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ABSTRACT 
Lithium containing droplet and cluster targets irradiated by laser pulses are proposed as prospective source of for soft x-ray 
lithography. Analytical model and simulations show that laser with repetition rate of several MHz with energy of several mJ 
and pulse duration 10 ps is required. 
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1. INTRODUCTION 
There are three possible types of target for the reduction of debris: a fluid target in vacuum as a thick layer or spherical 
droplet [1]; a cluster gas puff target [2] and glass doped by metal [3]. In the first and second cases, the dense material 
absorbs laser radiation, is heated without debris, is converted into plasma, and the necessary wavelength radiation is 
emitted. In the last case, doped metal particles are heated by laser radiation due to the poor thermo-conductivity of glass 
material; the small ablation volume also reduces the deposition of particulates, and there is almost no debris in this case too.  

It is well known [4] that the maximum reflection coefficient for an Si/Mo mirror is located in the interval with a maximum 
near 13.4 nm. For our purpose, we need line emission in the spectral range determined by reflectivity from the EUV mirror, 
for which the best candidates are Li, O, N and F (for example, see [5,6]). 

For the rough estimation of resonant line emission we can use a simple formula: 

 J21 = 1.6 10-19 E21A21N2  [W/cm3], 
where A21 = 0.7 109Znu

4 [s-1] is the probability of 2 � 1 transition; E21[eV] is the energy of transition; and N2 is the density of 
population number of level 2. For example, for an Li liquid target N2 ≤ 1022 cm-3, so max J21 ≤ 1015W/cm3. As we want to 
produce the Ly-α line, the temperature of the plasma Te should be not far from 100 eV, so velocity of sound cs is near 107 
cm/s and laser intensity IL should be not less than 1012 W/cm2. For a laser pulse duration tL ≈ 10 ps, the created plasma 
length lpl ≈ 1 µm and for a laser focal spot area of 10-4 cm2 we obtain the EUV energy per laser pulse Ex ≤ 0.01 mJ and 
conversion efficiency Kx = EL/Ex ≤ 10-2. For industrial lithography applications, we need power of approximately Px = 10 W 
EUV, so we need a repetition rate of laser Rr = Px/Ex ≥ 100 Hz and total laser power ≥ 100 W. These are reasonable 
parameters of laser facilities in practice, so we will consider this situation in more detail. 

Recently, line emission was obtained from two types of experiment with Li, one using capillary discharge [5] and the other 
a solid target [6]. The results of the experiment [5] showed spectral emission over the bandwidth of the X-ray grating. In 
addition to emission lines from doubly ionized lithium, lines were identified from five-times-ionized oxygen, because the 
used target adsorbed water vapor during its construction. The effective conversion efficiency from energy deposited in LiH 
to 13.5 nm radiation was 0.1% but there were certain problems with multi-time use of this source. For equivalent input 
energy, a pure lithium plasma is more efficient than a pure oxygen plasma, especially within the desired wavelength range 
of 13-14 nm. The H-like lithium spectrum is a narrow band (<0.1 nm) over the bandwidth of Si/Mo multi-layer mirrors. In 
contrast, most laser plasma sources being considered for EUV lithography use high Z targets [7-9], and hence their emission 
is broadband. The emission outside the bandwidth of the mirrors not only is wasted but also it is detrimental to the first 
collecting mirror in a lithography system because it is absorbed by the multi-layer coatings, resulting in unwanted heating. 
In contrast, the lithium plasma source would cause almost no off-band heating.  

A lithium solid target was recently shown [6] to be a highly efficient line radiator at 13.5 nm (efficiency is near 6 10-4 for Li, 
2 10-4 for F and 6 10-5 for O), but it is not a practical source for EUV lithography because of significant debris problems. 
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Pure Li is a rather expensive material but the solution of LiF salt in water is much cheaper. For these reasons we will 
consider in this paper LiF/LiCl:H2O, a droplet/cluster target, for maximum EUV emission because all the necessary 
elements are contained in this solution. We also propose to use laser pre-pulse to enhance the laser energy conversion into 
emission at the desired wavelength. 

2. PRODUCTION OF DROPLETS AND CLUSTERS 

Recent particle generators enable the production of droplets of size near 1 µm from a liquid with a concentration of more 
than nd = 1010 particles/cm3 and power of more than 1010 particles per second [10]. The salt LiF dissolved in water produces 
an Li concentration of near 30% in the water droplet, which can be increased by drying the droplet.  

