTP phosphor is then ready to be used in the modified ISAN 

spectrometer. 

 

C. Imaging Optics 

Since PTP phosphor emits UV radiation between 300 nm and 420 nm 

it is therefore essential to build an imaging system which is capable of 

capturing as many photons as possible in this wavelength range. Three UV-

grade fused silica plano-covex lenses were used for imaging the phosphor 

which are UV anti-reflection coated for 290 nm – 390 nm.  The first lens had 

a 90 mm focal length and was 75 mm in diameter whereas the second lens 

had a 60 mm focal length and was 54.4 mm in diameter. The third lens 

which had a 30 mm focal length and a 25 mm diameter was used to de-

magnify the phosphor image since the size of the CCD was too small (8.67 

mm x 6.60 mm effective area) to capture the whole phosphor image without 

using a third lens.  

Using Zemax software [14] to calculate the optimum distances for the 

imaging set-up, it was immediately obvious that the three lens set-up could 

de-magnify the PTP phosphor image down to 5 times smaller than when 

only using 2 lenses. The percentage of light captured was nearly 4% when 

the distance from the PTP phosphor to the first lens was 93 mm, from the 
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first lens to second lens equals to 60 mm and the second lens to the third 

lens is 20 mm (Fig. 2.14 (top)).  

 

Fig. 2.14 Schematic diagram of the optics for the imaging system of the 

modified ISAN spectrometer (top) and the typical reflectance of a UV-grade 

fused silica plano-covex lens is also presented (bottom) [15]. 

 

With this set-up, the in-focus PTP image is created about 18 mm 

away from the third lens. Also, to ensure that the imaging optics were 

correctly set-up to get an in-focus image, visible light was directed onto the 

2.5x5 cm2 PTP phosphor and an imaging test was conducted directly using 

the Hamamatsu camera. It was immediately found that the imaging system 

could perfectly image the phosphor. 
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Typical reflectance responses for a UV-grade fused silica plano-

convex lens at several angles are depicted in Fig. 2.14(bottom) which shows 

reflectance of less than 0.1% in the wavelength range 230 nm – 350 nm for 

reflection angles of up to 30o whereas at 45o the reflectance over the 

wavelength range is between 0.5% and 1.1%. The low reflectance in this 

particular wavelength range is of great advantage for the purpose of 

spectroscopy and imaging reported in this thesis. 

 

D. Hamamatsu ICCD Camera 

The Hamamatsu gated-ICCD camera (type C7164-03) is pictured in 

Fig. 2.15(left) which consists of an image intensifier coupled to a digital CCD 

camera (type ORCA-03G). The camera, which is capable of super high 

speed gating to a minimum of 250 ps, has a spectral response from 160 nm 

to 850 nm and quantum efficiency of up to 20% (Fig. 2.15(right)). The short 

gate time allows for fast individual frames which can be coupled with fast 

decay electronics to produce programmable time series data of reproducible 

phenomena. In the gating operation, it is synchronized with a trigger input 

which is performed by reversing the potential between the photocathode and 

anode. A squarewave voltage signal is applied and the width of this 

squarewave determines the gating time. 
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Fig. 2.15 Hamamatsu ICCD camera (left) and its spectral response (right) 

[16]. 

The multiplication process occurs in the image intensifier and is 

accomplished using an MCP built inside the image intensifier. Each channel 

in the MCP is a secondary electron multiplier, multiplying electron with each 

bounce off the channel walls. So in this experimental set up, photons emitted 

by the PTP phosphor are captured by the Hamamatsu gated-ICCD camera 

after passing through the imaging lenses. The photons are converted to 

electrons at the photocathode (which is made from multialkali) and then 

multiplied to several thousand times by the MCP in the image intensifying 

system before being converted back to photons by a phosphor screen (Fig. 

2.16.).  



Chapter	  2	  Experimental	  Apparatus	  

55	  
	  	  

 

Fig. 2.16 Operating principle of the image intensifier. 

 

E. Calibration and Data Acquisition 

An example of an aluminium spectrum for the wavelength plane (in 

the range 10 – 20 nm) calibration is shown in Fig. 2.17 (left) in which the 

target was irradiated with the Surelite Nd:YAG laser at a power density Φ = 

6x1010 W/cm2 as well as at Φ = 4.4x1012 W/cm2 for comparison. The images 

obtained from the modified ISAN spectrometer were processed using Matlab 

codes. Using the modified spectrometer the best spectral resolution obtained 

from the experimental data at 13 nm was 0.1 nm (at FWHM) which is slightly 

better than in the old ISAN set up. The dispersion curve (Fig. 2.17 (right, 

top)) follows the polynomial equation y = -4.23x10-6(x3) + 2.41x10-3(x2) – 

4.90x10-1(x) + 47.96, where y is the wavelength and x is the pixel number. 

The associated standard errors for the wavelength plane calibration curve 

are given in Fig. 2.17 (right, bottom) and are less than ±0.07 nm. 
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Fig. 2.17 Experimental aluminium spectrum used for the wavelength 

calibration of the spectral range between 10 nm and 20 nm showing ion 

stages of aluminium ranging from Al IV – Al VI (left) [7]. The dispersion curve 

(right, top) and associated standard errors (right, bottom) are also presented. 

The Al target was irradiated with the surelite Nd:YAG laser at Φ = 6 x1010 

W/cm2 and 4.4x1012 W/cm2. 

 

 Another example of an aluminium spectrum (at Φ = 4.4x1012 W/cm2) 

in the wavelength range 6 – 12 nm is shown in Fig. 2.18 (left). The 

dispersion curve (Fig. 2.18 (right, top)) for this wavelength range follows the 

polynomial equation y = 4.11x10-7(x3) - 1.74x10-4(x2) – 1.27x10-2(x) + 12.26, 

where y is again the wavelength and x is the pixel number. The associated 

standard errors for the wavelength plane calibration curve are given in Fig. 

2.18 (right, bottom) are less than ±0.06 nm in this case. 
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Fig. 2.18 Experimental aluminium spectrum used for the wavelength 

calibration of the spectral range between 6 nm and 12 nm showing ion 

stages of aluminium ranging from Al IV – Al VI (left). The dispersion curve 

(right, top) and associated standard errors (right, bottom) are also presented. 

The Al target was irradiated with the surelite Nd:YAG laser at Φ = 4.4x1012 

W/cm2. 
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Chapter 3 

 

Theoretical Calculations 

 

 

3.1 The Cowan Suite of Codes 

 The Cowan code was developed by Robert D. Cowan and models 

atomic structure and spectra based on the superposition of configurations 

method [1]. The various one electron radial wave-functions are calculated 

using the Hartree-Fock (HF) equations. The code may be used for ab initio 

calculations, though it is also possible to scale the Slater Condon 

parameters FK, GK and RK as well as the spin-orbit parameter ζ in order to 

best fit the calculated spectrum to the experimental one.  

 In the Cowan code calculations, the Hamiltonian operator (Ĥ) for a 

single electron in a central field (i.e. orbiting a nucleus) is defined by the sum 

of kinetic energy, potential energy and spin-orbit interaction terms and in 

atomic units is given by [1]:  

𝐻 = −∇! − !"
!
+ 𝜁 𝑟 (𝑙. 𝑠)    (3.1) 
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When an electronic configuration is viewed as a superposition of all the 

involved single electronic wavefunctions and also introducing a term for the 

Coulomb interaction between electrons, the Hamiltonian becomes: 

𝐻 = − ∇!! −!""  !"!#$%&'(
!

!!
!!
+    𝜉! 𝑟!!! 𝑙! . 𝑠! + !

!!"
                !!! (3.2) 

For each calculated configuration, the model can be defined as a set of 

basis functions, |b>, where the center-of-gravity energy of each configuration 

follows: 

𝐸!" =
!! ! !!!

!"#$%&  !"  !"#$#  !"#$%&'#(
     (3.3) 

Summing over all basis states, the total contribution of the spin-orbit term is 

zero, and thus the expression is reduced to: 

𝐸!" = < 𝑖 −∇! 𝑖 >!"! + < 𝑖 − !!
!!
𝑖 >!"!        

                  + [< 𝑖𝑗 !
!!"

𝑖𝑗 >!"!!! −  < 𝑖𝑗 !
!!"

𝑗𝑖 >!"]𝑟!            (3.4) 

     Which can classically be simplified as: 

𝐸!" = 𝐸!"#$%"& +    𝐸!"#$%&'  !"#$%#&'( + 𝐸!"#$"%&  !"#$%&'#()"  !!!!!      (3.5) 

In terms of one electron radial wavefunctions, Pi(r), the center-of-gravity 

energy of each configuration can be rewritten as follows: 

𝐸!"#$%"& = 𝑃!∗ 𝑟 − !!

!"!
+ !! !!!!

!!
𝑃! 𝑟 𝑑𝑟

∞
!                (3.6) 

𝐸!"#$%&' = (− !!
!
)∞

! |𝑃! 𝑟 |!𝑑r      (3.7) 
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𝐸!"#$%&'#()" = 𝐹! 𝑖𝑗 𝑐! 𝑙!𝑚!! , 𝑙!𝑚!! 𝑐
!(𝑙!𝑚!! ,

∞
! 𝑙!𝑚!!)       

−𝛿!!"!!" 𝐺!∞
! 𝑖𝑗 |𝑐! 𝑙𝑖𝑚𝑙𝑖 , 𝑙𝑗𝑚𝑙𝑗 |2              (3.8)   

Where ck are normalized spherical harmonics, whereas FK and GK can be 

written in terms of the Slater integral, RK: 

𝐹!(𝑖𝑗) = 𝑅!(𝑖𝑗, 𝑖𝑗)     (3.9) 

𝐺!(𝑖𝑗) = 𝑅!(𝑖𝑗, 𝑗𝑖)     (3.10) 

𝑅!(𝑖𝑗, 𝑡𝑢) = [ !
!!
!!!

∞
! 𝑟!!

!!
! 𝑃!∗𝑃!𝑑𝑟! + 𝑟!!

!
!!
!!! 𝑃!∗𝑃!𝑑𝑟!]𝑃!∗𝑃!𝑑𝑟!

∞
!!

  (3.11) 

Now that the configuration centre-of-gravity energy can be expressed 

entirely in terms of the one electron radial wavefunctions, those 

wavefunctions can be varied to find those which provide the minimum 

centre-of-gravity energy. The natural system will tend to the lowest possible 

energy levels and so the wavefunctions that provide the lowest energy level 

are suitable approximations for use in calculations. 

Varying the wavefunctions Pi by small increments ∂Pi in the 

expression for Eav, and applying the condition of obtaining the minimum 

possible energy, the Hartree-Fock (HF) equations are obtained. These 

equations are solved iteratively to find the desired wavefunctions. Once the 

configuration centre-of-gravity energy and the one electron wavefunctions 

have been calculated, various level energies can be determined as 

eigenvalues of the Hamiltonian matrix by: 

𝐻!!′   = 𝐸!" + 𝑓!𝐹! 𝑙! , 𝑙! + 𝑔!𝐺! 𝑙! , 𝑙! + 𝑑!𝜁(𝑙!)!!"#   (3.12) 
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Where fk, gk and di are calculated according to the work of Racah which is 

described in ref. [2].  

Transition line strengths are then calculated as reduced-dipole matrix 

elements: 

𝐷 =< 𝑏| 𝑟!|𝑏′ >!     (3.13) 

The intensity of line i, wi, can be expressed as: 

𝑤! = < 𝑏 𝐷|𝑏′ > |!                            (3.14) 

Note that more details of the mathematical methods used in the code 

can be found elsewhere [1, 2]. It is important to note that the Cowan code 

calculations rely on the list of electronic configurations included by the user.  

This chapter presents the calculated spectra of several selected 

elements such as tin, gold, lead, gallium, indium and gadolinium prior to 

explaining the experimental spectra as presented in the following chapters. 

In the Cowan code calculations, the scaling factors for the Slater Condon 

parameters were chosen to be between 73% and 90%, depending on the ion 

stages, in line with earlier studies [3] whereas the spin-orbit parameter ζ was 

scaled to 99%. The scaling is necessary to allow for interaction with 

configurations not explicitly included in the calculation. The calculations were 

performed on a personal computer mainly to obtain the energy levels, 

wavelengths, oscillator strengths (gf values) and ionization potentials.  
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3.1.1 The Unresolved Transition Array (UTA) 

An Unresolved Transition Array (UTA) is a quasi-continuum feature 

which comprises of many overlapping lines due to certain electron 

transitions such as observed in the open 4d subshells of Xe [4] and Sn [5]. 

For a particular ion stage, an UTA is characterized by position, width and 

symmetry. Suppose a transition takes place from an energy level b, with 

energy Eb, to an energy level b’, with energy Eb’, the UTA can be 

statistically parameterized in terms of moments of the array, µn [6]: 

𝜇! =
(!!′!!!  )!!!!′

!!,!′         (3.14) 

Where wbb’ and w are described as: 

𝑤!!′ = | < 𝑏 𝐷 𝑏′ > |!          (3.15) 

𝑤 = 𝑤!!′!,!′       (3.16) 

𝐷 = 𝑒𝑟!!          (3.17) 

 

 Equation (3.14) gives the intensity weighted position of the array with 

the weighted mean µ1 and variance ν = µ2- µ1
2, which is a measure of width. 

The non-centered moments can also be expressed in terms of wavelength λi 

and weighted oscillator strength gfi for each line i, which is given by [7]: 

𝜇! =
(λ!)!!"!
!"!!                                    (3.18) 
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The gf values are used instead of intensities, assuming that the populations 

in the upper level are proportional to the statistical weight 2J+1 as discussed 

by J. Bauche  and co-workers [6]. 

In most cases UTAs are the brightest features in the spectra, for 

example in Xe laser-produced plasmas the UTA around 11 nm contributes to 

the brightest emission which is due to radiation arising from 4d – 4f 

transitions of Xe11+ to Xe17+ as can be seen in Fig. 3.1. The individual lines of 

the Xe spectrum in the figure cannot be identified because of the enormous 

density of lines generated by open 4d-4f transitions from open 4d subshells. 

Thousands of overlapping energies are also observed in Ba, La, Ce, Pr, Nd, 

Eu [8, 9]. In the Sn UTA, there are over 100,000 individual lines centered 

around 13.5 nm [5].  

 

Fig. 3.1 Spectrum of Xe obtained from Electron Beam Ion Trap (EBIT) [4]. 
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3.1.2 Calculated Tin Spectra 

 Tin has been widely investigated as one of the candidates for EUV 

sources around 13.5 nm and found to emit more brightly than the other 

proposed target materials, such as Xe and Li at the wavelength of interest as 

discussed in Chapter 1. Therefore further investigation on the properties of 

tin spectra is required to better understand and improve the EUV generation 

at this particular wavelength.  

