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Abstract

Present work mainly focus on two lithographic techniques viz; selective laser ablation
lithography and atom lithography using dipole force.

The work on atom lithography using dipole is on simulation of atomic trajectories under
dipole force using semi-classical technique for various configuration of atomic beams and
light fields to focus down the atomic beam at sub-micron level. Through these studies new
configuration of light fields and atomic beams were proposed for their applications in the
field of microlithography and nanolithography. We proposed the use of square arrays of
multiple atomic lens produced by interference of four nearly collinear optical beams in
atom lithography using dipole force. This configuration is useful in writing large number
of micro-periodic structures in square arrays in a single step via atom lithography. A novel
configuration of microscopic square arrays of atomic beams (matrix of micro-ovens) in
presence of TEMg, mode laser, acting as a atomic lens, is proposed for atom lithography
via dipole force for obtaining sub 4/2 periodic structures.

Application of dipole force in the isotopic separation was also proposed. As an exam-
ple, a scheme for the enrichment of U?* using dipole force generated by a red detuned
TEMy, mode of laser with respect to U transition is discussed

Atom lithography technique needs fairly collimated atomic beam. Therefore we have

developed a new technique of generation of cold atomic beam having low divergence using

iii
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Abstract iv

laser ablation without using any collimation optics. The axial velocities and divergence of
atomic beam was studied as a function of laser energy.

Selective laser ablation technique is demonstrated for obtaining one and two dimen-
sional periodic structures ranging from micron to sub-micron level using high power mul-
tiple laser beam interferometry in a single shot. The advantage of this technique over other
technique is also discussed.

The proposed configuration of matrix of micro-ovens for obtaining large number of
periodic atomic beams is experimentally realized via selective laser ablation lithography in

one as well as two dimension for the first time.
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Chapter 1

Introduction

Materials prepared in the form of periodic structure arrays of nanometer dimensions dis-
plays interesting distinguish behavior as compared to their bulk counterparts [1, 2]. Quan-
tum confinement of electrons in nanostructured materials leads to remarkable changes in
their quantum states [3] which subsequently changes the electronic and optical properties
of the material. The periodic submicron- nano arrays of materials of desirable electronic
properties [4, 5] leads to the shrinking of chips [6], increasing the capabilities of data
storage devices [7], giant magneto-resistive materials [8] and gas sensors [9]. The nanos-
tructures with desirable optical properties can lead to photonic devices [10, 11], optical
switches [12], optoelectronic devices [13] and continuously tunable organic laser [14] with
1-d periodic lines of required material.

A number of lithographic techniques have been explored for fabrication of periodic
structures of nano dimension for tailoring electronic, magnetic and optical properties of
materials for the fabrication of efficient devices with improved spatial resolutions and fast
temporal response. An overview of existing lithographic techniques is given below for

engineering the materials of nanometer dimensions.
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1.1. Lithographic techniques 2

1.1 Lithographic techniques

Various lithographic techniques are optical lithography, electron and ion beam lithography,
X-ray lithography, scanning probe lithography and laser interference lithography. Atom
lithography via dipole force is another upcoming scheme for writing the whole periodic
structure in a single step. Atomic scale lithography is reported recently [15] for the fabri-

cation of single electron device.

1.1.1 Optical lithography

Exposing radiation

U

Photoresist

Substrate

Developed resist

Figure 1.1: Basic steps of optical lithography

The optical lithography [16-18] refers to a lithographic process that uses visible or

ultraviolet light to form patterns on the photo-resist through printing. Printing is the process

TH-258_01612101
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1.1. Lithographic techniques 3

of projecting the image of the pattern onto the wafer surface using a light source and a
photo mask. There are three types of printing - contact, proximity, and projection printing.
Fig. 1.1 depicts the basic principle of optical lithography. The basic steps involved in
optical lithography process are exposure of photoresist to radiation (Visible, UV, X-rays)
via mask followed by development of resist through etching and washing.

The resolution of optical lithography technique is limited to the order of wavelength
of the radiation as well as to the numerical aperture (NA) of the optics used for this litho-
graphic technique. Another major limitation besides resolution in optical lithography is the
depth of focus. Using a lens with a higher NA will result in better resolution of the image,
but as the depth of focus of a lens is inversely proportional to the square of the NA, so
improving the resolution by increasing the NA reduces the depth of focus of the system. To
improve the resolution by this technique, the use of shorter wavelength is necessary. The
short wavelength light sources are expensive. New lasers towards short wavelength are re-
quired to be developed or an synchrotron is required for EUV or X-ray lithography [19] for
smaller dimension. Moreover the optics required for UV and X-ray lithography is an area

of research [20] even today.

1.1.2 Electron and Ion beam lithography

Electron beam lithography (EBL) [21] and Ion beam lithography (IBL) [22] are used
commercially for writing down to sub-100 nm. The schematics of EBL/IBL is shown
in Fig. 1.2. It uses a focused high energy beam of electrons/ions for the material re-
moval/deposition for imprinting the circuit pattern. The actual EBL or IBL system is very
complicated as compared to that of shown in the schematic of Fig. 1.2. It consists of an
electron/ion source, an electron/ion column that ‘shapes’ and focuses the electron/ion beam

onto the substrate and a mechanical stage that positions the wafer under the electron/ion

TH-258 01612101



1.1. Lithographic techniques 4

Electron / ion beam

- .
ces22383IIN00

bbb iid.
b L LU0 £ 4 8% ¥ EE R

Figure 1.2: Electron lithography

beam for the pattern writing.

These techniques offers higher patterning resolution than optical lithography because
of the shorter wavelengths of the charged particles used. The resolution of these techniques
are limited due to chromatic aberration, space charge effect of beam and electron scattering
in the resist. There are also chances of damaging the substrate in these type of lithographic

systems because of the involvement of high energy (10-50 keV) charged particles beam.

1.1.3 Scanning probe lithography

Advent of scanning probe microscopy (SPM) has opened up a new era of scanning probe
lithography [23]. In scanning probe lithography (SPL), cantilever of scanning tunneling
microscope (STM) or the atomic force microscope (AFM) is used to pattern nanometer-

scale features.

STM probe [24] can be used to make patterns on Self-Assembled Monolayer (SAM)
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by applying voltage pulse and therefore removing molecules at the nanometer scale. The
vacancy created after removal of molecules can be filled with new kind of molecules by
applying voltage pulse to STM probe in liquid containing new molecules. STM lithography
can also be done by removing atoms via supplying tension impulses.

Just as a pen is used for writing on a paper’s surface, it is possible to write on a sur-
face with a tip of atomic force microscope which can result into surface modifications at
the nanometer scale [25, 26]. Surfaces can be modified by physically scratching it or by
directly depositing molecules onto it by using electric fields with the help of AFM can-
tilever. AFM lithography can also be obtained using conductive tips and sample in order
to produce nano-oxidation. This process is based on negatively biasing the tip with respect
to the substrate under ambient conditions. With the proper tip voltage, the substrate can be
locally oxidized, and by moving the tip in contact mode or non-contact mode across the
surface, a line can be written.

Resolution of these techniques depends on scan rate and bias voltage. The processing
speed of SPM lithography is too slow for implementation in actual device construction.
There have been some efforts to construct parallel processing SPM devices with multi-tip

cantilevers [27]. These techniques are material selective and expensive. This limits their

implementation at the commercial level.

1.1.4 Atom lithography using dipole force

Atom lithography using dipole force [28—31] is a new upcoming technique which can over-
come some of the limitations of already existing techniques. It offers massive parallelism
without using any material mask. This technique uses the dipole force [32, 33] for focusing
the atomic beam down to tens of nanometer in a periodic one-, two-,and three-dimensional

structures [34, 35]. This technique has an advantage of producing complicated structures
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without using any physical masks [36, 37] in a single step. As the de Broglie wavelength of
neutral atoms is very small (<0.1 nm for thermal atomic beam), this lithographic technique
has the potential for high resolution. Moreover, the low energy atomic beam used in this

lithography does not damage the substrate.