When solution vapor flows into vacuum it can be supersaturated and solid density clusters will form. These clusters, which 
are held together by van der Waals force, can become quite large. We can estimate the size of cluster that will be desirable 
for illumination by a short pulse laser, if we require the time for cluster disassembling to be comparable to that of the laser 
pulse. We can estimate the time of this expansion if we assume sonic expansion and require the density to drop from the 
solid cluster density n0 to the surrounding ambient gas density ns. The resulting cluster expansion time is approximately:  

 tex = (r0/cs)(n0/ns)1/3  , 
where r0 is the initial radius of the cluster. If the initial cluster is larger than about 30 nm in diameter, this corresponds to 
about 105 atoms per cluster and the surrounding bulk plasma has a density of ne = 1014 cm-3, so pulses longer than 10 ps will 
interact with a cluster over a section of pulse. When clusters are present in the gas, collisional processes such as inverse 
bremsstrahlung and collisional ionization will dominate due to much higher density within the cluster. 

3. DROPLET/CLUSTER PLASMA ABSORPTION 

Even for the absorption coefficient of laser pulse as low as AP ≈ 0.01, the rate of ionization energy to absorbed laser energy 
Ei/ Eabs ≈ 0.25 is rather small, and thus one can neglect the part of energy going to ionization of small solid/liquid particles 
(SSP) in the production of high density plasma particles (PP). The plasma skin layer length is lsn ≈ c/ωp ≈ 10-5 cm and for 
SSP with a diameter of less than lsn, the laser field penetrates PP totally.  

In the analytical model of laser pulse interaction with a small sphere of dense plasma, we use the following assumptions: the 
initial plasma temperature is taken from the evaporation model [10] T = const(r) inside PP because the time of electron 
thermal wave propagation is small compared to other characteristic time scales; the Debye radius is small compared to other 
characteristic lengths; the initial density is determined by the vapor density in our model, and the density inside PP is 
homogeneous during laser heating and droplet expansion.  

During laser-droplet interaction, the electron concentration in the evaporated material rises rapidly and at a certain time the 
plasma frequency can reach and even exceed the laser frequency at some distance from the particle center. In this case we 
should use a local absorption coefficient of the form: 

   
22

3
3

kK
)()(

p

ω
ν+−η

η
ω
ν=    ,     (1) 

where ν = max(νei , νen); νei = √2π Z2e4 ni/(me
1/2Te

3/2) and νen ≈ √2π Z2e4 nn/(me
1/2Ia

3/2) are electron-ion and electron-atom 
collision frequencies; η = ne/nc, and nc is critical density. From Eq. (1), at η = 3 there is a resonant point and the absorption 
coefficient increases greatly at ν/ω < 1. The maximum absorption is Ap, max ≈ 3 kr/(ν/ω). The dynamics a small plasma 
sphere of volume V irradiated by laser radiation of intensity IL is given by the next set of equations: 
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We calculate this system roughly by supposing r ≈ r0 + cst, where cs = (3ZTe/mi) 1/2 and ν ≈ 0.4 10-4 Z ne Te
3/2, and hence 

obtain temperature: 
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where Te has maximum due to the maximum absorption efficiency, at the moment:  
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So laser pulse tL should be close to this time for optimal interaction and tL ≈ 10 ps is a very reasonable pulse duration for an 
interaction with a large cluster/droplet. 

4. DROPLET/CLUSTER PLASMA EMISSION 
In the analytical model of plasma emission we suppose that the parameters of a plasma corona formed by the laser pulse do 
not change in space, but only in time. Continuum plasma emission from such a small particle as a droplet or cluster is very 
small in the interesting spectral range so we will neglect this radiation compared to the line emission.  