 The theoretical spectra of various tin ion stages (Sn VI – Sn XXII) are 

shown in Fig. 3.2 after each emission line (gf value) was convolved with a 

Gaussian broadening of 0.03 nm (corresponds to the spectral resolution (Δλ) 

of the Jenoptik spectrometer as discussed in Section 2.4.1). For Sn, the 

transitions considered were 4p64dn – 4p54dn+1 + 4p64dn-14f (Sn VI – XIV), 4pn 

– 4pn-14d (Sn XV – Sn XX) and 4s – 4p, 4p – 4d and 4d – 4f in Sn XXI and 

Sn XXII. Configuration interaction (CI) was included in the calculations since 

the absence of some configurations cannot be corrected for by scaling the 

parameters described in section 3.1, and therefore they must be included in 

the calculations even if they do not emit radiation in the wavelength of 

interest as they will affect those transitions that do. Since the 4p – 4d and 4d 

– 4f energy intervals are very close, CI is essential to give the best 

agreement with the experimental results as discussed by Mandelbaum and 

co-workers [10] as well as D’Arcy and co-workers [11]. In both lower and 

higher stages of tin, the CI effects result in a dramatic spectral narrowing, 

and give rise to a strong feature whose position barely shifts with ion stage 

and that lies in the original 4p – 4d transition region. 
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From earlier studies, it is known that lines due to 4d – 4f and 4p – 4d 

transitions in Sn VII – Sn XIV are primarily responsible for the UTA centred 

near 13.5 nm. The discrete lines at longer wavelengths are mostly due to Sn 

XVII – Sn XXII [12] though there is also a weak contribution from spectra of 

lower ion stages [13 - 20].  The overlapping of resonance emission in many 

ion stages arises from the fact that the transitions involved are all n= 4 – n= 

4 and their position is relatively insensitive to ion stage. Note that the 

calculated tin spectra in this thesis agree with the previous published work 

[12-20]. 

 

Fig. 3.2 Theoretical spectra of different tin ion stages (Sn VI – Sn 

XXII) calculated with the Cowan suite of codes convolved with 

Gaussian broadening of 0.03 nm. The 2% bandwidth for 13.5 nm 

emission is highlighted by the dark vertical lines while the dominant 

transitions responsible for the emission are identified in the figure. 

 



Chapter	  3	  Theoretical	  Calculations	  

68	  
	  	  

  3.1.3 Calculated Gold Spectra 

 Certain gold (Au) ion stages are expected to emit EUV radiation in the 

10 – 20 nm wavelength region; therefore the noble element can potentially 

be used as an EUV source at 13.5 nm as well for broadband EUV emission 

when mixed with tin, depending on the electron temperatures produced in 

the plasma. The EUV emission from gold targets has previously been 

suggested as sources for scanning reflectometry [21] and metrology [22]. 

Further studies on the Au emission are still needed due to its potentially wide 

range of industrial applications.  

In the case of Au, the transitions investigated were the resonance 

5p65dn – 5p55dn+1 + 5p65dn-15f + 5p65dn-16p + 5p65dn-16f (Au VI – Au X), 

5p65d – 5p55d2 + 5p55f (Au XI), 5p6 – 5p55d + 5p56s + 5p56d (Au XII), 5s25pn 

– 5s15pn+1 + 5s25pn-15d + 5s25pn-16s + 5s25pn-16d (Au XIII – Au XVII), 5sn – 

5sn-15p (Au XVIII – Au XIX), 4f14 – 4f135d + 4f135g + 4f136d + 4f136g (Au XX), 

and 4d104fn – 4d94fn+1 + 4d104fn-15d + 4d104fn-15g + 4d104fn-16d + 4d104fn-16g 

(Au XXI – Au XXVII). Also, non-resonance transitions 4d104fn-15s – 4d104fn-

15p and 4d104fn-15p – 4d104fn-15d were considered in addition to the 

resonance transitions for Au XX – Au XVII. The spectra of resonance as well 

as non-resonance lines in different ion stages of gold (Au VI – Au XXVII) 

calculated with the Cowan suite of codes and convolved with Gaussian 

broadening of 0.03 nm can be seen in Fig. 3.3. 
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Fig. 3.3 Theoretical spectra of different gold (Au VI – Au XXVII) 

calculated with the Cowan suite of codes convolved with Gaussian 

broadening of 0.03 nm. The 2% bandwidth for 13.5 nm emission is 

highlighted by the dark vertical lines while the dominant transitions 

responsible for the emission are identified in the figure. 

 

For gold, very little information is available on spectral analysis of 

moderately or highly charged ions [23, 24] and the theoretical results 

indicate that resonance emission stretches from 10 – 20 nm depending on 

the ion stages involved. This shift in wavelength with ion stage arises as 

many transitions here involve a change in principal quantum number. 

Furthermore, spectra from low ion stages of gold (Au VI – Au X) produce 

emission at wavelengths between 10 – 13.5 nm while transitions in high ion 
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stage spectra (Au XI – Au XVII) emit EUV radiation at longer wavelengths 

(above 13.5 nm). The complex structure at shorter and longer wavelengths 

is primarily due to Au XX – Au XXVII, particularly due to the non-resonance 

lines identified in figure 3.3. The 4d104fn-15s – 4d104fn-15p transitions are 

responsible for the EUV emission between 14 nm and 18 nm whereas the 

4d104fn-15p – 4d104fn-15d electron transitions emit EUV light between 11 nm 

and 14 nm as well as some strong emission in the 14 – 18 nm region, 

depending on the ion stages involved. There is a clear evidence of the 

wavelength shift from longer to shorter wavelengths with increasing ion 

stage.  Apart from that, it was also found that the resonance lines due to 4d 

– 4f, 4f – 5d and 4f – 5g transitions for the Au higher ion stages lie at shorter 

wavelengths between 2.5 nm and 6 nm. 

 

3.1.4 Calculated Lead Spectra 

  Regardless of its toxic properties, with only 3 extra electrons in a lead 

(Pb) atom compared to an Au atom, the electron transitions responsible for 

the EUV emission of both materials are expected to be similar, and therefore 

Pb may also be used as an EUV source for applications similar to those 

envisaged for gold EUV sources. 

The theoretical spectra of lead are presented in Fig. 3.4 in which the 

electron transitions involved in the emission were very similar to those 

occurring in gold emission spectra. The calculated resonance lines were due 

to 5p65dn – 5p55dn+1 + 5p65dn-15f + 5p65dn-16p + 5p65dn-16f (Pb VI – Pb XIII), 

5p65d – 5p55d2 + 5p55f (Pb XIV), 5p6 – 5p55d + 5p56s + 5p56d (Pb XV), 
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5s25pn – 5s15pn+1 + 5s25pn-15d + 5s25pn-16s + 5s25pn-16d (Pb XVI – Pb XX), 

5sn – 5sn-15p (Pb XXI – Pb XXII), 4f14 – 4f135d + 4f135g + 4f136d + 4f136g (Pb 

XXIII), and 4d104fn – 4d94fn+1 + 4d104fn-15d + 4d104fn-15g + 4d104fn-16d + 

4d104fn-16g (Pb XXIV – Pb XXVII). Non-resonance transitions 4d104fn-15s – 

4d104fn-15p and 4d104fn-15p – 4d104fn-15d were also considered in addition to 

the resonance transitions for Pb XXIII – Pb XXVII.     

  

Fig. 3.4 Theoretical spectra of different lead (Pb VI – Pb XXVII) 

calculated with the Cowan suite of codes convolved with Gaussian 

broadening of 0.03 nm. The 2% bandwidth for 13.5 nm emission is 

highlighted by the dark vertical lines the dominant transitions 

responsible for the emission are identified in the figure. 

 

In the wavelength range 10 – 20 nm, lead emission spectra are 

broadly similar to those of gold since the configurations involved are the 

same albeit at higher ion stages. Again, as for Au, the complex structure 
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resulting from open 4f subshell transitions at shorter and longer wavelengths 

are mainly due to Pb XXIII – Pb XXVII. The EUV emission between 13.5 nm 

and 15.5 nm results from 4d104fn-15s – 4d104fn-15p transitions whereas the 

emission between 10 nm and 12 nm is due to the 4d104fn-15p – 4d104fn-15d. 

As discussed for the gold non-resonance emission, the Pb non-resonance 

emission also shifts to shorter wavelengths with increasing ion stage since it 

involves a change in principal quantum number. The resonance lines due to 

4d – 4f, 4f – 5d, 4f – 5g transitions in the Pb higher ion stages occur at 

shorter wavelengths between 2 nm and 5 nm. 

 

3.1.5 Calculated Gallium Spectra 

Gallium (Ga) may potentially be used as EUV source around 13.5 nm 

especially when mixed with tin and indium to form galinstan which is a liquid 

alloy at room temperature. The EUV emission from a laser-produced plasma 

of galinstan may increase the conversion efficiency of the laser to the 13.5 

nm inband emission. The strong EUV emission of Ga ions is expected to 

arise mainly from the 3p – 3d, 3d – 4p and 3d – 4f transitions. 

In Fig. 3.5, one can see that theoretical Ga resonance emission 

spectra occur at wavelengths between 11 – 14 nm in Ga V – Ga XIV. Indeed 

the emission around 13.5 nm is predominantly due to lower ion stages of Ga 

ranging from Ga V – Ga XI. The transitions investigated were the resonance 

transitions: 3p63dn – 3p53dn+1 + 3p63dn-14p + 3p63dn-14f + 3p63dn-15p + 

3p63dn-15f. A complete review on gallium electron transitions from Ga I 

through Ga XXXI can be found in ref [25]. 
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Fig. 3.5 Gallium spectra (Ga V – Ga XIII) calculated using the Cowan suite 

of codes convolved with Gaussian broadening of 0.03 nm. The 2% 

bandwidth for 13.5 nm emission is highlighted with the dark vertical lines. 

 

   

3.1.6 Calculated Indium Spectra 

Indium (In) has a very similar electron configuration to tin since the 

latter has only one extra electron, so it is of interest to study its EUV 

emission in the 10 – 14 nm range. As mentioned in section 3.1.5, mixing Ga, 

In and Sn together to form galinstan can potentially be applied for producing 

EUV light in the 13.5 nm bandwidth for next generation EUV lithography as 

well as broadband EUV sources for metrology purposes.  
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Fig. 3.6 Indium spectra (In V – In XVIII) calculated using the Cowan suite of 

codes convolved with Gaussian broadening of 0.03 nm. The 2% bandwidth 

for 13.5 nm wavelength is highlighted with the dark vertical lines. 

 

The strongest peaks predicted to occur in the indium spectra (Fig. 

3.6) lie between 11 – 18 nm, though most ion stages (In V – In XIII) are 

responsible for emission at wavelengths longer than 12 nm and the brightest 

emission is expected to be around 14.2 nm. The transitions involved in the In 

spectra calculations were the resonance transitions: 4p64dn – 4p54dn+1+ 

4p64dn-14f + 4p64dn-15p + 4p64dn-15f + 4p64dn-16p. It is clear from the figure 

that only In VII and In VIII are responsible for relatively weak emission near 

13.5 nm which arises from the 4d – 5f transition. 
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3.1.7 Calculated Gadolinium Spectra 

Gadolinium (Gd) has been suggested as a potential candidate for 

EUV sources around 6.7 nm applicable for next generation EUV lithography 

[26]. Further theoretical and experimental studies on the nature of the EUV 

radiation emitted by Gd ion stages will help to understand as to whether the 

rare-earth element suits the requirements to become the next lithography 

source replacing tin in the near future. 

The intense unresolved transition arrays (UTA) which are responsible 

for the EUV emission around 6.7 nm can be seen in Fig. 3.7. The transitions 

involved in the gadolinium spectra calculations were the transitions 4d104fn – 

4d94fn+1 (for Gd VI – Gd XI), 4d104fn – 4d94fn+1 + 4d104fn-1(5d,5g) + 

4d94fn(5p,5f) (for Gd XII – Gd XVIII), 4p64d10 – 4p64d9(nl) + 4p54d105s (for 

Gd XIX) and 4p64dn – 4p64dn-1(nl) + 4p54dn+1 + 4p54dn5s (for Gd XX – Gd 

XXVII). The figure clearly indicates that the EUV emission from lower and 

higher ion stages of Gd ranging from Gd VI – Gd XIII and Gd XX – Gd XXVII 

occurs at longer wavelengths whereas Gd XIV – Gd XIX are more likely to 

become the candidates which emit strong radiation around the wavelength 

of interest. In addition, for lower stages of Gd (Gd VI – Gd XVIII), both 

resonance and non resonance transitions were considered in the 

calculations even though the non resonance transitions result in much higher 

gf values (up to 4 times higher) than the resonance ones; therefore in Fig 3.7 

the oscillator strengths for the non resonance are shown for Gd VI – Gd 

XVIII instead of their resonance transitions. This may happen in high 

electron temperature Gd plasmas as occurs in Sn [12]. 
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Fig. 3.7 Gadolinium spectra (Gd VI – Gd XXVII) calculated using the Cowan 

suite of codes convolved with Gaussian broadening of 0.03 nm. The 1% 

bandwidth for 6.7 nm wavelength is highlighted with the dark vertical lines. 

 

These calculated results agree with the earlier theoretical and 

experimental results using laser-produced as well as vacuum spark plasmas 
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reported by Churilov et al [27]. They suggested that the strong emission in 

the 6.5 – 7.5 nm region resulted from the 4d104fn – 4d94fn+1 transitions in the 

ion stages with a partially filled 4f shell. They also highlighted that the most 

intense emission around 6.7 nm was predicted to be due to the 4d104f2 – 

4d94f5d transition in Gd XVII. This means that high laser power density is 

required to sufficiently generate EUV radiation around 6.7 nm. The power 

density ranges have been identified by O’Sullivan and co-workers [28] which 

highlights that for Nd:YAG lasers (λ = 1.06 nm) one will need to employ a 

laser irradiance between 2x1012 – 1013 W/cm2 whereas for CO2 laser (λ = 

10.6 nm) the required power density is between 2x1011 – 1012 W/cm2. 

 

3.2 Colombant and Tonon Model 

 The Colombant and Tonon model calculates the fractional ion 

densities in a plasma based on the collisional-radiative (CR), steady state 

requirements as discussed in Chapter 1. The model has been widely used 

for laser-produced plasmas and uses the oscillator-wavelength (gf, λ) 

distributions obtained from the Cowan code calculations, though it limits the 

modelling to optically thin plasmas. Examples of ion and spectral 

distributions calculated with the Colombant and Tonon model are presented 

in this sub-chapter for laser-produced plasmas of tin and gadolinium while 

the theoretical plasma modelling has already been described in Section 1.4. 

 The calculated dependence of tin spectra on electron temperature is 

depicted in Fig. 3.8 which shows that bright EUV emission centered around 

13.5 nm occurs when the electron temperature is higher than 30 eV and that 
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the emission peaks around this wavelength when the temperature ranges 

between 35 and 50 eV corresponding to Sn ion stages ranging from Sn7+ – 

Sn13+. At lower electron temperatures, Sn6+ and the other lower ion stages 

are dominant species in the tin plasma which cause the emission peak to 

shift to longer wavelengths. Furthermore there is no significant EUV 

emission around 13.5 nm when the temperatures are lower than 20 eV. Note 

that these calculations consider only optically thin plasmas and neglect the 

plasma opacity as well as any contribution from satellite lines.   