AR

Atomic beam

e Standing wave

_ = Substrate

Figure 1.3: Basic principle of atom lithography using dipole force in presence of standing
wave

An atom in a radiation field experiences two kinds of forces. The radiation pressure
force resulting from the absorption, followed by the random spontaneous emission of pho-
tons. The magnitude of this force is limited by the rate of spontaneous emission and satu-
rates as the laser intensity increases. This dissipative spontaneous force is responsible for
laser cooling [33]. Ashkin [38] was the first to demonstrate the trapping and acceleration of
micron size particles. Subsequently, he also reported atomic-beam deflection by resonance
radiation pressure [39]. The second kind of force is called as the conservative or dipole
force, originates from the interaction of neutral atom with an near resonant, non uniformly
distributed laser field. From a pure classical point of view, an atom placed in the radiation
field experiences induced dipole moment p<E; E being electric field associated with the
field which results into an interaction potential U = —p.E. This interaction potential gives

rise to the conservative force F = —VU. The magnitude of this force depends on the in-
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tensity gradient and amount of detuning and the direction of force depends on the sign of
detuning. With the proper configuration of the atomic beam and the laser beam, the trajec-
tories of the atoms can be manipulated so as to focus down the atoms in the periodic nano
size structures of desired geometry. The intensity gradient acts as the atomic lens as well
as mask and so no additional material mask is required.

Bjorkholm et al. [40] reported the focusing of sodium atomic beam in presence of
TEMg, mode laser in 1978 for the first time experimentally. Subsequently, they reported [41]
a minimum spot size of 28 um using the same configuration. Aberration problem due to
large thickness of atomic lens in their work was overcome by Sleator et al. [42]. They cre-
ated a cylindrical atomic lens based on the large period standing wave produced by bounc-
ing the laser beam off a glass substrate under very small angle of incidence and successfully
focused down the beam of metastable helium atoms down to 4 um with such lens. The idea
of using the standing wave was further developed by Timp et al. [43], where the atomic
beam of sodium was launched perpendicular to the standing wave of near resonant radia-
tion field of wavelength A as shown in Fig. 1.3. Each period of standing wave acts as the
cylindrical lens to focus the atomic beam. This results into the grating structure of sodium
on the substrate with periodicity 4/2 (294.3+0.3 nm). Since then, there have been large
number of experimental reports on the focusing of atomic beams of chromium [44-48],
cesium [49], aluminium [50], ytterbium [51] and iron [52, 53] using dipole force generated
by cw optical standing wave. R. Gupta et al. [54] and J. J. McClleland [55] reported the
formation of two dimensional arrays of chromium having lattice spacing 212 nm by using
the standing waves formed by two orthogonally polarized light. The width of the structure
reported by the author was in the range of 80 nm. The dependence of the laser power onto
the width of the structure and focusing depth was also discussed [55, 56]. S.J.Rehse et

al. [57] have discussed the possibilities to obtain nanostructures of gallium and indium us-
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ing this technique. Periodicity of standing wave configuration is always limited to A/2. The
idea of using polarization gradient masks [58, 59] in atom lithography has been introduced
to achieve periodicity down to A/8. Periodicity lesser than 1/2 can also be achieved by
switching the detuning of the light field during deposition [60]. It is shown that the mate-
rial selective characteristics of atom-light interaction can be used for structural doping [61].
Focusing of atomic beam of cesium via dipole force with a pulsed standing wave is also
reported [62, 63]. As the pulsed laser can be conveniently converted to short wavelength
range via harmonic generators it offers advantages in the application of atom lithography
with elements having blue or UV resonance lines thereby reducing the periodicity of the
writing. Formation of periodic gratings of atomic density was also observed as a result
of interference of atoms diffracted by pulsed optical standing wave [64] having minimum
periodicity equal to 1/4.

Theoretical simulations of trajectories under the dipole force is necessary to under-
stand the process as well as to access the optimum parameters of atom-light interaction
for the deposition of required nano structures. The trajectories of atoms under the given
configuration of atomic beam as well as the light beam under the dipole force can be com-
puted [65] either by semi-classical approach or by solving the Bloch equations [32] under
quantum mechanical formulations. The atomic trajectories via dipole force have been re-
ported for TEMgy mode of laser [66], for standing wave configuration with the Gaussian
envelop for chromium [67] and He [68] atoms and for Laguerre Gaussian and Bessel light
beams for rubidium atoms [69]. Simulations can be performed by Monte Carlo wavefun-
tion method [70-72] to keep track of wavefuntion during atom-photon interaction. It has
the advantage of calculating the diffusion effect caused by spontaneous emissions. C. J.
Lee [73] has reported the quantum mechanical analysis of the atom lithography via dipole

force. They have performed the simulation by considering the wave nature of atom in
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standing wave and analyzed the various broadening effects on the width of the focused
atomic spot.

Although Semi-classical approach for atomic trajectories is very fast and helps in visu-
alizing the trajectories under dipole force for various atomic configurations and light fields,
but it cannot calculate the modification in trajectories due to the spontaneous emission and
consequent diffusion. These classical trajectories using semi-classical approach are valid
for far off-resonance detuning and where the internal complexity of the atoms can be ig-
nored.

As the invention of laser cooling enabled to cool the atomic beam in the transverse
direction, the use of such 2-d laser cooled neutral atomic beam as a lithographic tool is
gaining interest. In this technique, the substrate (gold or silicon) coated with a resist of
self-assembling monolayer (SAM) of alkanethiols or organosilicon (which acts as a resist),
is exposed to manipulated atomic beam under dipole force. Due to exposure, the resist is
selectively inactivated and the pattern can be transferred to the underlying film by an etch-
ing process. This technique has been demonstrated first by K.K. Berggren et al. [74] using
metastable argon atoms. Since then there have been number of reports on this particular
lithography technique using transversely cooled cesium [49], metastable helium [75-77]
and barium [78] atomic beam for the production of periodic structures on the resist.

Atom lithography using dipole force is emerging as a promising technique for the gen-
eration of precise periodic nanostructures without using any mask in a single step. New
configurations of atomic beam and light beam are required to be explored for reducing the

periodicity and the size of nano structures via this lithographic technique.
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1.1.5 Laser interference lithography

Laser interference lithography (LIL) technique [79-83] is another coming up technique to
perform the periodic writing in a single shot with uniformity over a large area. There are
two types of laser interference lithographic techniques, viz; based on photoresist and direct

write LIL or Selective laser ablation lithography (SLAL).

Laser interference lithography based on photoresist

The schematics of LIL based on photoresist is depicted in Fig. 1.4. A photoresist-coated
substrate is positioned at the point of intersection of two coherent light beams. The plane of
intersection of two coherent light beam forms a standing wave due to interference, having
sinusoidal intensity distribution. Therefore, on exposure of photoresist with this interfer-
ence pattern yields a periodic line-space pattern whose period, is determined by the wave-

length of light (1), and the angle of intersection of the beams. This lithographic technique

Laser beam 1 Laser beam 2

N

Resist Substrate

Figure 1.4: Basic principle of laser interference lithography

can be used to write the periodic [79-81] as well as non-periodic [82] patterns in one and
two dimensions. The minimum periodicity obtained from LIL technique is always limited
to /2. Use of photoresist makes this process multi-step where all the protocols of optical

lithography has to be followed.
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Selective laser ablation lithography

Selective laser ablation lithography (SLAL) is another new technique [83-85] utilizing the
high power laser. This is a direct write lithographic technique. This technique has the
capability of producing periodic micro and nano structures in a single step utilizing only

a single shot of pulsed high power laser. SLAL involves selective ablation of material of
Ablated Material

High Power Laser

After Irradiation
Interference Pattern

ananna

Substrate

Thin film

Figure 1.5: Basic principle of direct write laser interference lithography

thin film by high power laser via mask [84] or interference pattern [83, 85] leaving the
unexposed portion of the thin film unaffected. Thus the desired pattern is imaged onto the
the thin film of material as shown in Fig. 1.5.