The optimal conditions for the production of the maximum number of H-like ions correspond to an increase of laser 
intensity and temperature although the plasma temperature is limited by the requirement of sufficiently ionized but not over-
ionized plasma. Another condition for optimal x-ray line emission from a bulk target is that X-ray line absorption length 
lx-abs exceeds the extension of hot plasma lplasma (i.e. that part of the plasma where a large fraction of H-like ions is 

present), namely lx abs−  > l plasma . For our conditions, as we have high density plasma, the main cross section of absorption 
in the line center can be estimated as collisional: 
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where aB is Bohr radius. For example, the collision absorption length of the line lx abs− is 5 10-4 cm at Te = 100 eV, the 
resonant absorption length is lres = 1/σxna = 10-2 cm for gas concentration na = 1014 cm-3, where σx ≈ πλx

2 and λx ≈13 nm. So 
for the cluster target inside a gas flow, we can take ncluster = 1018 cm-3 and surrounding gas ngas = 1014cm-3 with the length of 
gas flow near 100 µm in vacuum. 

In the analytical model, we assume that the parameters of the plasma corona formed by laser prepulse do not 
change in space during the main pulse. For these reasons, we consider the next set of equations: 
Plasma temperature is governed by Eq. (3) and the electron plasma density during plasma expansion depends on time, as 
follows 
  ne ≈ ne0[r0/(cst + r0)]3  ,        (4) 

For a Li target in the initial stage, we suppose that there are only He-like ions, and ion density is determined by ionization 
and three-body recombination of the included ions. The symbol nHe denotes density of He-like ions, nH is population of H-
like ions, nnu is population of fully stripped ions. The rate equations write, as follows 

  ∂ nHe/∂ t ≈ -γi
He nHe  

  ∂ nH/∂ t ≈ γi
He nHe -γi

H nH-γr
He nH       (5) 

  ∂ nnu/∂ t ≈ γi
H nH -γr

H nnu  ,  
where the ionization rate of I-like ion is γi

I = ne <σv>I , and the Seaton�s formula is used for cross section: <σv>I = 4.3 10-3 
(Ry/ JI )3/2(Te/ JI )exp(-JI/Te). Symbol JI is ionization potential of I-like ions; the recombination rate is γr

I = nI 4 10-27Znu
3Te

-

9/2ne
2 dominated by three-body recombination as electron density is high. The population density of the upper state (n=2) of 

H-like ions is described by the following equation 
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  ∂ N2/∂ t = -A21N2 - <σv>21neN2 + <σv>12ne nH  ,     (6) 

where <σv>mn = 6.4 10-8 fnm (Ry/Emn)3/2(Emn/Te)1/2exp(-Emn/Te); Emn is energy of transition; and fnm = (32/3π√3)nm3/(m2 � n2). 
For initial population density, we assume that all ions are in the lower state. 

The emitted energy density in the spectral line of 2 → 1 transition in optically thin plasma is written, as follows 

  ∂ W21/∂ t = E21A21N2    .        (7) 

From Eq. (2) we obtain: 

  Te ≈  Kp IL/3necs ≈ T0 (IL/I0)1/4(1+ t/tL)-1/2   ,      (8) 

where, T0 = 50 eV and I0 = 1012 W/cm2. 

The population nH of H-like ions is approximated using Eq. (5), as follows  

  nH ≈ (ne/Znu)[1 � exp(-γi
He t)] exp(-γi

H t) ≈ ne
2Te

1/2exp(-JHe/Te) 
This expression shows that the maximum concentration of H-like ions is at time tm ≈ (1/γi

He )ln(γi
He/γi

H) ≈ 1/γi
H. This time is 

less than 1 ps for our parameters and as we do not want to use a very short laser pulses, we put t = tL and we search for the 
optimal conditions for line emission varying laser intensity. 

We obtain the emitted energy density in the assumed line from Eqs. (6) and (7) 

 W21 ≈ W0(Te/JH)3/2 exp(-E21/Te - γi
H tL) 

where, γi
H ≈ γ0 (Te/JH)1/2 exp(-JH/Te ) and W0 = 10 J/cm3. Then the approximate formula is obtained for integrated fluency Fx 

in the Ly-α line 

  Fx = F21 ≈ F0 x3/2exp[-x(1 + b x1/2exp(-x))]  ,      (9) 

where x = (ImL/IL )1/4, F0 = 10 J/cm2, and b = 0.3. 