 

Fig. 3.8 Tin spectra at several electron temperatures calculated with 

Colombant and Tonon model convolved with Gaussian broadening of 0.03 

nm (left) and the corresponding ionic population/fraction involved in the 

emission (right).  
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 Calculated gadolinium spectra from different electron temperature 

plasmas are shown in Fig. 3.9 which indicates that relatively high values are 

required to generate EUV emission centered near 6.7 nm. At a low electron 

temperature of 20 eV, the emission lies at longer wavelength (between 7.5 – 

9 nm) and is due to Gd VII – Gd IX. The peak emission shifts to shorter 

wavelength with increasing electron temperature, and the optimum emission 

peaks around 6.7 nm when the electron temperature is around 115 eV. At 

this peak emission, the dominant species in the plasma are expected to be 

Gd15+ – Gd19+ as discussed by O’Sullivan and Li [30].  

   

Fig. 3.9 Gadolinium spectra at several electron temperatures calculated with 

Colombant and Tonon model convolved with Gaussian broadening of 0.03 

nm (left) and the corresponding ionic population/fraction involved in the 

emission (right).  
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Increasing electron temperatures further actually decreases the 

emission around 6.7 nm and gives rise to the emission at longer 

wavelengths as predicted by Churilov and co-workers [27]. For example at 

140 eV, there is still some emission at 6.7 nm primarily due to Gd XVII – Gd 

XIX, but the emission between 7 – 7.3 nm which corresponds to the UTA 

emitted by Gd XXI – Gd XXIII is higher than at 6.7 nm. Thus in an optically 

thin plasma the electron temperatures should be kept close to 110 eV for 

optimum EUV emission around 6.7 nm [30]. 
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Chapter 4 

 

Laser-Produced Plasmas of Pure Tin, Gold and 

Tin-Gold Alloy 

 

 

4.1 Introduction 

Broadband EUV light sources are of interest for reflectometry, source 

patterning, photoelectron spectroscopy, surface chemical analysis, and 

many other applications as discussed in Chapters 1 and 2.  The emission 

wavelength required and the spectral flatness will depend on the particulars 

of the application, including spectral resolution.  For reflectometry 

measurements on mirrors for EUV lithography around 13.5 nm a source 

whose spectral emission is relatively flat in the 10 nm to 18 nm region would 

be very attractive, and the gold EUV spectrum lends itself to this [1]. 

In order to develop an EUV light source which can operate 

continuously, liquid metal targets are very attractive.  Fresh material is 

presented in front of a high power laser as a liquid jet or as a coating on a 

rotating wheel.  In this context a target containing gold (Au) with a low 



Chapter	  4	  Laser-‐produced	  plasmas	  of	  pure	  tin,	  gold	  and	  tin-‐gold	  alloy	  

85	  
	  	  

melting point would be interesting for development of a broadband EUV light 

source that could operate continuously.  The alloy of gold studied here (80% 

Au 20% tin (Sn) by weight) has a melting point of about 280°C and would be 

very attractive as a source metal. 

For plasma opacity reasons the highest CEs in this spectral range are 

likely to be produced by CO2 lasers operating at 10.6 µm.  For applications 

other than high volume manufacturing, where optimum CEs are of 

secondary importance compared to source brightness, size and ease of 

operation, there is still need for data on emission from Nd:YAG-produced 

plasmas.  The current study was prompted by a theoretical work which 

showed that the ion stage distribution in alloys containing Sn with a higher Z 

material had the same dependence on plasma temperature as pure Sn [2]. 

Also a recent review has highlighted the use of emission from Au targets as 

sources for EUV metrology and surface patterning studies [3], while an 

earlier work showed that the spectrum exhibits a flat continuous emission in 

the EUV spectral range, an attribute that is important for wavelength 

scanning reflectometry [4].  A liquid EUV collector mirror has been 

demonstrated [5,6] and the alloy reported here could also be used in such a 

system to give a high radiance, high lifetime broadband EUV light source. 

The majority of studies to date have been performed with mixtures of 

Sn and low-Z materials, chosen to reduce both opacity and out of band 

recombination radiation [7,8]. Laser-produced plasmas (LPP) of tin have 

been extensively investigated experimentally [9-17] as well as theoretically 

[18-24] because of their importance as sources for extreme ultraviolet (EUV) 
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lithography at a wavelength of 13.5 nm.  As shown in Chapter 3, their 

spectra contain an intense unresolved-transition array (UTA) centred near 

13.5 nm which originates from 4d-4f and 4p-4d resonance transitions in 

moderately ionised stages whose emission intensity depends strongly on the 

electron temperature and efforts to enhance the laser to energy in-band 

(13.5 nm ± 2%) conversion efficiencies (CE) are still ongoing. A theoretical 

study employing a one-dimensional hydrodynamics code [18]  found that a 

maximum CE of 3 % could be obtained by irradiating a pure tin slab target 

with a laser operating at 1.06 µm at a power density, Φ, of 3x1011 W/cm2, 

while a subsequent study using a 2-D time dependent code predicted that 

this conversion efficiency could be realised at laser pulse durations of 2.2 ns 

(Φ = 4.6x1011 W/cm2) and that the CE decreased for longer pulses [23]. 

Experimentally, the maximum measured CE for slab targets irradiated by 

Nd:YAG laser pulses with a 2.2 ns duration at Φ ~1011 W/cm2 is nearly 2% 

[15] though if the plasmas are produced within a crater,  CEs up to 5% may 

be obtained [17]. A similar study [16] using 30 ns long CO2 pulses at a 

focused power density of 6×1010 W/cm2 found that the CE increased from 

2.7 to 5% after around sixty pulses on the same position.  A study in our 

laboratory showed that a CE of 2.2±0.2% could be obtained at Φ = 1.6x1011 

W/cm2 with a 15 ns pulse [7] and the brightness could be enhanced with the 

use of a prepulse to increase the interaction volume and lower the plasma 

density, thereby reducing opacity. Another method for reducing opacity and 

plasma density is to use longer wavelength lasers since the critical electron 

density scales as λ-2. Indeed, experimental CEs of up to 4.5 % have been 

reported for tin droplet targets, first irradiated with a Nd: YAG laser and 
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subsequently reheated with a CO2 laser pulse [15] or using grooved targets 

[17], while a comprehensive mapping of CE as a function of electron 

temperature and density has been determined theoretically [22]. 

In this chapter we compare the spectra of pure tin, pure gold and the tin-

gold alloy and report measurements of their in-band CE at different power 

densities and focusing conditions.  

 

4.2 Experimental Set-Up and Theoretical Calculations 

4.2.1 Experiments 

The primary aim of the present work was to study the emission from a 

tin-gold alloy which has a low melting point (280 oC), that makes it both an 

attractive replenishable target and a potential liquid-mirror substrate [5]. The 

1064 nm, 7 ns FWHM output from the Surelite Nd:YAG laser (described in 

section 2.2.1), operating at 10 Hz was focused onto a 100 µm-thick foil 

target of an 80 wt% Au– 20 wt% Sn (70.7 atom% Au – 29.3 atom% Sn) alloy 

housed in a stainless steel vacuum chamber. The chamber was pumped 

down to a pressure of 2.1 x 10-6 mbar. The EUV emission was recorded on a 

Princeton Instruments CCD camera (type PA.MAX:1K SX 1024EB/TE) 

mounted in an absolutely calibrated Jenoptik 0.25-m flatfield spectrograph 

housing a Hitachi grating with approximately 1200 grooves mm-1, which 

covers the wavelength range from 10 to 18 nm (see also section 2.3.1). The 

minimum spot size (calculated for a Gaussian beam with M2 = 1.2) was 

approximately 42 µm in diameter when the laser was in focus and 356 µm in 

diameter when the lens was moved about 4 mm away from focus as 
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described in section 2.3.  The laser power density was controlled by varying 

either laser energy or focusing conditions. Power densities ranging from 

8.1x1011 to 5.5x1012 W/cm2 were attained for the varied laser energy (at a 

constant spot size of 42 µm, corresponding to approximately 175 eV to 

530 eV plasmas) while irradiance values of 7.6x1010 to 5.5x1012 W/cm2 were 

obtained by varying focusing conditions (at a constant energy of 527 mJ, 

corresponding to approximately 40 eV to 530 eV plasmas based on the 

Colombant and Tonon Model as described in Section 3.3). To better 

understand the behaviour of each element in the alloy, 99.85% Sn and 

99.99% Au targets were also investigated under the same experimental 

conditions as the alloy. Their EUV spectra were captured with a 1 second 

exposure and were viewed normal to the target surface at an angle of 

approximately 10o relative to the incident laser beam. In order to ensure that 

the laser beam was in focus, the illumination was set-up as described in 

section 2.3.  

 

4.2.2 Theoretical Calculations 

The Sn and Au theoretical calculations using the Cowan suite of 

codes [25] have been described in section 3.1.2 – 3.1.3 and these results 

will be used to interpret the experimental spectra in conjunction with earlier 

published work [26-31].  
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4.3 Results and Discussion 

4.3.1 Interpretation of the Spectra 

The experimental results (taken at the highest laser power density of 

5.5x1012 W/cm2) are compared with the results of the theoretical calculations 

in Fig. 4.1(a), in which emission from Sn VI to Sn XXII are plotted with equal 

weights. It must be remembered that in all cases, the line emission is 

superimposed on a strong recombination continuum background [33].  At 

wavelengths from 12.5 to 14.5 nm, the UTA emission reaches its maximum 

intensity and is primarily due to Sn IX– Sn XIV [34, 35]. 

 

Fig. 4.1 Comparison of experimental and calculated (a) tin, (b) gold and (c) 

tin-gold spectra (Φ = 5.5x1012 W/cm2 at a constant spot size of 42 µm). Note 

that equal contributions from each ion stage have been assumed in 

generating the theoretical spectra. 
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At shorter wavelengths, between 10 – 12.5 nm, a few discrete lines 

and some emission from low intensity isolated arrays are also observed. For 

instance, the two discrete features near 10.5 nm belong to Sn XVI while the 

other discrete lines between 11 and 11.8 nm are due to 4d – 5p transitions 

of Sn XV [35, 36]. The feature near 12.3 nm is primarily due to an artefact 

arising from detector calibration at the point of minimum sensitivity, which 

will be discussed in more detail later.  

At wavelengths between 14.5 – 18 nm, apart from the continuum 

radiation, there are also a number of discrete lines. The majority of these 

can be identified from the literature and some are due to overlapping 

contributions from more than one ion stage. Their origin is indicated in Fig. 

4.1(a).  Oxygen lines (both from O VI) are also observed at 15 nm and 17.2 

nm [37]. 

Compared to the case of Sn, Au spectra are more complex and 

difficult to analyse and there is less information available in the literature.  

The nearly flat experimental spectrum of pure gold (fig. 4.1(b)) results when 

high electron temperatures are produced in the experiments to yield spectra 

from high ion stages (up to Au XXVII) where EUV radiation originates from 

primarily open 5s, 5p and 4f subshells [38,39]. The EUV emission at 

wavelengths between 11.7 nm – 13.5 nm is predominantly due to 5p – 5d 

transitions in Au XX – Au XXIV, though the artefact arising from the Si L-

edge, again, contributes to the spectrum at 12.3 nm and is due to imperfect 

detector calibration of the gain discontinuity at the Si L-edge [40]. 
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Table 4.1 Contribution of gold ions to spectral region from 10 – 18 nm 

Wavelengths (nm) Ion stages  Transitions 

10 – 11.8  

 

 

11.7 – 13.5 

 

 

13.5 – 18  

Au XIV – Au XVI  

Au XXV – Au 
XXVII 

 

Au VII – Au X 

Au XX – Au XXIV 

 

Au XI 

Au XII 

Au XIII – Au XVII 

Au XVIII – Au XIX 

Au XX – Au XXVII 

5s25pn – 5s5pn+1+5s25pn-15d, where n = 4 to 2. 

4d104fn-15p1 – 4d104fn-15d, where n = 8 to 6. 

 

5p65dn  – 5p55dn+1 +5p65dn-15f, where n = 5 to 
2. 

4d104fn-15p1 – 4d104fn-15d1, where n = 13 to 9. 

 

5p65d – 5p55d2+5p65f 

5p6 – 5p55d+5p56s+5p56d 

5s25pn – 5s15pn+1 +5s25pn-15d, where n = 5 to 
1. 

5sn – 5sn-15p, where n = 2 to1.  

4d104fn-15s1 – 4d104fn-15p1 + 

4d104fn-15p1–4d104fn-15d1, where n = 13 to 8. 

 

 

At longer wavelengths, between 13.5 – 18 nm, transitions involving open 5s, 

5p and 4f subshells in Au XX – Au XXVI dominate, although lines from Au XI 

– Au XVII can also make significant contributions to the spectrum.  In 

contrast, Au XVIII and Au XIX make little or no contribution since their 

resonance transitions lie outside this wavelength range. Furthermore, lines 

from Au XXV – Au XXVII are responsible for the complex emission giving 

rise to an increased intensity at shorter wavelengths between 10 and 11.8 

nm. The ion stages and their transitions, which contribute so many lines that 

when blended with the recombination background the resulting EUV 

emission is almost a flat featureless continuum, are summarised in Table 

4.1.  The calculated Au spectrum (fig. 4.1(b)) does not aim at reproducing 
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the experimental spectrum, but rather to show possible gold ion stages 

responsible for the nearly flat emission between 10 – 18 nm. Even with the 

information on the fractional ion densities it would not be possible to simulate 

the experimental spectrum due to opacity effects in the experimental 

plasmas. However, the calculated data can still be used to estimate what 

kind of ion stages we would expect to see in the spectrum. For example, 

were the intensity of stages such as Au XI – Au XIV in the wavelength range 

13 – 14.5 nm and stages Au XX – Au XXII in the wavelength range 16.5 – 18 

nm to increase by around 5 times and the intensity of higher stages such as 

Au XXV – Au XXVII in the wavelength range 14.5 – 15.5 nm to decrease to 

half of their intensity then the calculated Au spectrum would result in nearly 

flat emission. A cooler plasma would likely involve lower population of the 

higher ion stages and hence a reduced emission intensity from them. 

When the alloy target is irradiated under the same experimental 

conditions as used for pure tin and gold, it is expected that it should produce 

a composite spectrum. The experimental spectrum (fig. 4.1(c)) indicates that 

although more Au ions are present in the plasma, the emission at around 

13.5 nm is dominated by Sn (Au stages contributes nearly 30% to the in-

band EUV emission (this will be discussed further below)). A relatively low 

intensity contribution due to Sn XV is observed at around 11 nm. The 

emission feature near 12.3 nm is due to admixtures of Sn VII, IX, XIV and Au 

VII – Au X superimposed on the Si edge artefact. The nearly flat continuum 

at longer wavelengths (between 14.5 – 18 nm) indicates that emission from 

Au ions dominates the spectrum here. In this wavelength range the discrete 
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lines which can be observed in the pure Sn spectra are submerged in the 

spectrum of the alloy.  

 	  

Fig. 4.2 (a) Subtraction of the Au spectrum from the experimental Sn-Au 

results in the Sn spectrum (Φ = 5.5x1012 W/cm2 at a constant spot size of 42 

µm). The normalized spectra are shown in (b).  