Y. Nakata et al. [85] have reported the one and two dimensional periodic structure
formation on the thin film by selectively ablating it with the interference pattern formed
by femtosecond laser. The interference pattern in this case was highly delocalized. We
have reported [83] the formation of periodic lines onto the copper thin film by exposing
the thin film with the interference pattern formed by Michelson interferometer. In this
technique, the two interfering beams were nearly collinear and hence the transportation of
the pattern at the complex location, for example under vacuum, is convenient compared
to earlier report [85]. Moreover the spatial frequency of the pattern can be controlled on

line by the mirror tilt. The minimum periodicity obtained using this technique is restricted
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to A/2 but the structure size can be of nanometer scale. This is a single-step single-shot

technique making it one of the simplest and fastest technique of lithography.

1.2 Techniques for generation of atomic beam

One of the major requirement of atom lithography discussed in Sec. 1.1.4 is collimated

atomic beam. We review here some of the techniques to generate the atomic beam.

1.2.1 Thermal Oven

Thermal oven [86-88] is commonly used technique for generating thermal atomic beam of
low melting point materials. It involves heating of the material above its melting point with
the help of heating coils, this leads to evaporation of material and formation of divergent
beam of constituent atoms. Typical configuration of oven in shown in Fig. 1.6. The di-
vergence and flux of such beams depends on the length (L), diameter (D) of the nozzle and
the temperature of the oven. Atomic beam coming from such apparatus have very large
divergence and relatively very low particle flux owing to the thermal evaporation. This

technique is restricted to materials of low melting points only.

¥

00000000 OO0

UUKlOUUUUUU

Heating coil
Figure 1.6: Typical geometry of oven
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1.2.2 Discharge source

Liquid Nitrogen
Electrode -
-
Y
Metastable gas

Figure 1.7: Discharge source for atomic beam generation

Metastable state atomic beam of rare gas is prepared usually using a gas discharge
source [89, 90]. The basic principle of discharge source is depicted in Fig. 1.7. It involves
the partial excitation of rare gas atoms to one of its metastable state by the electrical dis-
charge. The source is then cooled with liquid nitrogen to reduce the axial velocity of the

atoms. These metastable rare gas atoms are of interest in the area of quantum optics, atom

optics and lithography.

1.2.3 Laser ablation

Processing of materials via pulsed laser ablation [91, 92] has wide spectrum applications.
It is used in mechanical industries [93, 94], thin film deposition [95-103], fabrication of
waveguide [104], light emitting diodes [105], nanostructure fabrication [106, 107], deter-
mination of isotopic ratios [108, 109], medical surgery [110], lithography [83-85] and for
the production of atomic beam [111-118]. The laser ablation is gaining importance in all
these applications because of its potential to process almost any material precisely with
the minimum damage to the surroundings. With the proper choice of the target material,

environment and the laser parameters, the morphology and the stoichiometry of the thin
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| /‘hin film
Atomic bea
High power laser e e

L Vacuum chamber

1

Figure 1.8: Atomic beam generation by focused laser ablation of thin film

film deposited via laser ablation can be controlled [119, 120]. Whenever a solid target or
a thin film is exposed to a focused high power laser, ablation of the material and plasma
formation takes place. The physical process involves in laser ablation are very compli-
cated [95, 121-123]. It involves initially coupling of laser energy to the target, vaporization
and plasma formation, resulting into removal of material from the target, propagation and
interaction with the surrounding environment and cooling and finally recombination of the
plasma. With the target of monoatomic species placed in vacuum, the laser ablation may
results into the generation of atomic and ionic beam. There have been several reports on
the generation of neutral atomic beam via laser ablation of targets of Bi, Cr, and Hg [111],
Ba [124], Al [112, 113, 117], Cu [112, 114], Na [115], Si [116] and U [118] in the thermal
to super-thermal range. The schematics of experimental set-up for the generation of atomic
beam via rear side laser ablation of thin film is shown in Fig. 1.8. The focal intensities
are of the order of or more than 10¥W/cm? at the target. At such higher intensities, the
initial emission of vaporized material and plasma formation is hemispherical [125-128]
and hence the atomic beams so generated have very large divergence ranging from few

tens of degrees to 150°. For the precise application viz; micro-nano lithography, the col-
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limated atomic beam is required. We have reported for the first time [129] the generation
of the fairly collimated atomic beam by using an unfocused laser beam. The unfocused
laser beam have low intensities and therefore the ionization of the ablated material as well
as divergence is low and so the atomic flux are expected to be higher. The advantage of
technique of production of atomic beam via laser ablation is manifold. The experimental
set-up required is simple (Fig. 1.8), the process is single step. It has the ability to generate
the atomic beam of almost any material irrespective of the melting point. The pulsed beam
is generated with the pulse duration ranging from few microseconds to sub-milliseconds.
By controlling the laser intensities, the neutral velocities can be achieved in the range of

cold to thermal to super-thermal with the equally high flux.

1.3 Present work

In the present work, we have proposed some of the novel configurations of atomic beam
and light beam for micro and nanolithography. We have also developed the selective laser
ablation via laser interference pattern for one and two dimensional lithography as well as
for the generation of multiple atomic beams having periodicity of the order of 1. Generation
of low divergence slow pulsed atomic beam of Indium via rear side ablation of thin film is
also reported in this thesis.

The detail semi-classical derivation of dipole force is given in Chap.2.

In Chap.3, we present the results obtained from the simulation of atomic trajectories
for various light field configurations. A new light field configuration is introduced for mi-
crofabrication using atom lithography. A novel concept of using multiple periodic atomic
beams (MPAB) or Matrix of Micro Ovens (MMO) traveling in TEMgy mode of laser beam
is proposed and the simulated lithographic patterns of periodicity less than A/2 are dis-

cussed. As an application of dipole force to other field, an idea of using TEMy mode of
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laser for the isotopic separation of uranium is also proposed.

In Chap.4, experimental set ups for the generation of low divergence cold indium atomic
beam via rear side laser ablation of thin film, measurement of axial velocity of atomic
beam and ablation dynamics of indium thin film at different laser energies are discussed.
The experimental set-up developed for the selective laser ablation via two beam and four
beam high power laser interference pattern is discussed for the direct lithography and for
the generation of multiple atomic beams in one and two dimensions.

In Chap.5, The results of generation and characterization of indium atomic beam via
rear side laser ablation of thin film are discussed.

In Chap.6, Results obtained for selective laser ablation lithography in one and two di-
mension on Indium thin films are presented. Also, for the first time, we report the formation
of arrays of multiple atomic beams in one and two dimension using rear side selective laser
ablation of Indium thin film. This configuration of atomic beams obtained experimen-

tally matches with the configuration for atom lithography using dipole force as proposed in

Chap.3.

Chap.7 contains conclusion of all the theoretical and experimental results and future

scope of the this work.
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Chapter 2

Atom-photon interaction

This chapter contain the detail semi-classical derivation for the dipole force [32]. Consider
a two level single atom, as shown in Fig. 2.1, at rest, at the origin O, with two discrete
non-degenerate states, the ground state |a > and the first excited state | >, having energy

separation of 7iw, between them and natural width I". Let a monochromatic field E,(O,t),

with frequency w;, amplitude E, given by

E.(0, 1) = Eq cos(w.1) il
1s incident on the atom.
|6>
fw,
|a>

Figure 2.1: Two level atom

Hamiltonian of this atom-+radiation system is given by

H = HA - dEe(Oa F) (22)

17
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2.1. Optical Bloch equations 18

Where H, is the Hamiltonian of the atom and d is the electric dipole moment of the atom.
Here we have neglected the states of quantized vacuum field, because for solving equation

of motion for atom the states of the quantized vacuum field are of no interest.

2.1 Optical Bloch equations

The evolution equation for atomic density matrix o is given by
o= —%[H, o] (2.3)
Substituting the expression for H in Eq. 2.3, we get
o= —%[HA - d.E.(0,1), 0] (2.4)

Solving this equation for each component of ¢ and including the effect of spontaneous

emission in terms of damping parameter, we get four equations [32].