The developed analytical model shows that an optimum laser intensity for laser energy transformation into emission of 
lithium Ly-α line exists and is given by the following formula 

ImL ≈ I0 (Ε21/Ε0)7/9(r0/rm)-2/3 (JH/Jm)5/3(tL/ t0)4/3   , 
where Ε0 = 0.1 keV, rm = 50 nm, t0 = 10 ps, and Jm=200 eV. 
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Fig. 1 Energy emitted in Li Ly-α line versus main pulse laser intensity for laser pulse length 10 ps, laser wavelength  

800 nm and optimum pulse separation ∆τ. Solid line - experimental values [5], dashed line � our formula (9). 

Figure 1 demonstrates a agreement of our formula (9) with the experimental values of Ref. [5]. 
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5. RESULTS OF NUMERICAL SIMULATIONS 

We use our hydrocode [11] to model the laser pulse interaction with the cluster/droplet target,. The plasma dynamics are 
described by a one-fluid, two-temperature Lagrangian code with the electron and ion thermal conductivities and ion 
viscosity. The absorption coefficient of laser radiation by the plasma sphere takes into account the resonant conditions. 
Radiation transport in lines is modeled as a post-processor to the hydrocode [12]. The spectra of line emission are calculated 
together with a self-consistent description of the excitation kinetics. The cross sections for collision and collision-less 
transitions for all elements and all ionization and excitation states are taken into account in the model.  

In order to model layer target, we assume normally incident laser pulse of duration tL = 10 ps and maximum intensity IL = 
1013 W/cm2 on a Li plane foil of initial thickness lt = 0.3 µm and density ρt = 0.5 g/cm3. The simulation results show very 
sharp density gradients and plasma corona not long enough to produce the necessary amount of EUV radiation despite 
suitable charge distribution. In order to increase plasma length, we propose to use a pre-pulse at time ∆τ ahead of the main 
laser pulse. Here, for simplicity, the delay of the main pulse is ∆τ = 189 ps. The calculated plasma hydrodynamic 
parameters are shown at the figures below. Figures 2,3 show profiles of plasma density, electron temperature respectively . 
Average ion charge in the corona is between 2 and 3. 

Fig.2 Plasma density profile in corona at the main pulse maximum of intensity 1013 W/cm3 incident with delay ∆τ=189 ps 
after pre-pulse of intensity1012 W/cm3. 

Fig.3 Electron temperature in plasma corona. The same conditions as in Fig.2. 
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These figures show that the plasma corona has suitable hydrodynamic parameters for emission of the required 
amount of EUV radiation. These plasma parameters are applied in calculation of EUV emission. The emitted spectral 
energy density (integrated over time up to 3tL) is plotted in Fig.4. Here, Ly-α line emission is much intense than the other 
lines and satellites. 
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Fig. 4 Integral over time up to 3tL spectral energy density in vicinity of Li Ly-α line. 

The energy density in Li Ly-α line emitted into the solid angle ∆Ω from Fig.4 is 

  εx = (∆Ω/2π) 3×10-2 J/cm2. 

We obtain Ex = 10-6 J for the laser spot size of 170 µm and solid angle of emission ∆Ω = 0.2π. Thus, we require a laser with 
repetition rate 10 MHz of pulse energy EL = 30 mJ, pulse duration tL = 10 ps and intensity IL = 1013 W/cm2 to produce 10 W 
EUW radiation in the spectral range 0.2 eV at wavelength 13.5 nm from the layer target. 

In order to analyze performance of the cluster target, we modeled solid spherical Li target of initial radius  

rt = 0.05 µm and density ρt = 0.5 g/cm3 irradiated by laser pulse of duration tL = 10 ps and of maximum intensity IL = 1012 
W/cm2. The simulations show hydrodynamics parameters of the plasma corona suitable for emission of the required amount 
of EUV radiation. The calculated plasma scale length about 0.3 µm, average temperature of 30 eV and average density of 
0.001 g/cm3 at the maximum of laser pulse are sufficient for effective Ly-α line emission. Then time integrated EUV 
emission, calculated by the FLY code [13], is plotted in Figure 5. The Ly-α line emission is dominant and practically all 
emission is in the best reflection region of Si/Mo mirrors. 
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Fig. 5 Time integrated spectral energy density of plasma emission 