The Au and Sn contribution maybe estimated by subtracting the 

experimental Au spectrum from the Sn-Au spectrum which results in the  Sn 

spectrum as shown in Fig. 4.2(a) and (b).  By calculating the integrated in-

band EUV intensity in the 13.5 nm bandwidth from both elements, it was 

found that Sn contributes over 70% whereas Au only contributes nearly 30% 

to the EUV emission in the wavelength of interest. Another interesting 

feature apparent from the spectrum subtraction is that the flat EUV emission 

in the Sn spectrum (Fig. 4.2(a)) cannot be seen in the pure Sn target (Fig. 

4.1(a)), suggesting that the composite spectrum is more complex than the 

sum of the individual elemental spectra. Only very few weakly discrete lines 

are observed in the Sn spectrum which are presumably due to higher ion 

stages of Sn, as already shown in Fig. 4.1(a). The disappearance of the 

discrete lines from the Sn spectrum produced by subtraction, may be a 
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result of strong continuum radiation as well as absorption due to the optically 

thick plasma produced in the experiment.  

 

4.3.2 Laser Power Density Dependence of the Spectra 

The experimental results (fig. 4.3(a)) show that the EUV radiation 

emitted by the Sn LPP peaks in intensity at around 13.5 nm. There is no 

significant difference in the EUV spectra at higher power densities, though 

self-absorption features become apparent at the lower values of Φ. As 

discussed in the previous section, higher tin ion stages up to Sn21+ are 

primarily responsible for the discrete lines at shorter as well as longer 

wavelengths though some lower ion stages may also contribute to the 

emission.  

At a laser power density of 1.8x1012 W/cm2, self-absorption features 

(indicated by small dips in the experimental spectra) begin to appear which 

are mainly due to Sn X (between 14 – 14.5 nm) and Sn XI (between 13 – 14 

nm). As the laser power density decreases, the electron temperature is also 

reduced and self-absorption features are expected to become more 

pronounced as a result of further absorption in the cooler outer regions of 

the plasma [18], though the appearance of such absorption is more 

pronounced when viewed away from normal, unlike the present setup, and is 

in fact greatest when viewed parallel to the surface [39]. 
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Fig. 4.3(a) Tin, (b) gold and (c) Sn-gold alloy spectra at different laser power 

densities, but constant spot size of 42 µm in diameter. The feature near 12.3 

nm is primarily due to an artefact arising from the detector calibration. 

Another interesting feature is that the intensities of the discrete lines 

are significantly reduced with decreasing power density. Lines from higher 

ion stage spectra such as Sn XIX – Sn XXII are no longer present at Φ  = 

1.8x1012 W/cm2 while lines from Sn XV and Sn XVI (both at shorter 

wavelengths) still contribute though their intensities are relatively low. The 

discrete lines at longer wavelength at this power density are mainly due to 

Sn VI – Sn IX. At the lowest power density, Φ = 8.1x1011 W/cm2, only 

transitions from Sn VI to Sn XIV contribute. 
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 The spectra of Au at different power densities (fig. 4.3(b)) exhibit 

differences particularly at wavelengths shorter than 13 nm which indicate 

that the ion stages responsible for the emission at these wavelengths are 

associated with increased power density. The spectral profile at longer 

wavelengths remains relatively unchanged at all power densities, though the 

overall intensities are much higher at higher Φ values. At power densities 

between 5.5x1012 and 1.8x1012 W/cm2, Au XXIV – Au XXVII (electron 

transitions 4d104fn-15p – 4d104fn-15d) are primarily responsible for the 

emission between 10 – 12 nm which disappears at lower power densities.  

 

Fig. 4.4 Spectrum of (a) tin and (b) tin-gold alloy at Φ = 8.1 x 1011 W/cm2 and 

spot size of 42 µm in diameter. 

The experimental results for the alloy at different power densities (fig. 

4.3(c)) indicate that it peaks around 13.5 nm. The spectra at wavelengths 

longer than 14 nm are nearly flat while the emission is less intense than for 

pure Au at shorter wavelengths. There is evidence for weak self-absorption 
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features at low power densities (fig. 4.4(b)) particularly due to Sn VIII – Sn X 

as identified by Morris et al [41] and Hayden et al [42]. Absorption by Sn XI, 

observed with the pure Sn target is not obvious in the case of the alloy (fig. 

4.4(a)).   

 

4.3.3 Spot Size Dependence of the Spectra at Constant Laser 

Energy 

The effect of spot size variation on the Sn and alloy spectra was 

studied by irradiating the targets at constant laser energy E = 527 mJ, while 

varying the laser spot size from 42 µm (Φ = 5.5x1012 W/cm2) to 356 µm (Φ = 

7.6x1010 W/cm2) in diameter.  For the pure tin target (fig. 4.5(a) and (c)), the 

peak shifts to longer wavelengths due to increased contributions from 

satellites and lower stages as the spot diameter increases. In addition, the 

strong discrete lines at shorter and longer wavelengths than 13.5 nm 

become less intense with increasing spot size.  

The discrete lines at shorter wavelengths almost completely 

disappear when the spot size is increased to 356 µm. Nevertheless the 

intensity around 13.5 nm goes up with increasing spot-size diameter 

resulting in higher conversion efficiency (CE). This is because the plasma 

temperatures for the smaller plasmas are too high and the higher ion stages 

which are produced do not radiate efficiently in the 2% band at 13.5 nm 

region. Indeed the peak emerging near 13.1 nm (Fig. 4.5(a)) arises from 4p 

– 4d transitions in ions with an open 4p subshell and is accompanied by a 

pronounced dip at 13.5 nm due to absorption in lower Sn ion stages. 
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Fig. 4.5 Spectra of (a) tin and (b) tin-gold alloy at constant laser energy (527 

mJ) while laser spot diameters were varied from 42 µm to 356 µm which 

corresponds to power densities from Φ = 5.5x1012 W/cm2 down to Φ = 

7.6x1010 W/cm2. The normalized spectra of tin and tin-gold alloy are shown 

in (c) and (d) respectively. 

The spectra of alloy targets broadly follow a similar trend as the Sn 

spectra though the self-absorption features are less pronounced (fig. 4.5(b) 

and (d)). The increased intensity at around 11.5 nm which is primarily due to 

Au XXV - XXVII (as discussed in section 4.3.1) decreases with larger spot 

size. It is also clear from these experimental results that pure tin EUV 
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emission at around 13.5 nm is generally brighter than that of pure Au and 

the alloy.   

4.3.4 Conversion Efficiency (CE) 

The nearly flat spectral output of Au and the alloy apparent across the 

10 nm to 18 nm range (within the resolution of the spectrograph) makes 

them ideal as an emitter of soft x-rays for metrology and reflectrometry in 

this region. At higher spectrograph resolution the Au emission spectrum will 

be more resolved into lines and continuum and therefore this must be borne 

in mind for any applications of gold in a metrology source.  

 

Fig. 4.6 CEs of Sn, Au and SnAu alloy at spectrometer wavelength ranges 

from 10 – 18 nm at (a) different laser pulse energy (constant spot diameter 

of 42 microns) and (b) different laser spot diameters (constant laser pulse 

energy of 527 mJ). 

 

The fact that the spectral shape is so insensitive to power density and 

plasma size makes it particularly interesting. We have looked at the 

conversion efficiency of laser input energy into soft x-rays across the 10 - 

18 nm band for all three targets as a function of power density. The results 
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plotted below (fig. 4.6(a) and (b)) indicate that the alloy has better CEs for 

both laser energy and spot size variation. 

 

Fig. 4.7 The 13.5 nm-2% band CEs of pure tin (red squares), gold (blue 

circles) and tin-gold alloy (black triangles) at (a) different power densities by 

varying laser energy while keeping spot-size diameter at 42 µm and (b) 

different focusing conditions (spot size variations ranging from 42 µm – 356 

µm at constant laser energy of 527 mJ).  

While the power densities used here were higher than the optimum 

for emission in the 13.5 nm band we examined the 13.5 nm 2% band CE for 

comparison with the published tin data. These data are shown in fig 4.7. The 

CEs of the three material targets do not change significantly in the power 

density range of 8.1x1011 W/cm2 to 5.5x1012 W/cm2. In addition, the alloy 

target exhibits perhaps slightly higher CEs than the others. However this 

trend changes when the spot size is varied while keeping the laser energy 

fixed at 527 mJ as shown in fig. 4.7(b). Under these conditions, the EUV in-

band CE of pure Sn is better than for the other targets. The maximum CEs 

for pure Sn, Au and SnAu alloy are 2.4%, 1.6% and 2.2%. The experimental 
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results obtained also suggest that the CEs of the three targets are generally 

higher with increasing spot size diameters, and hence with plasma volume. 

These results are also consistent with studies that show that the relative 

reduction in losses due to lateral expansion at larger plasma volumes leads 

to an increased emission CE [10]. It should be noted that these CEs were 

obtained by assuming the emission, recorded at near normal incidence, is 

isotropic. In fact, earlier studies have shown that this is not the case and in 

reality these percentages should be reduced.  In the case of Sn, this 

reduction is approximately 10% [5] which is also consistent with earlier 

investigations [41]. 

 

4.4 Conclusion 

Spectra of high ion stages of tin (up to Sn21+) and gold (up to Au26+) between 

10 – 18 nm have been calculated and their contribution has been identified in 

experimental spectra recorded with different laser parameters (energy and spot size 

variations) on pure tin, gold and tin-gold alloy targets. Intense EUV emission of a 

Sn-Au alloy is obtained throughout the 10-18 nm range which peaks around 13.5 

nm, where Sn emission accounts for the major contribution.  Both Au and the Sn-Au 

alloy give broad flat emission in the 10 nm to 18 nm region with a total laser CE of 

up to 47% and a spectral shape that varies little with input laser parameters.  These 

spectra suggest that this Sn-Au alloy is suitable for development as a renewable 

target material in a broadband EUV light source. 
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Chapter 5 

 

Galinstan: A Promising Liquid Target for 

EUV Sources at 13.5 nm 

 

 

5.1 Introduction 

Galinstan (68.5%wt gallium, 21.5%wt indium and 10%wt tin or atomic 

% Ga: 78.35, In: 14.93 and Sn: 6.72) has recently been proposed as a 

promising liquid metal collector optic for EUV and soft-X ray plasma sources 

[1]. Therefore it is very pertinent to explore the properties of its spectral 

emission and measure the in-band CE obtainable, as use of a galinstan 

plasma in conjunction with a galinstan coated collector would provide 

essentially a source collector module insensitive to debris. It is already 

widely recognised that tin is the best fuel for extreme ultraviolet (EUV) 

sources operating at 13.5 nm for next generation photolithography [2-9].  

Moreover the favoured strategy for high volume manufacturing or work 

involving high EUV flux involves the use of laser produced plasmas formed 

on liquid droplet targets. Currently this entails heating tin to high 

temperatures in order to produce droplets with typical diameters of a few 
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tens of microns. The use of galinstan thus would make droplet production 

and fuel handling easier due to its low melting point (280 ºC).   

It is well known that laser produced plasmas from solid or liquid 

targets containing pure Sn, generated by solid state lasers, are optically 

thick and Hayden et al [4] found that compared to Nd:YAG laser produced 

plasmas from a 100% tin foil target, targets containing 5 – 6 % tin atoms 

exhibited better conversion efficiency (CE) in the 2% wavelength band 

centered on 13.5 nm.  The opacity may be reduced by using CO2 lasers due 

to the decrease in ion density which results from the decrease in critical 

electron density [5]. This is implemented by using Nd:YAG pre-pulses to 

evaporate and ionize droplets that are then irradiated by a main CO2 pulse 

[7, 8] or using mist or distributed nanoparticle targets [10, 11].  The use of 

other fuels which emit EUV radiation at around 13.5 nm may also help 

increase the in-band CE if they are blended in a mixture or alloy. In other 

words, targets containing tin with an appropriate additive(s) may provide 

better candidates for EUV sources.  

This chapter analyzes the spectral behavior of galinstan LPPs at 

different laser power densities either by varying the laser energy or spot 

size. The in-band and out-of-band CEs as well as spectral purity are also 

presented.  

 

5.2 Experimental Details and Theoretical Calculations  

In this study, plasmas were produced by the Spectron Nd:YAG laser 

pulses at λ = 1064 nm with pulse duration 9 ns FWHM at 10 Hz described in 
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Section 2.2.2. The beam was focused using a 250 mm focal length plano-

convex lens which delivered photon energies onto the target.  The liquid 

target was uniformly coated on a rotating stainless steel surface at a 

pressure < 1x10-6 mBar. The focal spot diameter (calculated for a Gaussian 

beam with M2 = 1.2) was varied from 140 µm when the laser was in tight 

focus to 200 µm when the focusing lens was moved about 15 mm away from 

the focus. The laser power density was varied by varying the pulse energy 

between 180 – 540 mJ as well as the focusing conditions, to deliver power 

densities Φ = 7.7x1010 – 3.7x1011 W/cm2.  The EUV emission was captured 

by the Jenoptik spectrograph described in Section 2.4.1 [13, 14].  

  

Fig. 5.1 Theoretical spectra of different Ga, In and Sn ion stages calculated 

with Cowan suite of codes convolved with Gaussian broadening of 0.03 nm. 

The 2% reflection bandwidth associated with the use of multiple MoSi 

mirrors is also shown. 
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Where necessary, in order to identify both the transitions and ion 

stages responsible for the spectral emission, theoretical calculations of 

spectra were carried out using the Cowan suite of codes [15] in which the 

scaling factors were varied systematically (increased with rising ion stage) to 

fit with the experimental results. The theoretical spectra of different Ga (Ga4+ 

- Ga13+), In (In4+ - In17+) and Sn (Sn5+ - Sn18+) ion stages are shown in Fig. 

5.1. Details on the electron transitions involved in the EUV emission of these 

ions stages have been given in the previous chapter (Sections 3.1.1, 3.1.4 

and 3.1.5). 

For Sn, the emission at 13.5 nm originates from 4p – 4d, 4d – 4f 

transitions in ions with an outermost open 4d subshell, Sn10+ – Sn13+ [16]. In 

the case of In, the brightest emission is expected to be around 14.2 nm 

where the transitions responsible are the resonance 4p-4d and 4d-4f lines in 

In9+ - In12+ analogous to those responsible for emission from Sn at 13.5nm 

[17, 18].  The available data on relevant ion stages of Ga is more scant 

though some lines in Ga12+ - Ga16+ originating from 3p-3d transitions, this 

time in ions with an outermost 3p or 3d subshell, have been identified in the 

12 – 15 nm region [19].  In addition calculations showed that ions in charge 

stages from 6 to 11 times ionized also may emit strongly at wavelengths 

between 11 – 14 nm.  The transitions responsible are the resonance 3p – 

3d, 3d – 4p and 3d – 4f.   
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5.3 Results and Discussion 

5.3.1 Interpretation of Galinstan Spectra 

   A typical experimental spectrum of galinstan in the EUV range is 

shown in Fig. 5.2 which also indicates the calculated contributions of ions of 

the different elements. It is obvious that Ga ions are responsible for the 

emission at shorter wavelengths whereas indium ions dominate the 

spectrum at longer wavelengths. The EUV radiation at around 13.5 is clearly 

not only due to Sn, but also contains a sizable contribution from electronic 

transitions in Ga and In ions.  

 

Fig. 5.2 Experimental spectrum of galinstan at Φ = 3.1x1011 W/cm2. The 2% 

bandwidth for 13.5 nm emission is indicated by the dark vertical lines. 