Taa = —i2 COSWL(Opa — Oap) + T 0w (2.5)
Oap = IWgOap — i€ COS(WLEN O pb = Oaa) = 5T ab (2.6)
O pa = —iWgOpa + 182 COS(WLE)(Opp = O aa) = 5T ba (2.7)
Gpp = Q) cos(WLt)(Opa — Tar) = TOpp (2.8)

Where Q, is the Rabi frequency given by Q; = — 2 where dyp =< ald|b >=< bld|a >.
These equations are called as Optical Bloch equations (OBE). Eq. 2.5 and 2.8 described

the rate of change of populations of levels |a > and |b > respectively and Eq. 2.6 and 2.7
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2.1. Optical Bloch equations 19

the rate of change of coherences. From Eq. 2.5 and 2.8

a:aa + O;bb = 0
(2.9)
O aa + O = Constant = 1 (Normalization condition)

The dipole d, which is purely non-diagonal in the basis { [a >, |[b > }, may be written as

d=d,(b><al+la><b))=d, +d_

d, =dg!

+ abt+ (2.10)
l, =|b><d

I_=la><b|

L, are raising and lowering operators from |a > to |b > and from |b > to |a >. Also writing
cos(wyt) = L[e™ + ¢~™']. With these, the second term of R.H.S of Eq. 2.2 can be written
as

—d.Eqcos(wyt) = -;—th[l+e"wL‘ + 1™t + _e ™ 4+ ], ™) (2.11)

The first two terms of Eq. 2.11 describe processes where the atom rises from |a > to |[b > by
absorbing a photon or falls down from |6 > to |a > by emitting a photon. These processes
are resonant and are much more important than the non resonant processes associated with
the last two terms in Eq. 2.11. We will neglect the last two terms. This approximation is

called rotating wave approximation.

1 —iw iw
. —d.Eg cos(wt) = Ehﬁl[he Ly 1™ (2.12)
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To suppress any time dependence in the coefficients of the equations, following new vari-

ables are introduced.

O ap = Opae™™ Opa = Oape” ™ (2.13)
Oaa = Oaa Gpp = Opp (2.14)
Which leads to following Optical Bloch equations.
2 .Ql ~ ~ N
Oaa = —l—i—(a-ba —Oaw) + 6w (2.15)
2 .Ql A ~ ~
Opp = l?(o'ba—o'ab)—ro'bb (2.16)
2 . ~ .Ql ~ ~ ~
Cap = =010 ap — l?(o'bb =G — 50 (2.17)
2 . ~ .Ql ~ ~ ~
Oba = l51_0'ba+17(0'bb—0'aa)— 50 ba (2.18)

Where 6, is the detuning given by 6, = w, — wo.

2.1.1 Steady state solutions of Optical Bloch Equations

It is convenient to write optical Bloch equations in terms of three variables defined by

1 A

u= 5(&ab + G ba) (2.19)
1 A ~

v==(0aw — 0ba) (2.20)
2i
1 A A

w= E(O'bb-o'aa) (2.21)
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2.2. Mean radiative force on an atom 21

Using these variables, optical Bloch equations can be rewritten as

r

=0v— Eu (2.22)
_ r
vV=-=0Lu—Qw-— Ev (2:23)
. r
w:le—TW—E (2.24)
(2:25)
Steady state solution of above equations are
§L Y
= — 2.26
T O T =29
I s
L= — 227
YT 20, 1+ s
1 s 1
== - (2.28)
W= 3T4s 2
(2.29)
Where s is called saturation parameters and is given by
9-}-
2
8= - (2.30)
52 + -

2.2 Mean radiative force on an atom

To find the mean radiative force F on an atom, placed in a radiation field, we need to

consider the translation degrees of freedom. Considering Hamiltonian

2
H= 5‘% © Hy + Hg — d[Ee(R. 1) + EL(R)] (2.31)
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Where P and R are the momentum and the position of the center of mass of the atom, M is
the atomic mass and Hg is the Hamiltonian of quantum radiation field. E.(R, 7) and E, (R)
are external field and quantum radiation field respectively evaluated at the center of mass

R of the atom.

2.2.1 Equation of motion

Heisenberg equations for R and P are given by

_OH P

P L 2.32
R=%p " m 2-52)
. . OH
P=MR= o = j;zdij [E.,(R.0) + EL,(R)] (2.33)
Taking average of Eq. 2.33
M<R>=>" <dVe|E;R 1)+ E,R)]> (2.34)
J

As the de Broglie wavelength of the atom is very small compared to wavelength of driving
field, one can construct the wave packet having very small dimensions compared to optical
field. Therefore operator R can be replaced by it’s mean value < R >= rg. The last term of
Eq. 2.34, which represents the contribution of the gradient of the quantum radiation field at

g, is zero, as the source field is even in r. Rewriting Eq. 2.34, we get

Mrg = Y. <d;> VE.(re,1 (2.35)
J

Mr'g is the force that governs the motion of the center rg of the atomic wave packet and it

is expressed as a function of driving field evaluated at this point.
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To find the average value of d;

<dj>=Tr(ocd) = (dw)(Tab + Tpa)
= (dgp) (O ape™ + Gpae™™") (2.36)

= 2(dg) j(u cos(wt) — vsin(w,1))

2.2.2 Time scales

There exit two different time scales for the evolution of internal and external degrees of
freedom. The internal degrees of freedom of the atom evolve appreciably over time scales
of the order of T}, = I'"!. Considering atoms of very small velocity v, which during T,
travels over a distance vT;,, = vI["! << A, 4 being the wavelength of light.

External degrees of freedom of the atom evolve over the time scales of the order of

= _h — B
Tex = Eo® where E,...= M

is the recoil energy of the atom when it absorbs a photon. For
most of the allowed transition A" >> E,.. which results in the fact that T;,, << T,x. This
means that, if rg=0 initially, the mean dipole < d > has the time to reach the steady state
regime calculated before, before rg has changed appreciably under the influence of mean

radiative force given by Eq. 2.35.

2.2.3 Dipole force

To calculate the mean radiative force exerted on an atom initially at rest at 0, < d; > in

Eq. 2.36 has to be replaced by its steady state value

<d 2= 2'(dab) [ust COS(WLt) = Vs Sin(WLt)] (237)
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From this equation physical meaning of u,, and v, can be interpreted. u, is the component
of < d >, in phase with E, and v, is the component of < d >, in quadrature with E.. Near

the origin 0, where the atom is located, the driving field is written as
E.(r,1) = eEg(r) cos(wrt + ¢(1r)) (2.38)

Where e is the polarization vector. Amplitude Ey(r) and phase ¢(r) of this field vary in

space, with the condition ¢(r) = 0 at r = 0 and t=0.
. VE,; = e;[cos(w,)VEg — sin(w. 1) Eq V] (2.39)

Where VE,; and hence VE,, V¢ and Ej are calculated at r = 0. So finally Eq. 2.35 in terms

of Eq. 2.37 and Eq. 2.39 can be written as

F=><d>VE, (2.40)
J

= (e.dy) [usVEs + vy EqV ] (2.41)

Thus F has two components. The first term of Eq. 2.41

Freact = (€.dyp)usVEy (2.42)

called as dipole or gradient force since it depends on intensity gradient of the external field.

This force is a conservative force. The second term is given by

Fdissip = (e'dub Wit E0v¢ (2.43)

TH-258_01612101



2.2. Mean radiative force on an atom 25

is called dissipative force. This force is responsible for laser cooling.