Integrating this data, the fluence emitted into the angle ∆Ω from one cluster is found 
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  εcl = (∆Ω/2π) 3×10-3  J/cm2. 
The total area of all clusters in the focal volume must be found in order to calculate the total emitted energy emitted. The 
area of all clusters is estimated, as follows: 
  Scl

tot ≈ Sf (Scl/Spl )( Lf/Dpl)  , 
where, Sf is laser focal spot area; Dpl and Spl are the diameter and area of the cluster plasma sphere; Scl is area of cluster; and 
Lf is length of focal volume. For the laser spot size 30 µm, Dpl ≈ 0.3 µm, Lf ≈ 4Df and solid angle of emitted EUV radiation 
∆Ω = 0.4π, the total emitted energy of Ex ≈ 0.510-5 J is obtained. From this value of emitted energy we can conclude that to 
get the necessary power of EUV radiation Px = 10 W in the spectral range 0.2 eV at wavelength 13.5 nm from the Li:F:H2O 
droplet, our laser facility requires the repetition rate of 2 MHz, and hence the average power of the laser should be 2 kW. 

In order to analyze the performance of a droplet target, we modeled the dynamics of liquid Li spherical target of initial 
radius rt = 0.7 µm and of density ρt = 0.5 g/cm3 irradiated by a laser pulse of duration tL = 10 ps and of maximum intensity IL 
= 6.3x1012 W/cm2. The simulation results show sharp density gradients and plasma length insufficient for production of the 
required amount of EUV radiation. Again, an application of laser pre-pulse is proposed in order to increase the plasma 
length. In this case, the assumed main pulse delay is ∆τ = 100 ps and the prepulse intensity is IpL = 6x1011 W/cm2. 
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Fig. 6 Time integrated spectral energy density of emission from Li droplet. 

The simulations show that the plasma corona has reasonable hydrodynamics parameters to produce the required amount of 
EUV radiation. We obtain the plasma scale length of 10 µm, average temperature of 20 eV and average density of 0.001 
g/cm3 at the moment 30 ps after the main pulse maximum. Approximately the same data are obtained when pure water 
target is considered. EUV emission is calculated and the results are shown in Figure 6. The Ly-α line emission is much more 
intense than the other lines and satellites and practically all emission is in the best reflection region of Si/Mo mirrors. 
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Fig.7 Time integrated spectral energy density of emission from water droplet. 
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The code does not include Stark broadening of the lines of He-like oxygen. Thus their peak intensity is overestimated in 
Fig.7. The overall spectral intensity in the above interval is 30 times less than from Li target. The total number Nd

tot of all 
droplets in the focal spot can be estimated, as follows  Nd

tot ≈ nd Sf Lf  , 
where Sf is laser focal spot cross-section and Lf is focus length. We obtain the total emitted energy of Ex ≈ 0.210-4 J for the 
laser spot size 100 µm, Lf ≈ 4Df and solid angle of EUV emission ∆Ω = 0.4π,.  

We can conclude that laser facility must have the repetition rate of 0.4 MHz in order to reach the required power Px = 20 W 
of EUV radiation in the spectral interval of 0.2 eV at wavelength 13.5 nm emittied from the Li:F:H2O droplets, and hence 
the average laser power should be near 0.4 kW. 

In simulations, we have found a weak dependence of EUV emission on the laser pulse duration. The effect of increasing 
laser energy by increasing laser pulse duration on EUV energy is canceled out by the slow deposition rate and the shift of 
the optimum population, thus keeping emitted energy almost unchanged. 

A method of construction the required laser facility was proposed in Ref. [14]. Such a laser can be built using the MOPA 
scheme. Optical blocks are following: 
 

 

 

 

Because the output beam of this laser system should have high quality, some method for compensation of the strong 
thermo-optical distortions must be implemented. Among possible methods based on phase conjugation are: adaptive optics 
with deformable and/or segmented mirrors; four-wave mixing on liquid crystals (freeze phase conjugation)[15]; four-wave 
phase conjugation on thermal gratings in the loop schemes. Most simple and effective SBS phase conjugation could not be 
used because of large time relaxation of ultra-sound. 

6. CONCLUSIONS 
Analytical model and simulations show that prevailing part of droplet/cluster LiF water solvent emission is located 

in the efficient spectral region of Si/Mo x-ray optics. Laser with repetition rate of several MHz with energy of several mJ 
and pulse duration 10 ps is sufficient to produce necessary soft x-ray radiation power for x-ray lithography when an 
optimum target is used. 
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