 

It is not easy to determine which ion stages contribute the spectral 

lines at shorter wavelengths since the available data is rather limited, 

nevertheless the strongest previous identified lines of Ga12+ and Ga13+ are 
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easily identified [19].  Also, the calculated spectra predict that gallium ion 

stages below Ga12+ are responsible for the bulk of the shorter wavelength 

emission. Around 13.5 nm, the bright UTA emission is predominantly due to 

Sn10+ - Sn14+, with contributions from Ga14+ and Ga15+ as well as In10+ – In12+.   

  

5.3.2 Power Density Dependence of Galinstan Spectra 

While the spectra of galinstan at different laser power densities from 

Φ = 8.2x1010 W/cm2 to 3.1x1011 W/cm2 (Fig. 5.3(a) and 5.3(b)) all contain 

three distinct regions of emission due to the three elements present, there 

are some distinct differences amongst them. There is a general trend that 

the overall in-band emission decreases with decreasing power density.  

 

Fig. 5.3 (a) Experimental spectra of galinstan at variable power densities and 

(b) Normalized intensities of the galinstan spectra. The spectrum of pure tin 

at a power density Φ = 8.5x1011 W/cm2 is also shown in the figures. 

 

At Φ = 3.1x1011 W/cm2, the maximum intensity of the strongest line 

radiation from Ga, Sn and In are comparable. However each element in the 
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liquid target exhibits significantly different spectral behaviour at lower power 

densities. For instance, the intensity of the Ga lines decreases with 

decreasing power density more rapidly than the other two elements. At Φ = 

8.2x1010 W/cm2 the average intensity in the 12 – 12.5 nm region goes down 

by 85% of its maximum yield whereas indium and tin average intensities 

near 14.2 and 13.5 nm drop by 22% and 25%, respectively, relative to their 

maximum values. Moreover, at power densities below ~ 2.5x1011 W/cm2 

emission from indium dominates the EUV spectrum which can be inferred 

from the higher intensity observed at wavelengths longer than 14 nm.  

This behavior arises as the ion stage number of each element 

contributing to the spectra also drops as the power density decreases. While 

the changes to the Ga spectrum are more noticeable, the EUV peak at 

around 13.5 nm shifts to a slightly longer wavelength reflecting the fact that 

lower ion stages of tin are produced in the plasmas. 

 

5.3.3 Conversion Efficiencies 

The in-band (IB) emission (calculated within 2% bandwidth/2π 

steradians) and out-of-band (OOB) intensities (calculated over the 

wavelengths ranges of 10 – 13.365 nm and 13.635 – 18 nm per 2π 

steradians) of the galinstan spectra follow a similar pattern in which they 

increase with increasing power density (Fig. 5.4(a)). The IB emission 

increases from 0.15 mJ/nm/sr at Φ = 8.9x1010 W/cm2 to a maximum value of 

2.2 mJ/nm/sr at Φ = 3.0x1011 W/cm2 whereas the OOB intensity goes up 

from 4.8 mJ/nm/sr at Φ = 8.9x1010 W/cm2 to 42 mJ/nm/sr at Φ = 3.0x1011 
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W/cm2. As we can see from Fig. 5.4(b), the IB conversion efficiency (CE) 

rises with increasing laser power density until it reaches a maximum value of 

~2.5% at  Φ = 3.0x1011 W/cm2 and then it tends to levels off as the power 

density increases further (in the power density range investigated here).  

 

Fig. 5.4 (a) In-band intensities and out-of-band intensities (inset) as well as 

(b) Conversion Efficiencies (CEs) within 2% bandwidth/2πsr of galinstan at 

different power densities (at fixed laser spot diameter of 160 µm). 

 

The CE dependence on the laser spot diameter (hence plasma size) 

ranging from 160 µm to 205 µm in diameter (Φ = 3.0x1011 W/cm2 to Φ = 

1.8x1011 W/cm2) was also investigated. In Fig. 5.5(a), for laser energy of 311 

mJ and lower, the CE decreases with increasing spot size as a result of 

relatively low electron temperature plasmas. On the other hand, at a laser 

energy of 454 mJ and higher, the CE increases with increasing plasma size 

and then it drops after reaching an optimum CE value. For the same spot 

diameter, higher laser energy would generally produce higher CE. The 

maximum CE obtained from varying the plasma size is ~2.6% when the 
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laser spot diameter was set to be 180 µm while the laser energy was 542 mJ 

(Φ = 2.4x1011 W/cm2).  

 

Fig. 5.5 (a) In-band Conversion Efficiencies (CEs) within 2% 

bandwidth/2πsr of galinstan at various laser energy and spot diameter. (b) 

Spectral purity and the OOB CE (in the 10 – 13.365 nm and 13.635 – 18 nm 

region) at different power densities. 

 

The maximum CE of galinstan obtained in this investigation is better 

than the values of 2.2 % and 2.3% for pure tin targets already reported using 

Nd:YAG lasers [3, 4]. Hence gallinstan plasmas are viable as EUV sources 

for use with liquid collector optics since they eliminate the debris problem 

while simultaneously increasing the in-band CE. However the spectral purity 

is lower because of the presence of galium and indium in the liquid alloy. It 

should be noted that the spot size in the present case  is 180 µm which is 

smaller than the value of 200 µm used by Hayden et al [4] who obtained a 

maximum CE at Φ = 1.6x1011 W/cm2.  The greater power density is required 

to compensate for increased hydrodynamic expansion losses from the 
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smaller plasma. The presence of gallium and indium in the target therefore 

help to increase the in-band CE.  

The spectral purity, defined as the ratio of in-band to out-of-band 

(IB/OOB) over the 10 – 13.365 nm and 13.635 – 18 nm emission, increases 

dramatically at low power density until it reaches its maximum value of ~10% 

at laser irradiance Φ = 1.3x1011 W/cm2 (Fig. 5.5(b)). Increasing the laser 

power density further, in fact, leads to a steep drop in the spectral purity, 

though it eventually levels off at ~5% for Φ > 1.8x1011 W/cm2. The spectral 

purity of ~5% which can be inferred from Fig. 5.5(b), implies an overall CE in 

the 10-18 nm region of 52% which is comparable to the measured value of 

49% for plasmas formed on pure Sn [4].  Thus any problems associated with 

out-of-band EUV radiation are no more acute for gallinstan than for pure Sn.  

 

5.4 Conclusion 

In summary, we have observed galinstan spectra at various power 

densities and demonstrated that gallium ions are responsible for the EUV 

emission at shorter wavelengths whereas tin and indium contribute to the 

emission at longer wavelengths. The maximum conversion efficiency (CE) of 

galinstan obtained in this investigation is ~2.6% at a power density of 

2.4x1011 W/cm2 which is better than obtained with pure tin target reported in 

previous investigations with Nd:YAG lasers. Hence galinstan plasmas 

maybe viable as EUV sources for use with liquid collector optics since they 

both eliminate the debris problem while also increasing the in-band CE 

compared to pure Sn. 
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Chapter 6 

 

Characterization of Tin Laser-Produced 

Plasmas by Time-Resolved Spectroscopy  

 

 

6.1 Introduction 

As described earlier in Chapter 3, tin emits a bright unresolved 

transition array (UTA) which comprises of over 100,000 transitions, 

particularly from Sn7+ - Sn13+ ions and the intense radiation in the 13.5 nm 

region is mainly attributed to the 4p – 4d, 4d – 4f and 4d – 5p transitions [1].  

Harilal and co-workers [2] reported that tin slab or foil targets 

demonstrated better CE than that of tin-doped foam targets of low 

concentrations (<0.5 atomic %) though the latter would result in lower 

continuum radiation and narrower UTA emission. Another important concern 

which needs to be taken into account when working with tin slab targets is 

that they are likely to create optically thick plasmas which may increase 

satellite line emissions from multiply excited Sn ions which will consequently 

contribute to the opacity broadening during radiation transport [3, 4]. 
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Laser-produced plasmas (LPP) of tin have been intensively studied 

over the past few years [2, 5-8], however the time evolution of the tin UTA 

has not been well investigated. Time-resolved spectroscopy of laser-

produced tin plasmas has been studied by Harilal, et al [5], however they 

only looked at emission from Sn1+ ions instead of studying the UTA 

emission. Initial results using the Surelite Nd:YAG laser pulses from its 

second harmonic (λ = 532 nm) as described in Section 2.1.1, indicated that 

the tin UTA radiation was centered slightly off the 13.5 nm ± 2% bandwidth 

and produced a broad continuum emission throughout the laser pulse [9].  

This chapter discusses the behavior of tin LPPs through the temporal 

evolution of its EUV spectra using the fundamental wavelength (λ = 1,064 

nm) from the Surelite Nd:YAG laser as described in Section 2.2.1 at several 

laser power densities.   

 

 

6.2 Experimental Set-Up 

The experimental apparatus has been described in Chapter 2 

(Section 2.1). A pure Sn foil target (99.99% purity, 1 mm thick) placed on a 

target holder in a vacuum chamber (pumped down to ~10-6 mbar) was 

irradiated with the Surelite Nd:YAG laser (7 ns pulse width as discussed in 

Section 2.2.1) at 10o relative to the target normal. The EUV spectra were 

captured by the ultra high speed gated Hamamatsu ICCD camera (type C-

7164-03) mounted in the modified ISAN spectrometer as described in 

section 2.4.3, which covers the wavelength range from 10 – 30 nm when 

using a 600 groves/mm grating.  The EUV was wavelength shifted by a p-
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terphenyl (PTP) phosphor, and the UV emission from the phosphor was 

detected by the fast Hamamatsu camera. The system’s spectral resolution 

was approximately 0.1 nm while the temporal resolution using a p-terphenyl 

(PTP) phosphor was around 1 ns [10]. A Stanford Research System (SRS) 

delay generator was used to time the camera triggering relative to the laser 

pulse, and therefore the EUV emission, while the Hamamatsu ICCD camera 

was gated for a 2 ns window with 1 ns steps. The Sn target was exposed to 

only 2 shots at each time delay. For the purpose of calibration of the 

spectrometer’s wavelength plane, a fresh aluminium (Al) target was also 

prepared and irradiated with the Nd:YAG laser.  

 

 

6.3 Results and Discussion 

6.3.1 Tin Spectra at Ф = 7.6x1010 W/cm2  

The temporally-resolved tin spectra at a laser power density, Ф = 

7.6x1010 W/cm2 (laser spot diameter of 360 µm, laser energy 530 mJ) show 

very clearly the evolution of Sn EUV emission in which the UTA at around 

13.5 nm starts to emerge during the early stages of the plasma formation 

and dominates over the entire time (Fig. 6.1(a)). On the time scale, t = 0 ns 

corresponds to the maximum EUV intensity at this power density. At this 

power density, the Colombant and Tonon model [11] suggests that high ion 

stages (up to Sn13+) are expected to be generated while its electron 

temperature could reach up to 42 eV.   
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Fig. 6.1 Temporal evolution of Sn spectra at Ф = 7.6x1010 W/cm2 in (a) 3D 

(waterfall) plot as well as 2D plots in (b) and (c). The 13.5 nm wavelength is 

highlighted by the red lines in the figures. 

 

From the experimental figure, it is clear that the effects of absorption 

dominate the overall spectral profile towards the end of the laser pulse as 

discussed by Morris et al [12]. By reference to Fig. 3.2 (Section 3.1.2), 

several Sn ion stages involved in the emission as well as self-absorption can 
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be recognized from the dips particularly at longer times (Fig. 6.1(b) and 

6.1(c)), for example the emission of Sn X around 14 nm at t = -5 ns which 

later exhibits pronounced self-absorption (the dips around 14 nm) when the 

plasma becomes optically thick. The other dips around 13.5 nm (from t = -2 

ns to t = 7 ns) are due to self-absorption in Sn XII and Sn XI whereas the 

dips around 14.8 nm (t = 3 ns to t = 7 ns) are due to Sn IX.  

 

Fig. 6.2 Temporal evolution of the integrated intensities of the wavelength 

regions dominated by Sn VIII to Sn XI for Ф = 7.6x1010 W/cm2. 

 

While it is hard to determine the relative contributions of the ion 

stages higher than Sn10+ because their spectra overlap, we examine the 

relative population of the lower ion stages ranging from Sn7+ to Sn10+ for Ф = 

7.6x1010 W/cm2, whose spectra are better separated in terms of wavelength. 

This is done by dividing the spectrum into regions where other studies have 

shown that particular ion stages dominate, as detailed in table 6.1, and were 

previously indicated in Fig. 4.4. The normalized integrated intensities of the 
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regions dominated by Sn7+ to Sn10+ at this power density is plotted in Fig. 6.2 

which indicates that Sn10+ dominates over the other lower ion stages 

emissions over the entire plasma lifetime due to high electron temperature 

achieved in the plasma. The maximum contributions of Sn9+ and Sn10+ occur 

when the EUV emission is at its maximum (t = 0 ns) whereas both Sn VIII 

and Sn XI maximum contributions occur about 2 ns later. At this particular 

time, the electron temperature drops significantly and that gives rise to 

emission from lower stages such as Sn7+ and Sn8+. At this laser power 

density, based on the Colombant and Tonon model [11], tin stages lower 

than Sn7+ are not expected to contribute to the spectra. 

Table 6.1 Wavelength regions dominated by Sn7+ to Sn10+. 

Ion 
stages 

Wavelength 
regions (nm) 

Electron 
transitions 

% of contribution References 

Sn7+ 15.5 – 15.83 4d7 –
(4d64f+4p54d8) 

Sn7+ = 99.8% 
Sn8+ = 0.2% 

[13] 

Sn8+ 14.53 – 14.87 4d6 –
(4d54f+4p54d7) 

Sn7+ = 3.2% 
Sn8+ = 96.7% 
Sn9+ = 0.1% 

[14] 

Sn9+ 14.17 – 14.43 4d5 –
(4d44f+4p54d6) 

Sn8+ = 15.4% 
Sn9+ = 84.6% 

[14] 

Sn10+ 13.5 – 13.92 4d4 –
(4d34f+4p54d5) 

Sn9+ = 18.9% 
Sn10+ = 81.1% 

[14] 

 

 

6.3.2 Tin Spectra at Ф = 1.4x1011 W/cm2  

The tin EUV spectra at a higher laser intensity, Ф = 1.4x1011 W/cm2 

(laser spot diameter of 270 µm, laser energy 530 mJ) can be seen in Fig. 

6.3(a) – 6.3(c) which indicate that higher ion stages of tin ranging from Sn9+ 

– Sn14+ are produced in the early stages of the EUV emission (t = -8 ns to t = 



Chapter	  6	  Characterization	  of	  tin	  laser-‐produced	  plasmas	  by	  time-‐resolved	  spectroscopy	  

124	  
	  

-7 ns) while lower species (emission at wavelengths greater than 14 nm) are 

not significantly present in the plasma. As time evolves, Sn IX and Sn VIII 

emissions begin to emerge whereas the radiation from higher ion stages 

increases dramatically. Note that at this power density, based on the 

Colombant and Tonon model [11] the electron temperature is expected to 

reach up to 62 eV, which could generate high ion stages up to Sn15+.  