In terms of Rabi frequency

Freact = —AQ uga (2.44)
vVQ,

= — 45

@= -5 (2.45)

Faissip = —hQ vaf (2.46)

B=V¢ (2.47)

Substituting the expression for u,, in Eq. 2.44, expression for dipole force will become

—hrzéLV(z—,’s;)

F= (2.48)
I2(1 + &) + 46,

Where, 6, is the detuning parameter, I is the natural line width, I is the intensity of laser
and I, is the saturation intensity. Eq. 2.48 can be solved numerically for the modified
atomic trajectories in presence of near resonant non-homogeneous radiation field. With the
careful choice of the parameters of radiation field, atomic beam and duration of interaction

of atoms with the field, the atomic beam can be focused to write the periodic nanostructures

of desired geometry.
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Chapter 3

Simulation results

3.1 Introduction

This chapter contains the simulation studies of atomic trajectories under dipole force for
various light fields and atomic beam configurations. Light confi gurations includes standing
wave, TEMg, mode of laser. A new configuration of using square arrays of multiple atomic
lens produced by interference of four nearly collinear optical beams for atom lithography
using dipole force is proposed. A novel configuration of multiple periodic atomic beams
(MPAB) traveling in TEMg mode of laser is explored for the first time to generate the
structure via dipole force with periodicity below 4/2. The collimated as well as divergent
rubidium atomic beams are considered for simulation of atomic trajectories via dipole force
using Eq. 2.48 for rubidium transition 5823 - 5P23,2, as shown in Fig. 3.1. The natural
linewidth of this transition is 6 MHz. Apart from the nano lithography, the dipole force can
also be applied for isotopic separation. We have also worked out the trajectories of various

isotopes of uranium via dipole force to demonstrate its application in isotopic separation.

26
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Figure 3.1: Energy level diagram of rubidium
3.2 TEMj, mode of laser

Most simplest light configuration is TEMgo mode of a laser. Gaussian variation of intensity
in the transverse plane of TEMo laser beam acts as a single atomic lens for the focusing of
atomic beam to a single spot. Intensity distribution of TEMgo mode laser traveling along y

direction is defined by

I= Low exp[—2(x? + z2)/w(y)’] (3.1)
w(y)?
Where
w(y) = wo(l + <;y0-)2)"2 (3.2)

is the beam size at a distance y from the location of beam waist (2wo) as depicted in Fig. 3.2

and yj is the Rayleigh length given by

Yo = —— (33)

Where A is the wavelength of laser.
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Figure 3.2: Launching position of atoms with respect to Gaussian laser beam

3.2.1 Boundary conditions

The collimated as well as divergent one-dimensional cold and thermal atomic beams of
rubidium were considered for simulations of trajectories via dipole force using Eq. 2.48
in counter propagating TEMgy mode of laser. The direction of propagation of rubidium
atomic beam is taken along y axis and that of laser beam along -y axis as shown in Fig. 3.2.
The atoms were assumed to enter in the field at a Rayleigh distance with respect to the
location of beam waist (Wo=50 um) of laser (see Fig. 3.2). From Eq. 2.48 equations of

motion of atoms in x and y direction are given by
62x 2.7{7551,

ot? )= WOR[1+(E)) 2
Loexpl-2(2)/wO] (T2 +467)

2
m( m( %—% =0 (3.4)

Eqs. 3.4 are computed simultaneously for rubidium atomic beams (collimated as well
as divergent) for following initial boundary conditions. For collimated atomic beams two

initial boundary conditions at t=0 are

Qf =v,=0 QX = v, = 170r1700m/s 3.5)

ot ot
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Other two boundary conditions are x and y coordinates at t=0, depicting the distribution of

atoms in the atomic beam at the launching position, given by
X = Né, y=>XYo (3.6)

Where N=-10,-9,-8,....,8,9,10 and 6, = 1um, giving 21 atoms in the beam with 1 um spac-
ing between the adjacent atom.
For divergent atomic beam, instead of Eq. 3.5, two initial boundary conditions at t=0

are
vx = vsin(X(0.0025)) vy = vcos(X(0.0025)) 3.7)

Where X=-2,-1,1,2 and v=17 or 1700 m/s. The other three boundary conditions are same
as given by Eq. 3.6 apart from the difference that now from each location 5 atoms are
launched in coaxial cones, therefore the total number of atoms in the beam are now 5 times

more with a maximum cone angle (Or 84max) of 5 mrad.

3.2.2 Results and discussion

The rubidium trajectories are computed for cold as well as thermal beams traveling in
TEMg, mode of laser with peak intensity, I, equal to 16.5 W/m?, which corresponds to
saturation intensity of rubidium transition (Fig. 3.1), for red detuning §,=-200 MHz. The
computed rubidium trajectories of cold rubidium atomic beam in TEMgy mode of laser for
red detuning is shown in Fig. 3.3a for first focal spot. Interaction time required for focusing
the atomic beam is 35.88 us. Fig. 3.3b shows the effect of longer interaction time of atomns
with laser beyond the first focus. Atomic trajectories in this case show multiple focusing

and defocusing depending on the interaction time.
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Figure 3.3: Trajectories of initially collimated cold rubidium atomic beam in TEMg, mode
of laser showing (a). First focal spot and (b). Multiple focusing due to longer interaction
time of atomic beam with laser.
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Figure 3.4: Trajectories of initially divergent cold rubidium atomic beam in TEMg, mode

of laser showing (a). First focal spot and (b). Multiple focusing due to longer interaction
time of atomic beam with laser.
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Figure 3.5: Trajectories of initially collimated thermal rubidium atomic beam showing first
focal spot for the same interaction time as with cold atomic beam.

The collimated atomic beam is an ideal case, therefore effect of divergence of atomic
beam was studied for same interaction time. Fig. 3.4a shows the first focal spot of the
initially divergent (O mex = 5 mrad) cold rubidium atomic trajectories in TEMo, mode of
laser. The focus spot size is increased in this case as compared to collimated atomic beam
due to the initial divergence of the atom. Multiple focusing effect for longer interaction
time of atoms with the laser is shown in Fig. 3.4b.

Fig. 3.5 shows the first focal spot of thermal (1700 m/s) rubidium atoms for the same
interaction time (35.88 us) as that required for cold rubidium atoms. Therefore interaction

time for the focusing of the atomic beam is independent of it’s axial velocity.

3.3 Standing wave configuration

The TEMg, mode of laser beam gives only one single focus spot of atoms of micron di-
mensions. Therefore a light configuration which gives multiple periodic atomic lenses is
needed for periodic writing. Standing wave of light is one such configuration which gives
series of periodic microlenses with period 4/2, as shown in Fig. 3.6. The atomic beam is

launched perpendicular to standing wave and focus down into the grating structure by each
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period of standing wave, which acts as a cylindrical atomic lens. Intensity distribution of a

one-dimensional standing wave can be taken as

I = Iy cos?(kx) (3.8)

Atomic beam
_______ -~ Standing wave
x

Substrate

Where k = —27”

24

Figure 3.6: Launching position of atoms with respect to Standing wave

3.3.1 Boundary conditions

The collimated as well as divergent cold and thermal one-dimensional atomic beam of
rubidium were considered for simulations of trajectories via dipole force. The direction
of propagation of rubidium atomic beam is taken along -y axis while the standing wave is
along x axis as shown in Fig. 3.6. From Eq. 2.48, equations of motion of atoms in x and y

directions are given by

hl“z(SLf’; cos(kx) sin(kx)

2 Io cos(kx)? 2
I?(1 + 2=—— o ) + 407

m(9%x/0t%) = m(8%y/8r*) = 0 (3.9)
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Eqs. 3.9 are computed simultaneously for rubidium atomic beams (collimated as well as

divergent). For collimated atomic beams two initial boundary conditions at t=0 are

% =v, =0 Q = vy, = 17/0r/1700m/s (3.10)

Other two boundary conditions are x and y coordinates at t=0, which are given by
x = N6, Y=Y (.11

Where N=1,2,3.....,90 and §,=13 nm. For divergent atoms two initial boundary conditions

for t=0 modified to
v, = vsin(X(0.0025)) vy = v cos(X(0.0025)) (3.12)

Where X=-2,-1,1,2 and v=17 or 1700 m/s. The other two boundary conditions are same
as given by Eq. 3.11 apart from the difference that now from each location 5 atoms are

launched in coaxial cones, such that the total number of atoms are now 450 with a maxi-

mum cone angle (or 0, of S mrad.