 

 

Fig. 6.3 Temporal evolution of Sn spectra at Ф = 1.4x1011 W/cm2 in (a) 3D 

(waterfall) plot as well as 2D plots in (b) and (c). The 13.5 nm wavelength is 

highlighted by the red lines in the figures. On the time scale, t = 0 ns 

corresponds to the maximum EUV intensity at Ф = 7.6x1010 W/cm2. 
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Interestingly, the self-absorption due to Sn XI and Sn XII at this power 

density appears at the peak of the emission (t = 0 ns) while absorption at 

longer wavelengths from lower ion stages is very limited or not present at all. 

The smaller plasma volume (focal spot diameter 270 µm) at this laser 

intensity may have contributed to the more effective emission around 13.5 

nm compared to the emission from larger plasma volume (focal spot 

diameter 360 µm) as discussed in the previous paragraph. Nevertheless the 

UTA emission over the entire wavelength range covered in this spectrometer 

continues to decrease monotonically after reaching its peak without the 

presence of any significant self-absorption features, indicating that higher 

stages are present throughout. 

 

Fig. 6.4 Temporal evolution of the integrated intensities of the wavelength 

regions dominated by Sn VIII to Sn XI for Ф = 1.4x1011 W/cm2. 

 

 The temporal evolution of the integrated intensities of the wavelength 

regions dominated by Sn VIII to Sn XI for Ф = 1.4x1011 W/cm2 is plotted in 
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Fig. 6.4. Generally, Sn XI emission dominates over the other lower ion stage 

spectra at all times and is relatively steady from t = -4 ns to t = 5 ns, though 

at t = 0 ns Sn X emits a higher overall count. There are only small 

contributions to the EUV emission from Sn VIII and Sn IX (less than 10% 

and 40% respectively with respect to the Sn X intensity). 

 

6.3.3 Tin Spectra at Ф = 4.4x1012 W/cm2  

 At even higher laser power density, Ф = 4.4x1012 W/cm2 cm2 (laser 

spot diameter of 50 µm, laser energy 530 mJ), the EUV emission around 

13.5 nm remains the dominating feature over the entire duration of the 

plasma (Fig. 6.5(a)), even though some slight self-absorption features 

around 13.5 nm are present as seen in Fig. 6.5(b) and 6.5(c). The higher 

power density employed in this experiment causes the UTA emission to 

broaden, which can be seen particularly from the higher intensities at 

wavelengths lower than 12.5 nm as well as higher than 14 nm as a result of 

the higher electron temperatures (~400 eV) achieved at Ф = 4.4x1012 W/cm2 

compared to the emission at Ф = 1.4x1011 W/cm2.  
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Fig. 6.5 Temporal evolution of Sn spectra at Ф = 4.4x1012 W/cm2 in (a) 3D 

(waterfall) plot as well as 2D plots in (b) and (c). The 13.5 nm wavelength is 

highlighted by the red lines in the figures. On the time scale, t = 0 ns 

corresponds to the maximum EUV intensity at Ф = 7.6x1010 W/cm2. 
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The higher Sn ion stages (theoretically up to Sn21+) produced at this 

flux may help reduce self-absorption features due to lower ion stages of tin 

since these are produced far from the plasma core at low density or well 

after the laser pulse, which has already been shown in chapter 4. The 

maximum spectrometer counts around 13.5 nm is nearly half of that at Ф = 

1.4x1011 W/cm2 since the higher stages do not significantly contribute at this 

wavelength. In addition, it is not possible to examine the temporal evolution 

of the integrated intensities of the wavelength regions dominated by Sn VIII 

to Sn XI as was conducted for the previous lower densities since the 

emissions from higher ion stages of tin overlap in this region. 

 

6.3.4 The In-Band Intensity  

 While the absolute timing between the laser and the EUV emission 

cannot be determined exactly in our experimental set up, we can plot the 

temporal profile of the laser and compare it with the in-band EUV emission 

at 13.5 nm ± 2% bandwidth as a function of time as shown in Fig. 6.6. The 

temporal evolution of the tin EUV emission at Ф = 7.6x1010 W/cm2, 1.4x1011 

W/cm2 and 4.4x1012 W/cm2 shows very similar trends in which it follows the 

temporal profile of the Nd:YAG laser, and that the emission lasts for nearly 7 

ns, 7.8 ns and 8 ns (FWHM) for the three power densities investigated. Note 

that theory predicts the maximum of the EUV emission to occur ~1 ns after 

the laser pulse maximum [15]. However it was not possible to verify this in 

the present experiment as it was not possible to gate the detector with 

respect to the start of the laser pulse. 
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Fig. 6.6 In-band EUV intensity (at 13.5 nm ± 2% bandwidth) from tin 

LPPs at Ф = 7.6x1010 W/cm2 (laser spot diameter of 360 µm, laser 

energy 530 mJ) (red squares), at Ф = 1.4x1011 W/cm2 (laser spot 

diameter of 270 µm, laser energy 530 mJ) (blue triangles), and Ф = 

5.5x1012 W/cm2 (laser spot diameter of 50 µm, laser energy 530 mJ) 

(red circles). 

 

 

6.4 Conclusion 

The temporal evolution of tin (Sn) laser-produced plasma have been 

characterized using a fast Hamamatsu intensified CCD camera attached to a 

modified ISAN spectrometer which allowed us to study the behavior of the 

plasma with spectral and temporal resolutions of 0.1 nm, and 1 ns 

respectively. It was found that the tin in-band EUV emission matches the 

temporal behavior of the laser pulse at laser power densities ranging from Ф 

= 7.6x1010 W/cm2 to Ф = 4.4x1012 W/cm2 in which the tin in-band EUV 
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emission lasts between 7 and 8 ns (at FWHM). Pronounced self-absorption 

features due to lower ion stages of tin ranging from Sn7+ – Sn9+ are clearly 

present at Ф = 7.6x1010 W/cm2 whereas at Ф = 1.4x1011 W/cm2 only Sn XI 

and Sn XII are responsible for the self-absorption around the peak emission 

(as can be seen from the dip at the peak) presumably due to an optically 

thick plasma.  
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Chapter 7 

 

Temporal Evolution of Tin-Gold and Tin-

Lead Alloys Laser-Produced Plasmas  

 

 

7.1 Introduction 

 As discussed in Sections 1.6 and Chapter 4, alloy targets such as tin-

gold and tin-lead have been suggested for EUV sources around 13.5 nm as 

well as broadband EUV light sources in reflectometry, surface patterning, 

photoelectron spectroscopy, surface chemical analysis and many other 

applications [1-3]. Therefore the temporal behavior of the tin-gold and tin-

lead laser-produced plasmas is of great interest to study particularly how 

gold and lead ions contribute to the Sn-Au and Sn-Pb alloy spectra over 

time. In this chapter we show how the EUV emission around 13.5 nm 

temporally evolves when a certain amount of gold and lead are mixed with 

tin.  
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7.2 Experiments 

 The experimental apparatus employed in the time-resolved 

spectroscopy of tin-gold and tin-lead alloys was largely similar to the Sn 

target experiments discussed in Chapter 6 in which the Surelite Nd:YAG 

laser operating at 1064 nm, 10 Hz repetition rate and 7 ns duration (at Full 

Width at Half Maximum = FWHM) delivering a pulse energy of up to 530 mJ 

irradiated a 100 µm-thick foil target of an 80 wt% Au – 20 wt% Sn (70.7 

atom% Au – 29.3 atom% Sn). The second target was a 100 µm-thick foil 

target of a 60 wt% Pb – 40 wt% Sn (47.8 atom% Pb – 52.2 atom% Sn) for 

comparison. 

   

  

7.3 Results and Discussion 

7.3.1 Temporal Evolution of Tin-Gold Alloy Spectra 

 A. Tin-Gold Spectra at Φ = 5.4x1011 W/cm2 

 The tin-gold spectra at Φ = 5.4x1011 W/cm2 (laser spot diameter of 

130 µm, laser energy 530 mJ) are shown in Fig. 7.1 as a function of time 

(note, as in Chapter 6, that the spectra were timed with respect to the Sn-Au 

peak emission at this power density). The UTA emission around 13.5 nm 

predominates in the early stages of the plasma formation (t = 9 ns to t = 8 ns 

before the EUV peaks) and then increased photon counts occur at shorter 

wavelength as time progresses that contain evidence of discrete line 

emission which is presumably not only due to higher ion stages of tin such 
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as Sn14+ – Sn15+ but also results from EUV emission from lower ion stages of 

gold ranging from Au5+ – Au9+ as well as higher ion stages of gold between 

Au19+ and Au22+ (primarily due to 5p-5d transitions). 

         

 

 

Fig. 7.1 Temporal evolution of Sn-Au spectra at (a) Ф = 5.4x1011 W/cm2 in 

(a) 3D (waterfall) plot as well as 2D plots in (b) and (c). The 13.5 nm 

wavelength is highlighted by the red lines in the figures. 
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The EUV light observed at longer wavelength is also dominated by 

gold ions ranging from Au19+ – Au22+ (mainly due to 5s-5p transitions). 

Theoretical calculations of the ion population contributing to the spectra at 

this power density using the Colombant and Tonon model [4] supports the 

experimental data that gold ion stages up to Au22+ and Sn ion stages up to 

Sn20+ could be generated at an electron temperature of 70 eV.   

 

B. Tin-Gold Spectra at Φ = 4.4x1012 W/cm2 

At a higher laser power density, Ф = 4.4x1012 W/cm2 (laser spot 

diameter of 50 µm, laser energy 530 mJ) in the early stages of the plasma 

formation (t = -9 ns to t = -7 ns), again, emission from Sn ions predominates 

particularly from higher ion stages ranging from Sn9+ – Sn14+ (Fig. 7.2(a) and 

7.2(b)). The gold EUV emission contributes significantly from t = -6 ns to t = 

6 ns which can be observed from the greatly increased contributions at 

wavelengths lower and greater than 13.5 nm. The emission around 13.5 nm 

dominates over the other emission at lower and longer wavelengths only in 

the early stages and near the end of the plasma formation whereas the peak 

shifts to lower and longer wavelengths due to the presence of gold ions in 

the plasma at the other times. In other words, this feature is not in tin spectra 

only so it must be due to gold ions. 
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Fig. 7.2 Temporal evolution of Sn-Au spectra at (a) Ф = 4.4x1012 W/cm2 in 

(a) 3D (waterfall) plot as well as 2D plots in (b) and (c). The 13.5 nm 

wavelength is highlighted by the red lines in the figures. Note that all of the 

spectra were timed with respect to the Sn-Au peak emission at Ф = 5.4x1011 

W/cm2 as discussed in previous section. 
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There are two possible explanations for the apparent dips observed 

around 13.5 nm which occur around the peak emission, i. e.: 

(1) Tin atoms were ionized to stages higher than those that emit near 

13.5 nm due to the high laser irradiance.  

At Ф = 4.4x1012 W/cm2, the Colombant and Tonon model [4] suggests 

that Sn22+ – Sn27+ and Au27+ – Au33+ should dominate the plasma, 

though the EUV emission from lower ion stages of both atomic species 

could also contribute to the emission around 13.5 nm. However both of 

the higher tin and gold stages are not expected to contribute to the 

emission around 13.5 nm since they do not emit EUV in the 10 – 18 nm 

region. Instead, Sn22+ - Sn27+  emit EUV at wavelengths longer than 18 

nm whereas Au27+ - Au33+ stages emit relatively weak soft X-ray at 

wavelengths shorter than 10 nm. Therefore lower stages of both tin and 

gold are expected to dominate the EUV emission  in the 10 – 18 nm 

region.	  

This hypothesis is also based on the fact that the emission around 12 

nm (presumably from higher ion stages of gold due to 5p – 5d 

transitions) and 14 – 17 nm (as a result of 5s-5p transitions) are very 

high (see Fig. 7.2). The high electron temperatures (~400 eV) produced 

at this laser flux may result in the less effective emission of Sn7+ – Sn13+ 

since the EUV radiation at 13.5 nm is produced by these stages. 

(2) Pronounced self-absorption due to Sn XI and Sn XII.  
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In principle, Nd:YAG laser-produced plasmas of tin are optically thick and 

will block some of the EUV radiation escaping through the plasma. Thus 

at this relatively high laser irradiance, pronounced self-absorption 

features due to Sn10+ and Sn11+ could be present in the spectra, and, if 

so, could be observed from the dip signatures around 13.5 nm. However 

the absence of absorption from lower stages of Sn favors the first 

explanation.  

 

7.3.2 Temporal Evolution of Tin-Lead Alloy Spectra 

A. Tin-Lead Spectra at Φ = 5.4x1011 W/cm2 

In theory, at Φ = 5.4x1011 W/cm2 (laser spot diameter of 130 µm, 

laser energy 530 mJ), lead ion stages ranging from Pb18+ to Pb23+ and 

electron temperature of nearly 70 eV [4] could be produced during the 

plasma formation. However, again, tin ions predominate in the early stages 

of the plasma particularly in the UTA around 13.5 nm as can be seen in Fig. 

7.3.  Lead ions significantly contribute to the spectral broadening at shorter 

and longer wavelengths over time which is very similar to what happens with 

the Sn-Au mixture as discussed earlier, though the lead spectral contribution 

is lower than that of gold, primarily due to the lower atomic percentage of 

lead present in the Sn-Pb alloy. Nevertheless, Pb also helps to reduce the 

self-absorption features which may be obvious in spectra from pure tin 

targets at this flux. 
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Fig. 7.3 Temporal evolution of Sn-Pb spectra at (a) Ф = 5.4x1011 W/cm2 in 

(a) 3D (waterfall) plot as well as 2D plots in (b) and (c). The 13.5 nm 

wavelength is highlighted by the red lines in the figures. 
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B. Tin-Lead Spectra at Φ = 4.4x1012 W/cm2 

 

 

Fig. 7.4 Temporal evolution of Sn-Pb spectra at (a) Ф = 4.4x1012 W/cm2 in 

(a) 3D (waterfall) plot as well as 2D plots in (b) and (c). The 13.5 nm 

wavelength is highlighted by the red lines in the figures. 
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The spectra of Sn-Pb at a laser irradiance, Ф = 4.4x1012 W/cm2 (laser 

spot diameter of 50 µm, laser energy 530 mJ) are shown in Fig. 7.4 and are, 

again, broadly similar to the Sn-Au spectra at the same power density. This 

includes the domination of Sn ions in the early stages and near the end of 

the plasma formation, the dips around t = 0 ns in the 13.5 nm region which 

could be due to over ionization or self-absorption, and also the spectral 

broadening due to contributions from the Pb ions. Note that in theory [4], 

lead ion stages up to Pb34+ (electron temperature ~400 eV) could be 

generated in the plasma at this laser irradiance. However, unlike in the Sn-

Au plasmas, the enhanced EUV intensity around 12 nm (t = -3 ns to t = 2 ns 

in Fig. 7.4), based on Cowan code calculations [5], is mostly due to Pb14+ to 

Pb19+ whereas in the case of Sn-Au, it arises mainly from Au22+ to Au24+ ions. 