3.3.2 Results and discussion

The computed trajectories of cold (17 m/s) rubidium atomic beam in standing wave for blue
detuning (6, =200 MHz) for first focal spot is shown in Fig. 3.7a. Interaction time required
for focusing the atomic beam is 0.35 us. Fig. 3.7b shows the effect of multiple focusing
for longer interaction time of atoms with laser. ~ Fig. 3.8a shows the initially divergent
(Bamax = 5 mrad) cold rubidium atomic trajectories in standing wave for first focal spot.

The focus spot size is increased in this case as compared to collimated atomic beam due to
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Figure 3.7: Trajectories of initially collimated cold rubidium atomic beam in optical stand-
ing wave at intensity 16.5 W/m? showing (a). First focal spot and (b). Multiple focusing

due to longer interaction time of atomic beam with laser. Intensity distribution is shown in
the bottom of the figure
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Figure 3.8: Trajectories of initially divergent cold rubidium atomic beam in optical standing
wave at intensity 16.5 W/m? showing (a). First focal spot and (b). Multiple focusing due

to longer interaction time of atomic beam with laser. Intensity distribution is as shown in
the bottom of the figure
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Figure 3.9: Trajectories of initially collimated cold rubidium atomic beam in optical stand-

ing wave at intensity (a). Iy=1 W/m? and (b).I;=10 W/m?2. Intensity field is as shown in the
bottom of the figure

divergence. Fig. 3.8b shows multiple focusing due to longer interaction time of atoms with
the standing wave.

The computed trajectories of cold beam of rubidium in standing wave at intensities
1 and 10 W/m? for blue detuning are shown in Fig. 3.9a and b, respectively. At higher
intensities atoms are tightly focused with better contrast. From Fig. 3.7a and Fig. 3.9a
and b, it is obvious that at lower intensity, the atomic beam has to travel a larger distance,
in other words interaction time with the field are required to be large. Interaction time

required for the atomic beam for focusing at various intensity are listed in Table. 3.1.

Intensity (W/m?) | Focusing time (us)
1 1.35
10 0.47
16.5 0.35

Table 3.1: Focusing time at various intensities of laser

Results for a thermal beam at atomic velocity 1700 m/s are shown in Fig. 3.10. Results

are similar to that of cold beam. Thermal beam has to travel a distance longer by two
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Figure 3.10: Trajectories of rubidium thermal atomic beam at intensity, Ip=1 W/m? and
Ip=10 W/m?.

orders of magnitude before being focused compared to that of cold atomic beam. This
confirms that interaction time required for the focusing at any given intensity is constant

and is independent of velocity of the atom.

3.4 Interferometric configuration

We proposed a new configuration of multiple atomic lenses formed via interference of
four nearly collinear optical beams [130] for writing the square arrays of structures. The
interference of four beams results into the square arrays of equally illuminating light spots.
These light spots act as the two dimensional periodic potential for the focusing of the atomic

beam via dipole force.

3.4.1 Configuration details

Experimental set up used to generate square arrays of equal illuminating light spots is

shown in Fig. 3.11 [130]. It comprises of a MachZhander interferometer coupled to Michel-
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son interferometer (or two Michelson interferometers in tandem) producing the four nearly

collinear beams in the output. The resultant intensity distribution of interference pattern in

the transverse plane, generated by using such set up is given by
I = Ip[4 + 4 cos(kx) + 4 cos(ky) + 2 cos(kx + ky) + 2 cos(kx — ky)] (3.13)

Where k = 27u and spatial frequency u = Si':lﬁ, @ is the angular separation between two
interfering beams of either of the interferometer and A is the wavelength of the laser light
used. Fig. 3.12a shows the computed plot of intensity distribution of Eq. 3.13 and Fig. 3.12b
shows the recorded pattern onto CCD (PCO-Pixelfly-imaging-SVGA) from the set up of

Fig. 3.11 using a He-Ne laser. The collimated as well as divergent cold (v=17 m/s) ru-

BS1 M1
N | —
Laser Collimator
M2 BS2
BS3 I
output < I
M3
__M4

Figure 3.11: Experimental set up for the production of four beam interferometric pattern.

bidium atomic beams traveling in counterpropagating interfering beams along z-axis from

the set up of Fig. 3.11 are considered (see Fig. 3.13) for simulation of atomic trajectories

via dipole force using Eq. 2.48.

Equations of motion of rubidium atoms traveling in this optical configuration (from
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Figure 3.12: a. Three dimensional plot of intensity distribution of four beam interferometric

pattern. b. Recorded four beam interferometric pattern using a He-Ne laser.
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Figure 3.13: Launching position of rubidium atoms in presence of interfering optical

beams.

Eq. 2.48) are given by

mc’)zx _ h6Lok[2 sin(kx) +‘ sin(kx + ky) + sin(kx — ky)]

M 14

IoT2[4+4 cos(kx)+4 cos(ky)+2 cos(kx+ky)+2 cos(kx—ky)]
L (T2+467)

maZy _ héLIok[2 sin(ky) + sin(kx + ky) + sin(kx — ky)]

o q4
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Tol2[4+4 cos(kx)+4 cos(ky)+2 cos(kx+ky)+2 cos(kx—ky)]
Tea (T2 +482)

(3.14a)

(3.14b)
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Figure 3.14: Cross sectional view of initial positions of rubidium atoms in the beam.

Figure 3.15: Launching coaxial cones of atomic beams for maximum divergence angle
Odmax-

The peak intensity of laser, Iy, was taken to be 16.5 W/m?, corresponding to the saturation
intensity of rubidium transition. The laser wavelength was red detuned (6,=-200 MHz)
from the resonance line of 780 nm of rubidium. Eqs.3.14 are computed simultaneously for
collimated as well as divergent atomic beam for following initial boundary conditions. For

the collimated rubidium atomic beams the three boundary conditions at t=0 are

X =0 (3.15a)
at
N _y =0 (3.15b)
at
oz
92 _ = 1Tm/s (3.15¢)
ot

TH-258_01612101



3.4. Interferometric configuration 40

Other three boundary conditions are x, y and z coordinates of the atoms in the beam at t=0,

which 1s given by

X = Necos(¢) (3.16a)

y = Nesin(¢) (3.16b)

7 == (3.16¢)

Where N=-2000, -1900, -1800, ........ , 1800, 1900, 2000; e=107°, $=0,0.174,0.348,...., 2.

Pictorially initial arrangment of the atoms in the transverse plane x-y is shown in Fig. 3.14.

For divergent atomic beams three boundary conditions at t=0 are

vy = l.zlsin(ed) (3.17a)
Ve = ——sin(6a) (3.17b)
Y 1.41
v, = vcos(8q) (3.17¢c)
v=(i+Vvi+ vHY2 = 17m/s (3.17d)

Where 6, is the divergence angle. The other three boundary conditions are same as shown
in Fig. 3.14 (and given by Eq. 3.16) apart from the difference that now from each location
5 atoms are launched in coaxial cones (as shown in Fig. 3.15) with a maximum cone angle

(Ol‘ grhna,\:) of 5 mrad.

3.4.2 Result and discussion

The sequence of computed lithographic patterns for collimated cold rubidium atomic beams
for interaction time of 82.3 us and 88.2 us (corresponding interaction length of 1400 um

and 1500 um respectively) are shown in Fig. 3.16a and b respectively. It can be seen from
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Figure 3.16: Final positions of initially collimated rubidium atoms after interacting with
interferometric beams for an interaction length of a. 1400 ym and b. 1500 um.

the both the lithographic patterns that the atoms have relocated themselves towards the in-
tensity peaks. The effect of divergence of the atomic beam is also considered as the well
collimated atomic beam is practically not possible. The starting configuration of atomic
beam is shown in Fig. 3.14 and Fig. 3.15. Fig. 3.17 shows the lithographic patterns for
such configuration for interaction length of 1400 ym and 1500 um, corresponding to inter-
action time of 82.3 us and 88.2 us for cold rubidium atoms. These lithographic patterns
looks quite similar to that of with the case of collimated atomic beams. In this case also
one can see the relocation of atoms around the intensity peaks. The density of the atoms
in the center of Fig. 3.16 — 3.17 is large because of the higher density of the atoms in the
center of Fig. 3.14 at the initial location. If a uniform distribution of atoms in atomic beam

is consider then the focused pattern will also show the same density of atoms in each spot.
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Figure 3.17: Final positions of divergent rubidium atoms after interacting with interfero-
metric beams for an interaction length of a. 1400 ym and b. 1500 um.

3.5 Matrix of Micro-Ovens for arrays of multiple atomic
beams

The periodicity of above two configurations (Sec. 3.3 and 3.4) is limited to 4/2 though the
individual focus spot in the array may be of dimensions tens of nanometer. Therefore a new
configuration of using microscopic square arrays of atomic beams (matrix of micro-ovens)
in presence of gaussian intensity distribution (TEMgo mode) of laser was explored for the
first time for reducing the periodicity below 4/2. This new configuration is equivalent to
imaging the large number of discrete atomic beams via single atomic lens. This is the
reverse analogy of the above two configurations having single atomic beam traveling in
multiple light potentials. One can also draw analogy of this configuration with optics, as
shown in Fig. 3.18. In conventional optics large number of periodical light beams can be
focused using a convex lens. In our case, light beams are replaced by atoms and lens by
TEMgo mode of laser. In optics minimum size of focal spot is restricted by wavelength of

light. But in case of atoms, the de Broglie wavelength is quite small (<0.1 nm in case of
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Multiple Periodic Light beams Multiple Periodic Atomic beams

Optical lens Atomic lens

7

Figure 3.18: Analogy of MMO concept with optics

(b)

(a

thermal atoms), so theoretically it is possible to get sub-nanometeric atomic spots with this

configuration.

3.5.1 Matrix of micro-ovens

Usually atoms in a beam are having sub-nanometric spacing. Matrix of micro-ovens is a
system which can deliver large number of multiple periodic discrete atomic beams well

separated from each other.

3.5.2 Configuration details

Intensity distribution of TEMg, mode laser traveling along y direction is defined by Eq. 3.1
The collimated as well as divergent atomic beams of rubidium were considered for simula-
tions of trajectories via dipole force using Eq. 2.48. The cross section (z-x plane) of square
arrays of atomic beam launched is shown in Fig. 3.19 a. The initial positions of each atomic
beam corresponds to the corner of squares of size 2 yum. The diameter of each atomic beam
is considered to be 1 um with 91 atoms placed symmetrically in it (Fig. 3.19b). The di-

rection of propagation of rubidium atomic beam is taken along y axis and that of laser
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beam along -y axis as shown in Fig. 3.2. The atoms were assumed to enter in the field at a

Rayleigh distance with respect to the location of beam waist (wo=50 um) of laser.
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Figure 3.19: (a). Cross sectional view of initial positions of rubidium atomic beam arranged
in a square geometry. (b). Arrangements of atoms in each individual beam

From Eq. 2.48 equations of motion of atoms in x, y and z direction are given by

5*x 2xHh6L
= 3.18
m( atZ) WOR1+HE)?] 2 (3-18)
Toexp[-2(x2+22)/W(¥)*] ~ Isu(T2+462)
: %y
—3)=0 (3.19)
m( ot
8%z 2zh6L
= 3.20
m(atz) w1+ 2 (3.20)

Toexp[-2(x2+22)/W(y)*] * T (T2+457)

The peak intensity of laser at the center of the beam waist was taken to be 16.5 W/m? cor-
responding to the saturation intensity of rubidium transition. The laser wavelength was red
detuned (6,=-200 MHz) from the resonance line of 780 nm of rubidium. Eq. 3.18, 3.19
and 3.20 are computed simultaneously for the proposed configuration of atomic beams col-

limated as well as divergent. For collimated atomic beams three initial boundary conditions
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at t=0 are

ox
ar — ¥x = 0 3.21
dy
e vy = 17 or 1700 m/s (3.22)
ot

Other three boundary conditions are X, y and z coordinates at t=0 (Fig. 3.19), which is

given by
X = ab + cdcos(8) (3.24)
Y =Yo (3.25)
z = eb + cdsin(f) (3.26)
Where a=-10,-8,.....,8,10, b=1 um, ¢=0,1,2,3,4,5, 6=0,0.348,0.696,1.044,......... 2nrad, d=0.1um,
e =-10,-8,...c...: ,8,10

For divergent atomic beams three initial boundary conditions at t=0 modified to

v,
Vi = 1.413111(9(,) (3.27)
vy = vcos(6q4) (3.28)
Voo
Vi = 1.41$m(9d) (3.29)
g—t =v=(vi+v]+v)? =17 or 1700 m/s (3.30)

Where 6, is the divergence angle. The other three boundary conditions are same as shown
in Fig. 3.19 and (and given by Eq. 3.24- 3.26) apart from the difference that now from each

location 41 atoms are launched in coaxial cones (as shown in Fig. 3.20), such that the total
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41 Atoms

Figure 3.20: Launching coaxial cones of atomic beams for divergence angle 6,

number of atoms in each beam are now 91x41 with a maximum cone angle (or 8 mqx) of 1

mrad and 4.5 mrad.

3.5.3 Result and discussions
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Figure 3.21: Final positions of cold rubidium atoms after interacting with TEMgo mode
laser for initially collimated set of atomic beams for time (a). 41.17 us and (b). 44.11 us

The sequence of computed lithographic patterns for collimated arrays of cold rubid-

ium beams for interaction time of 41.17 us and 44.11 us (corresponding interaction length
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Figure 3.22: Final positions of thermal rubidium atoms after interacting with TEMg, mode
laser for initially collimated set of atomic beams for time of 44.11 us.

of 700 um and 750 um respectively) are shown in Fig. 3.21a and b respectively. The
lithographic pattern of the atoms after an interaction time of 41.17 us with the field is
shown in Fig. 3.21a. Overall pattern compression factor as compared to initial configura-
tion (Fig. 3.19a) is ~ 5.8. The minimum periodicity of this pattern is 380 nm (<ﬁ2‘-) and the
individual atomic beams compressed to 200 nm in the center of the laser beam. Fig. 3.21b
shows the pattern after an interaction length of 750 um. The compression factor in this
case is ~ 3.6. The spot size at the center is expanded to 300 nm with periodicity 580nm
(>%). The astigmatism in the pattern is because of non uniform gradient of intensity dis-
tribution of TEMyy mode. The lithographic pattern for thermal ( 1700 m/s) atomic beam
for an interaction length of 75000 um (it is chosen such that to keep the interaction time
same with that of Fig. 3.21b (%——g?f/—’;‘ = 44.11ps) is shown in Fig. 3.22c. This pattern has
the same periodicity, compression factor and individual beam compression factor as that of
cold beam (Fig. 3.21b).