 

7.3.3 Tin-Gold and Tin-Lead In-Band Intensities 

Again, we can plot the temporal profile of the Nd:YAG laser pulse and 

compare it with the in-band EUV emission at 13.5 nm ± 2% bandwidth as a 

function of time for both mixtures as shown in Fig. 7.5 even though the 

absolute timing between the laser and the EUV emission cannot be 

determined exactly in this experimental set up. In the figure, the in-band 

intensities were normalized with respect to the maximum intensity obtained 

for Sn-Au at Ф = 5.4x1011 W/cm2. The temporal evolution of the two mixtures 

exhibits very similar behavior at the same laser power density, in which they 

appear to follow the temporal behavior of the Nd:YAG laser, and the overall 

emission lasts between 9 and 9.5 ns at FWHM.  
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Fig. 7.5 (a) In-band EUV intensity (at 13.5 nm ± 2% bandwidth) from 

Sn-Au and Sn-Pb LPP at different power densities. (b) Tin in-band 

and out-of-band EUV intensity compared with the out-of-band EUV 

intensity (in the ranges between 10-13.365 nm and 13.653-18 nm) at 

Ф = 5.4x1011 W/cm2 and (c)  at Ф = 4.4x1012 W/cm2. 

 

 

It is also clear from Fig. 7.5 (a-c) that the presence of gold and lead in 

the Sn-Au and Sn-Pb alloys gives rise to the EUV emission in the shorter 

and longer wavelengths (around t = 0 ns) which eventually causes the 

emission of the alloys to last longer than the pure tin. At both Ф = 5.4x1011 

W/cm2 and 4.4x1012 W/cm2 laser power densities (fig. 7.5(b) and (c)), the 

OOB emission lasts slightly longer than the in-band intensity of pure tin 
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targets which is presumably due to the emission from lower ion stages of Au 

and Pb in the early stages and near the end of the EUV emission. 

 

 

 

7.4 Conclusion 

Two alloy targets containing tin have been investigated to study their 

spectral evolution over time in which both Sn-Au and Sn-Pb plasmas show 

very similar temporal behavior at the same laser irradiance. Emission from 

tin ions predominates in the early stages and near the end of the plasma 

formation while gold and lead stages contribute to the spectral broadening. 

Pronounced dips around the peak emissions at Ф = 4.4x1012 W/cm2 could 

be due to generation of Sn ions in stages too high to emit near 13.5 nm, 

while the increased photon counts around 12 nm are as a result of emission 

from Au22+ to Au24+ ions in the Sn-Au target and Pb14+ to Pb19+ ions in the Sn-

Pb LPPs. In other words, the plasma is too hot to emit EUV around 13.5 nm 

because Au and Pb emit at lower and higher wavelengths. For both target 

materials, regardless of the power density employed in the experiments, the 

in-band EUV emission lasts between 9 and 9.5 ns at FWHM. 
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Chapter 8 

 

Time-Resolved Spectroscopic Studies of 

Gadolinium Laser-Produced Plasmas  

 

 

8.1 Introduction 

Recent work on Gd laser-produced plasma (LPP) has been focused 

on the spectral behavior of the UTA over different power densities, initial 

target densities and conversion efficiencies (CE) [1-4]. Experimental work 

has proven that high power density [3], hence high electron temperatures, 

are required to create high ion stages of Gd (especially Ag- and Pd-likeGd 

XVIII – Gd XXI) [5] for effectively generating intense EUV emission around 

6.7 nm. In addition, as already discussed in section 3.2, a plasma 

temperature around 110 eV is needed for optimum brightness at 6.76 nm [5-

8]. 

A study of the dependence of CE on laser pulse duration revealed 

that a sub-nanosecond laser pulse would be required to optimize the 

generation of EUV from Gd targets [3], though the in-band CE obtained from 

this experiment was only 0.4% (into a 0.6% bandwidth), and it was also 
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suggested that the use of a laser with a longer wavelength such as CO2 

would be expected to produce a higher CE. Nevertheless, a CE greater than 

1% has been demonstrated (into a 2% bandwidth) in the laboratory with a 

Nd:YAG laser operating at λ = 1064 nm for a pure Gd target whereas a 

higher CE was achieved with a Gd2O3 target even though self-absorption at 

the peak emission remains a big issue in both target materials [2]. As 

reported in the tin case [9], EUV emission from a Gd LPP is expected to 

largely depend upon the viewing angle of the captured emission, and this 

hypothesis has been experimentally confirmed by O’Gorman and co-workers 

[4] in which spectra observed at a 90o-viewing angle showed more 

pronounced self-absorption than at 45o and was predominantly due to lower 

ion stages of Gd that, based on previous theoretical calculations for Sn LPP 

[10], result from cold plasma produced by the EUV emission itself on the 

target surface surrounding the plasma. 

The temporal evolution of EUV spectra is also of great interest 

particularly to understand the behavior of the EUV and visible emission over 

time as well as the plasma expansion rate. In this Chapter the latest 

experimental studies on the time-resolved spectroscopy of Gd LPPs are 

reported. 
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8.2 Experiments 

The experimental set up used in this experiment is largely similar to 

that used for the Sn, Sn-Au and Sn-Pb alloy experiments discussed in 

Chapters 6 and 7, in which the Nd:YAG laser described in section 2.2.1, 

operating at 1064 nm, 10 Hz repetition rate and 7 ns duration (at Full Width 

at Half Maximum = FWHM) delivering photon energy of up to 530 mJ was 

directed onto a pure Gd foil target (99.99% purity, 1 mm thick). The EUV 

spectra were captured by an ultra high speed gated Hamamatsu ICCD 

camera (type C-7164-03) mounted in a modified ISAN spectrometer as 

described in Chapter 6. The Gd target was irradiated with only 2 shots at 

each time delay. As before, spectra from an Al target were used for 

wavelength calibration (see also section 2.4.3.E). 

 

8.3 Results and Discussion 

8.3.1 Time-Integrated Spectra of Gd LPP 

The time-integrated spectra of Gd LPPs (over 1 ms exposure time) 

were experimentally studied at 3 different power densities by changing the 

laser spot sizes while keeping the laser energy fixed at 530 mJ, resulting in 

power densities of Ф = 7.6x1010 W/cm2 (laser spot diameter of 360 µm), Ф = 

5.4x1011 W/cm2 (laser spot diameter of 130 µm), and Ф = 4.4x1012 W/cm2 

(laser spot diameter of 50 µm) which can be seen in Fig. 8.1. According to 

the Colombant and Tonon model [11] (as discussed in Sections 1.4 and 3.2), 

the corresponding electron temperatures are 43 eV, 140 eV and 480 eV 
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whereas the corresponding maximum ion stages are Gd13+, Gd22+ and Gd32+. 

The integrated spectrum at Ф = 7.6x1010 W/cm2 is dominated by emission 

around 6.9 nm and a feature around 7.4 nm whereas the peak shifts to 

around 6.7 nm at higher power densities. Some self-absorption features 

from lower ion stages of Gd (primarily due to Gd11+ - Gd14+) are also present, 

especially at Ф = 5.4x1011 W/cm2. 

  

Fig. 8.1 The time-integrated spectra for different laser power densities.  

 

8.3.2 Temporal Evolution of Gd Spectra at Ф = 7.6x1010 W/cm2  

At Ф = 7.6x1010 W/cm2 (Fig. 8.2(a) and (b)), the plasma starts to emit 

significant EUV radiation at t = -4 ns (4 ns before the EUV peak emission) 

which is dominated by emission around 6.9 nm and a feature around 7.4 nm 

which are both associated with emission from Gd9+ - Gd13+ (according to the 

Cowan calculations and also as discussed in reference [5] at this relatively 

low irradiance).  Note that all of the spectra were timed with respect to the 
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peak emission at Ф = 4.4x1012 W/cm2. The shape of the spectrum does not 

change much with time because at this power density the plasma is not hot 

enough to produce higher ion stages and therefore the emission ratio 

between the two peaks remains almost constant, though they broaden 

around the peak of the emission (at t = 0 ns). The continuum radiation due to 

most likely recombination is also relatively high particularly near the peak of 

the emission. 

 

Fig. 8.2 Temporal evolution of Gd spectra at Ф = 7.6x1010 W/cm2 in (a) 3D 

(waterfall) plot as well as (b) 2D plot. 

 

8.3.3 Temporal Evolution of Gd Spectra at Ф = 5.4x1011 W/cm2  

At Ф = 5.4x1011 W/cm2 (Fig. 8.3(a) and (b)), there are significant 

differences in the spectral shape over time particularly in the peak emission 

which shifts to around 6.7 nm. In the early stages of the plasma (t = -5 to -2 

ns), the EUV spectral shape is quite flat over the wavelength range of 6.6 – 
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7.3 nm which indicates that lower stage Gd ions predominate. Only 1 ns 

before the peak of the emission, the UTA around 6.7 nm gradually increases 

even though there are some pronounced dips near 6.9 nm (particularly at t = 

-2 ns and t = 2 ns) as well as at 7.5 nm which may indicate the presence of 

absorption from lower ion stages of Gd, as also widely observed in Sn 

targets [9], though further experiments are needed to confirm this. The most 

dramatic changes in the spectral shape occur at the peak of the EUV 

emission where the 6.7 nm emission is a lot brighter than the rest of the 

wavelength range covered by the modified ISAN spectrometer. However the 

emission very quickly decreases as the temperature drops essentially 

following the laser temporal profile. 

 

Fig. 8.3 Temporal evolution of Gd spectra at Ф = 5.4x1011 W/cm2 in (a) 3D 

(waterfall) plot as well as (b) 2D plot.  
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8.3.4 Temporal Evolution of Gd Spectra at Ф = 4.4x1012 W/cm2  

At a laser irradiance Ф = 4.4x1012 W/cm2, which is high enough to get 

Pd- and Ag-like Gd stages, the shape of the spectra also changes 

significantly which shows the domination of the peak around 6.7 nm over the 

course of the EUV emission (Fig. 8.4(a) and (b)). The in-band intensity 

around 6.7 nm at this power density is nearly 2.5 times higher than that of 

illumination with Ф = 5.4x1011 W/cm2 (or almost 10 times higher than that 

when the target is irradiated with Ф = 7.6x1010 W/cm2). This behavior is 

primarily due to higher electron temperatures throughout the entire plasma 

lifetime, at this power density which is high enough to further ionize Gd 

atoms compared to the lower power densities. Nevertheless some self-

absorption by lower ion stages of Gd is also obvious at the higher power 

density, though this is less pronounced than at lower power density. As well, 

from the time-integrated spectra (Fig. 8.1) one can directly see the 

dependence of Gd spectral shape on the laser power density in which the in-

band intensity at 6.7 nm reaches its highest intensity when the target is 

irradiated at Ф = 4.4x1012 W/cm2.  
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Fig. 8.4 Temporal evolution of Gd spectra at Ф = 4.4x1012 W/cm2 in (a) 3D 

(waterfall) plot as well as 2D plots in (b) and (c). 

 

8.3.5 The In-Band Intensities 

Again, while the absolute timing between the laser and the EUV 

emission cannot be determined precisely in our experimental set up, we can 
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plot the temporal profile of the laser and compare it with the in-band EUV 

emission at 6.7 nm ± 1% bandwidth as shown in Fig. 8.5. Note that all of the 

spectra were timed with respect to the peak emission at Ф = 4.4x1012 

W/cm2. It is clear that the Gd plasma emits at over half its maximum intensity 

for approximately 2.5 ns at Ф = 7.6x1010 W/cm2, 4 ns at Ф = 5.4x1011 W/cm2 

and 7.5 ns when the power density is increased to Ф = 4.4x1012 W/cm2 and 

that the temporal behavior of the Gd EUV emission matches the temporal 

profile of the Nd:YAG laser at the later laser irradiance.  The shorter 

emission duration for lower power densities can be explained by the fact that 

the electron temperature must be above 100 eV to ionize Gd atoms to 

produce the UTA responsible for the EUV emission around 6.7, and this 

temperature is only reached at the temporal peak of the laser pulse [6, 8]. 

 

Fig. 8.5 In-band EUV intensity (at 6.7 nm ± 1% bandwidth) from Gd LPP at 

Ф = 7.6x1010 W/cm2, Ф = 5.4x1011 W/cm2, and (c) Ф = 4.4x1012 W/cm2.  
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 8.4 Conclusion 

We have studied the temporal behavior of gadolinium (Gd) laser-

produced plasmas using a modified grazing incidence spectrometer between 

6 nm and 9 nm, which allows us to capture the evolution of the plasma with 

spectral and temporal resolutions of 0.1 nm and 1 ns, respectively. We 

discovered that the EUV emission follows the temporal behavior of the laser 

pulse at the highest laser power density of Ф = 4.4x1012 W/cm2 in which the 

EUV emission lasts for 7.5 ns (at FWHM) whereas at Ф = 5.4x1011 W/cm2 

and Ф = 7.6x1010 W/cm2 the emission lasts for only 4 ns and 2.5 ns 

respectively (shorter than the laser pulse duration) due to the lower electron 

temperature achieved in the plasma generation. 

 

 

 

 

 

 

 

 

 

 



Chapter	  8	  Time-‐resolved	  spectroscopic	  studies	  of	  gadolinium	  laser-‐produced	  plasmas	  

156	  
	  

References 

[1] T. Otsuka, D. Kilbane, J. White, T. Higashiguchi, N. Yugami et al., Rare-

earth plasma extreme ultraviolet sources at 6.5–6.7 nm, Appl. Phys. Lett. 97, 

111503 (2010). 

[2] T. Otsuka, D. Kilbane, T.Higashiguchi, N.Yugami, T. Yatagai, W. Jiang, 

A. Endo, P. Dunne, and G. O’Sullivan, Appl. Phys. Lett. 97, 231503 (2010). 

[3] T. Cummins, T. Otsuka, N. Yugami, W. Jiang, A. Endo, Appl. Phys. Lett. 

100, 061118 (2012). 

[4] C. O’Gorman, T. Otsuka, N. Yugami, W. Jiang, A. Endo, Appl. Phys. Lett. 

100, 141108 (2012). 

[5] S.S. Churilov, R. R. Kildiyarova, A. N. Ryabtsev and S. V. Sadovsky, 

Phys. Scr. 80, 045303 (2009).  

[6] G. O’Sullivan and B. Li, J. Micro/Nanolith. MEMS MEOMS 11(2), 021108 

(2012). 

[7] B. Li, P. Dunne, T. Higashiguchi, T. Otsuka, N. Yugami, W. Jiang, A. 

Endo, and G. O’Sullivan, Appl. Phys. Lett. 99, 231502 (2011). 

[8] D. Kilbane and G. O’Sullivan, J. Appl. Phys. 108, 104905 (2010). 

[9] O. Morris, F. O’Reilly, P. Dunne, and P. Hayden, Appl. Phys. Lett. 92, 

231503 (2008). 

[10] J. Filevich, J. J. Rocca, E. Jankowska, E. C. Hammarsten, K. Kanizay, 

and M. C. Marconi, S. J. Moon, and V. N. Shlyaptsev, Phys. Rev. E 67, 

056409 (2003). 



Chapter	  8	  Time-‐resolved	  spectroscopic	  studies	  of	  gadolinium	  laser-‐produced	  plasmas	  

157	  
	  

[11] D. Colombant and G. F. Tonon, Applied Physics 44(8), 3524 (1973). 

[12] R. D. Cowan, "The theory of atomic structure and spectra". Berkeley: 

University of California Press (1981). 



Chapter	  9	  Conclusion	  

158	  
	  

Chapter 9 

 

Conclusion 

 

 Spectral emission from laser-produced plasmas of several target 

materials such as tin, tin-gold alloy, tin-lead alloy, galinstan and gadolinium 

for EUV sources at 13.5 nm and 6.7 nm, as well as for broadband EUV 

sources in the 10 – 18 nm region, have been theoretically and 

experimentally characterized. Certain ion stages of Sn, Au, Pb, Ga and In 

emit EUV radiation around 13.5 nm when irradiated with a laser pulse, which 

depends on the laser parameters including the laser irradiance, pulse 

duration/shape and laser wavelength. Target geometry and chemical 

composition also play significant roles in the EUV generation. 

 For pure tin targets, the strong UTA centered around 13.5 nm is 

mostly due to 4d – 4f and 4p – 4d in the Sn VIII – Sn XV spectra, though 

higher stages such as Sn15+ – Sn21+ also contribute to the emission around 

the wavelength of interest. The CE does not change appreciably when Sn is 

mixed with Au in the form of a Sn-Au alloy target. However, lowering the 

laser irradiance by changing the spot diameter helps to increase the in-band 

CE. Both Au and Au-Sn alloy plasmas give broad flat emission in the 10 nm 
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to 18 nm region, with a spectral shape that varies only slightly with the input 

laser parameters. The flatness of the EUV emission in the 10 – 18 nm region 

suggests that the pure Au and Sn-Au alloy may be used as broadband EUV 

sources for reflectometry measurements on mirrors for EUV lithography 

around 13.5 nm. 

Technical issues associated with solid targets containing tin can be 

overcome by using galinstan as a viable target for EUV sources around 13.5 

nm for use with liquid collector optics since this eliminates the debris 

problem. In addition, at certain laser power densities (higher than the 

optimum laser power density for 13.5 nm emission), galinstan is also a 

promising target for broadband EUV sources in the 10 – 18 nm range since 

its broadband CE is relatively high due to the comparability of the maximum 

intensity of the strongest line radiation from Ga, Sn and In present in the 

liquid alloy.   

For the first time we employed time-resolved spectroscopic 

measurements to study the temporal evolution of laser-produced plasmas of 

Sn-Au, Sn-Pb and Gd targets using a fast Hamamatsu intensified CCD 

camera attached to a modified ISAN spectrometer, in addition to the Sn 

temporal evolution measurements. The time-resolved spectroscopic studies, 

which have not been done elsewhere before, confirm that the EUV emission 

of the selected targets show very similar trends in which it follows the 

temporal profile of the Nd:YAG laser, though the EUV emission duration 

varies with the laser irradiance. 



Chapter	  9	  Conclusion	  

160	  
	  

Based on this thesis, we suggest that future work should be focused 

on the use of an Nd:YAG laser as a pre-pulse laser and then followed by a 

longer wavelength laser illumination, such as a CO2 laser, to reheat the 

plasma and generate optically thin plasmas of galinstan to achieve much 

higher CEs. 
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Appendix A 

The cowan code inputs 

 

A.1 Input files for calculated Sn spectra 

A.1.1 Sn VI 

 

A.1.2 Sn VII 

 

 

A.1.3 Sn VIII  
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A.1.4 Sn IX 

 

A.1.5 Sn X 

 

A.1.6 Sn XI 

 

 

A.1.7 Sn XII 
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A.1.8 Sn XIII 

 

A.1.9 Sn XIV 

 

A.1.10 Sn XV 

 

A.1.11 Sn XVI 

 

A.1.12 Sn XVII 
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A.1.13 Sn XVIII 

 

A.1.14 Sn XIX 

 

A.1.15 Sn XX 

 

A.1.16 Sn XXI 

 

A.1.17 Sn XXII 

 

 

A.2 Input files for calculated Au spectra 

A.2.1 Au VI 
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A.2.2 Au VII 

 

A.2.3 Au VIII 

 

A.2.4 Au IX 

 

A.2.5 Au X 

 

A.2.6 Au XI 

 

A.2.7 Au XII 

 

A.2.8 Au XIII 
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A.2.9 Au XIV 

 

A.2.10 Au XV 

 

A.2.11 Au XVI 

 

A.2.12 Au XVII 

 

A.2.13 Au XVIII 

 

A.2.14 Au XIX 
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A.2.15 Au XX 

 

 

 

A.2.16 Au XXI 

 

 

 

A.2.17 Au XXII 
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A.2.18 Au XXIII 

 

 

 

A.2.19 Au XXIV 

 

 

 

A.2.20 Au XXV 
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A.2.21 Au XXVI 

 

 

 

A.2.22 Au XXVII 

 

 

 

 

A.3 Input files for calculated Pb spectra 

A.3.1 Pb VI 

 

A.3.2 Pb VII 

 

 



Appendices	  

170	  
	  

A.3.3 Pb VIII 

 

A.3.4 Pb IX 

 

A.3.5 Pb X 

 

A.3.6 Pb XI 

 

A.3.7 Pb XII 

 

A.3.8 Pb XIII 

 

A.3.9 Pb XIV 
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A.3.10 Pb XV 

 

A.3.11 Pb XVI 

 

A.3.12 Pb XVII 

 

A.3.13 Pb XVIII 

 

A.3.14 Pb XIX 

 

A.3.15 Pb XX 

 

A.3.16 Pb XXI 
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A.3.17 Pb XXII 

 

A.3.18 Pb XXIII 

 

 

 

A.3.19 Pb XXIV 

 

 

 

A.3.20 Pb XXV 
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A.3.21 Pb XXVI 

 

 

 

A.3.22 Pb XXVII 

 

 

 

 

A.4 Input files for calculated Ga spectra 

A.4.1 Ga V 
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A.4.2 Ga VI 

 

A.4.3 Ga VII 

 

A.4.4 Ga VIII 

 

A.4.5 Ga IX 

 

 

 

 



Appendices	  

175	  
	  

A.4.6 Ga X 

 

A.4.7 Ga XI 

 

A.4.8 Ga XII 

 

A.4.9 Ga XIII 
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A.4.10 Ga XIV 

 

 

A.5 Input files for calculated In spectra 

A.5.1 In V 

 

A.5.2 In VI 

 

A.5.3 In VII 

 

A.5.4 In VIII 
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A.5.5 In IX 

 

A.5.6 In X 

 

A.5.7 In XI 

 

A.5.8 In XII 

 

A.5.9 In XIII 

 

A.5.10 In XIV 
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A.5.11 In XV 

 

A.5.12 In XVI 

 

A.5.13 In XVII 

 

A.5.14 In XVIII 

 

 

A.6 Input files for calculated Gd spectra 

A.6.1 Gd VI 

 

A.6.2 Gd VII 

 

A.6.3 Gd VIII 
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A.6.4 Gd IX 

 

A.6.5 Gd X 

 

A.6.6 Gd XI 

 

A.6.7 Gd XII 

 

A.6.8 Gd XIII 

 

A.6.9 Gd XIV 

 

A.6.10 Gd XV 

 

A.6.11 Gd XVI 
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A.6.12 Gd XVII 

 

A.6.13 Gd XVIII 

 

A.6.14 Gd XIX 

 

A.6.15 Gd XX 

 

A.6.16 Gd XXI 

 

A.6.17 Gd XXII 

 

A.6.18 Gd XXIII 
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A.6.19 Gd XXIV 

 

A.6.20 Gd XXV 

 

A.6.21 Gd XXVI 

 

A.6.22 Gd XXVII 
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Appendix B 

Matlab codes 

 

1. Matlab codes for reading images recorded on MCP or PTP phosphor 

 

clear 
 
cols=['r','b','g','k','r','b','g','k','r','b','g','k','r','b','g','k
','r','b','g','k']; 
  
%load the file that contains all the input and out filenames ******* 
disp(['Input and output variables loaded from ISAN_prog_inputs.m']) 
disp([' This file is located in ' ]) 
ISAN_prog_inputs1_e1 
%pause 
%******************************************************************* 
  
plot_rows=3; 
plot_cols=2; 
  
nof=length(fnums);%number of files 
  
for i=1:nof 
  
    %generate filename 
%    filename=[expt_name descr1 num2str(descr2(i)) ]; 
    ref_file_name=[froot num2str(fnums(i))] 
    fname=[ref_file_name '_rotshftd.tif']; 
    %read in processed image 
     
    %gray_im=imread(fname,'jpg'); 
    gray_im=imread(fname); 
     
    gray_im=double(gray_im);%convert from uint to double; 
     
  
    %plot gray scale image 
    figure(1) 
    clf 
    image(gray_im); 
    figure(1) 
    hold on 
     
    title([expt_name   ]); 
    dims=size(gray_im); 
    imrows=dims(1) 
    imcols=dims(2) 
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    smooth_im=gray_im  
    new_row=vert_sum(smooth_im, imrows); 
     
    orig_row=vert_sum(gray_im, imrows); 
    %orig_row=gray_im();    
    figure(2) 
    %plot and compare the selected row 
     
    plot(new_row,cols(1)) 
    hold on 
    plot(orig_row,cols(2)) 
    hold off 
     
    grid on 
     
    % save the extracted rows 
%     if descr2(i) <0 
%         save_name=[expt_name  'm' num2str(abs(descr2(i))) 'mm' ]; 
%     else 
%         save_name=[expt_name  'p' num2str(abs(descr2(i))) 'mm' ]; 
%     end 
    save_name=[expt_name  num2str(abs(descr2(i))) 'ns' ]; 
     
    savstrg=['save ' save_name '.txt new_row -ascii -tabs'] 
    eval(savstrg) 
  
    clear new_row row_calc gray_im 
end 
%-------------------------------------------------------------------
- 
 

 

2. Matlab codes for reading images recorded by Jenoptik spectrometer 

 

clear all 
close all 
  
data1 = load ('PbSnAu_9_27.txt'); 
  
data1=data1(:,2:1025); 
  
cal=load('new_new_response.dat'); 
xrange=cal(:,1); 
d_xrange = cal(:,2); 
S=cal(:,4); 
  
figure(1) 
subplot(5,1,1) 
surf(data1) 
shading interp 
view(0,90) 
  
figure(2) 
int_x = trapz(data1'); 
plot(int_x) 
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spec = trapz(data1(400:700,:)); 
spec = spec'; 
corrected_spec = spec./S./301; 
  
figure(3) 
plot(xrange,spec/301, xrange, corrected_spec) 
  
figure(4) 
plot([13.5 13.5] , [0 2600], 'linewidth', 12, 'color', [0.8 0.8 
0.8]); 
hold on 
plot(xrange, corrected_spec, 'color', 'r') 
hold on 
  
figure(5) 
plot([13.5 13.5] , [0 2600], 'linewidth', 12, 'color', [0.8 0.8 
0.8]); 
hold on 
plot(xrange, corrected_spec/max(corrected_spec), 'color', 'r') 
hold on 
%-------------------------------------------------------------------
- 
 

3. Matlab codes for waterfall plot  

 

clear all; 
close all; 
  
  
disp(['Input and output variables loaded from ISAN_prog_inputs.m']) 
disp([' This file is located in ' ]) 
ISAN_prog_inputs_327 
%pause 
%******************************************************************* 
  
cols=['b','b','g','k','b','b','g','k','b','b','g','k','b','b','g','k
','b','b','g','k']; 
  
rows=round(length(descr2)/2); 
columns=2; 
  
figure(3) 
  
  
  
for i=1:length(descr2) 
  
        %generate filename 
    filename=[expt_name  num2str(abs(descr2(i))) 'ns' ]; 
     
    fname=[filename '_rotshftd.tif']; 
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    fnametxt=[filename,'.txt']; 
    lstrg=['load -ascii ' fnametxt]; 
    eval(lstrg) 
    samp_datastrg=[filename '(:,:)']; 
    samp_data=eval(samp_datastrg); 
    all_data(i,:)=samp_data; 
  
    pixval=1:length(samp_data); 
     
    y1=samp_data,cols(i); 
    windowsize=5; 
    yfilter1=filter(ones(1,windowsize)/windowsize,1,y1); 
     
    figure(3) 
     
    load ISAN_Sncal_poly.txt 
    p=ISAN_Sncal_poly; 
  
    calc_waves=polyval(p,pixval); 
    calc_waves=calc_waves/1; 
     
  delay=descr2; 
    abs_delay=delay-334; 
    abs_delay=abs_delay.*1; 
  
    waterfall(calc_waves, abs_delay, yfilter1) 
    set(gca, 'xlim', [11 18], 'Fontsize',16) 
set(gca, 'XTick', [11:1:18]); 
set(gca, 'ylim', [-10 12], 'Fontsize',16) 
set(gca, 'yTick', [-10:2:12]); 
set(gca, 'zlim', [0 50], 'Fontsize',16) 
    xlabel('Wavelength (nm)') 
    ylabel('Time (ns)') 
    zlabel('Intensity (arb. unit)') 
   
    hold on 
  
     
end 
%-------------------------------------------------------------------
- 
 

 

4. Matlab codes for subplot 

 

clear 
   
%load the file that contains all the input and out filenames ******* 
disp(['Input and output variables loaded from ISAN_prog_inputs.m']) 
disp([' This file is located in ' ]) 
ISAN_prog_inputs3 
%pause 
%******************************************************************* 
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cols=['r','b','g','k','r','b','g','k','r','b','g','k','r','b','g','k
','r','b','g','k']; 
  
rows=round(length(descr2)/2); 
columns=2; 
  
figure(1) 
clf 
figure(2) 
  
clf 
  
for i=1:length(descr2) 
  
        %generate filename 
    filename=[expt_name  num2str(abs(descr2(i))) 'ns' ]; 
     
    fname=[filename '_rotshftd.tif']; 
     
  
  
    fnametxt=[filename,'.txt']; 
    lstrg=['load -ascii ' fnametxt]; 
    eval(lstrg) 
    samp_datastrg=[filename '(:,:)']; 
    samp_data=eval(samp_datastrg); 
    all_data(i,:)=samp_data; 
  
    pixval=1:length(samp_data); 
     
    figure(1) 
     
    load ISAN_Alcal_poly.txt 
    p=ISAN_Alcal_poly; 
  
    calc_waves=polyval(p,pixval); 
    calc_waves=calc_waves/1; 
    plot(calc_waves, samp_data,cols(i)) 
    set(gca, 'xlim', [10 20], 'Fontsize',16) 
    set(gca, 'XTick', [10:1:20]); 
    xlabel('Wavelength (nm)') 
    ylabel('Intensity (arb. unit)') 
     
  
    hold on 
     
     
    figure(2) 
     
    subplot(rows, columns, i) 
    plot(calc_waves, samp_data,cols(i)) 
    ax=axis; 
    xrange=ax(2)-ax(1); 
    yrange=ax(4)-ax(3); 
    midx=ax(1)+xrange/2; 
    midy=ax(3)+yrange/2; 
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    hold on 
    text(midx, midy, ['t =243.' num2str(descr2(i)) ' ns' ]) 
    set(gca, 'xlim', [10 20], 'Fontsize',12) 
    set(gca, 'XTick', [10:1:20]); 
    set(gca, 'ylim', [0 15], 'Fontsize',12) 
     
end 
%-------------------------------------------------------------------
- 
 

 