The well collimated atomic beams for such lithography is an ideal choice but practically
not possible. Therefore we have considered the effect of divergence of the atomic beam.
The starting configuration of atomic beam is shown in Fig. 3.19 and Fig. 3.20. Fig. 3.23
and Fig. 3.24 shows the lithographic patterns for such configuration for interaction length

of 700 um and 750 pm, corresponding to interaction time of 41.17 us and 44.11 us for cold
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Figure 3.23: Final positions of cold rubidium atoms after interacting with TEMgy mode
laser for set of atomic beams having initial cone angle of 1 mrad for time (a). 41.17 us and
(b). 44.11 us

rubidium atoms. The lithographic patterns of atoms after an interaction time of 41.17 us
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Figure 3.24: Final positions of cold rubidium atoms after interacting with TEMg mode
laser for set of atomic beams having initial cone angle of 4.5 mrad for time (a). 41.17 us
and (b). 44.11 us

with the field is shown in Fig. 3.23a and Fig. 3.24a. These patterns shows the line structure
of atoms with periodicities 320 nm and 300 nm (both <%) for maximum divergence of
1 mrad and 4.5 mrad respectively at the center of the pattern. The corresponding line
thicknesses, at the center are nearly equal to 220 nm and 210 nm respectively. The overall

compression factor in this case is ~ 5 and 3.2 respectively. The pattern further expands
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after an interaction time of 44.11 us, as shown in Fig. 3.23b and Fig. 3.24b with overall
compression factor ~ 3.3 and 2.4 respectively. The periodicities of these patterns are 490
nm and 500 nm (both >§) with line thickness 330 nm and 340 nm respectively. The reason
for observed line structure can be symmetric atomic distribution along x and z direction
of the atomic beams at the launching position. Final positions of thermal rubidium atoms
(1700 my/s) after an interacting length of 75000 um (again it is chosen such that to keep the
interaction time same with that of Fig. 3.23b and Fig. 3.24b) for maximum divergence of

1 mrad and 4.5 mrad are shown in Fig. 3.25a and 3.25b respectively. These patterns are

2z{microns)
2(microns)

(@ (b)
Figure 3.25: Final positions of thermal rubidium atoms after interacting with TEMgo mode

laser for set of atomic beams having initial cone angle of (a). 1 mrad and (b). 4.5 mrad for
time 44.11 us

having same periodicity, line thickness and overall pattern compression factor as that of the

cold beam (Fig. 3.23b and Fig. 3.24b).

3.6 Isotopic separation of Uranium using dipole force

In the previous sections, we have worked out some novel configurations of atomic beams
as well as light fields for the manipulation of trajectories of atoms to focus down to micron

and nanometer dimensions for the generation of periodic structures. The trajectories of
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atoms depends on the gradient in intensity of the laser field as well as on the atomic species
(energy level scheme). Therefore, using the appropriate configuration, the dipole force
can also be applied for isotopic separation. In this section, we have taken Uranium as an
example to demonstrate the scope of dipole force for isotopic separation.

World consumption of enriched U?* (fissile isotope of uranium) has enhanced due to
the increase in the number of light water nuclear power reactors. Natural uranium con-
tains about 99.275% of U%*® and 0.72% of U?35 remaining 0.005% is U?34. It is neccesary
to get 2.5-5% concentration of U?33 in nuclear fuel to start and sustain the chain reaction
in nuclear power reactors. There are two commericial processes [131] employed for the
enrichment of U%**, (a). Gaseous diffusion process and the (b). Centrifuge process. Both
these proceses are costly and requires high power, moreover these techniques require cas-
cade stages as one stage can not yield the required concentration of U?*>. There are some
laser enrichment processes [131] which exploits the isotopic shifts of the transition for the
selective ionization of isotopes. These ions so formed can be separated by physical or
chemical proceses. This technique is still in development stages and hence not applied on a
commercial scale. Both commercial processes, mentioned above, become less efficient in
separating U%>® from U?* which is generally contained in the recycled nuclear fuel because
of almost identical masses .

A new scheme to separate U?*5 from U??® and U?3% by using dipole force from a counter
propagating TEMoo mode of laser is proposed. The dipole force modifies the trajectories of
atoms and with the proper selection of controlling parameters viz; gradient in intensity and

detuning, the different isotopes can be made to focus at different location in the transverse

plane.
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3.6.1 Proposed scheme and configuration details

In the proposed scheme we have exploited isotopic shifts of uranium, but in a more direct
way. For the present scheme, 5{°6d7s? SLs — 5°6d7s7p "M; transition of uranium was
considered. The energy level diagram depicting the isotopic shifts [132] for U5, U236 and
U2 s shown in Fig. 3.26. The laser was blue detuned by 6746 MHz and 1626 MHz for
U8 and U2 isotopes respectively but it is red detuned by 1626 MHz for U*** as shown in

Fig. 3.26. Following Eq. 2.48, with this choice of detuning, U*** will be attracted towards

the positive gradient in intensity where as U8 and U will be attracted towards the nega-

tive gradient in the field. The schematics of proposed experimental configuration is shown
in Fig. 3.27. Low divergent cold atomic beam can be generated by pulsed laser ablation

of thin film is allowed to interact with counterpropagating TEMq laser beam (Fig. 3.27).

The different isotopes of uranium in the atomic beam experiences dipole force in different

) , . . . -
directions owing to the isotopic shifts. The bigger 1sotopes of uranium viz; U%*® and U

are thrown away from the laser beam (because of the blue detuning) and U*® gets focused

at the center of the laser beam (because of the red detuning).

U235
-------------------- 8372 MHz

Laser detuning=

6746 MHz =— 5120 MHz

Laser wavelength s

5915.314 A - A=5915385A

g A g S ('

I

:

anium showing isotopic shifts and laser detuning
[

Figure 3.26; Energy level digram of ur
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Transparent Substrate
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[ ) U-238 and U-236

Vacuum P
' / //, U-235

Laserused for = | E z:: )
R ———
l S

Uranium thin film Atomic beam
of Uranium

TEM 00modc of laser
Figure 3.27: Proposed experimental scheme for isotopic separation of uranium

From Eq. 2.48, equations of motion of atoms in X, y and z direction traveling in counter
propagating TEMg mode of laser (Eq. 3.1) are given by

azx 2Xh5L

m(ﬁt-f) =T worHE - (3.31)
Toexpl-2(2 +22)/W(y)’] Lau(T2+467)
9%z 2zhoL 13
m(Z7) = T worlG 2 (3.32) }
Trerpl-20e+ /WO L +47) ‘
&y
m(77) =9 (3.33)

The peak intensity of laser at the center of the beam waist was taken to be 4 W/m? corre-
of uranium transition 5f26d7s? °Le — 5£26d7s7p "M, [13 3].

Sponding to the saturation intensity
6746 MHz) from the resonance line of 5915.385

The laser wavelength is blue detuned (6.=
ion is 0.7169 MHz [133]. Eq. 331,

A® of U238, The natural linewidth of the above transit

3.32 and 3.33 omputed simultaneously for the modified trajectories of uranium iso-
94 and 3.33 are €

mic beams under dipole force. The atoms are

: to
topes for collimated as well as divergent 2
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assumed to enter in the field at a Rayleigh distance with respect to the location of beam

waist (Wo=50 um) of laser.

Boundary conditions

10

Z(microns)

145~ ’ ; ’ 10
x(microns)

Figure 3.28: Launching position of uranium isotopes in presence TEMg, mode of laser

For collimated atomic beams, three initial boundary conditions at t=0 are

% —v,=0 (3.34)
% =v, = 100 m/s (3.35)
% —v, =0 (3.36)

Other three boundary conditions are x, y and z coordinates at t=0, which is given by

x = Rd cos(6) 3.37)
y = y; = interaction length (3.38)
x = Rd sin(6) (3.39)

Where R =0, 2, 4,....., 98, 100, d = 0.1 um and 6 = 0, 1.04, 2.09,....., 27 rad. Pictorially

x-z initial coordinates of atoms are shown in Fig. 3.28. For divergent atomic beams three
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boundary conditions at t=0 modified to

Vy = ﬁsin(@d) (340)

vy = vcos(6a) (3.41)

¥, = I:_’ﬁsm(ed) (3.42)

?f =v =2 +vi+v)r=100m/s (3.43)
t

Where 6, is divergence angle. The other three boundary conditions are same as shown in

Fig. 3.28 and (and given by Eq. 3.37- 3.39) apart from the difference that now from each

location 5 atoms are launched in coaxial cones with a maximum cone angle (or 6,,,,,) of 5

mrad,

The purpose of these simulations is to show the difference in the dipole force direction

. _ N ore number of atoms of each uranium
experienced by different uranium 150{0pes; theref

isotope is taken to be equal regardless of their relative abundances. Also the initial positions

of all uranium isotopes is taken to be same.

3.6.2 Simulated results

Modified trajectories of initially collimated cold (100 m/s) uranium atomic beam for an

interaction length of 5000 um are shown in Fig. 3.29. Two dimensional cross sectional view

. in Fig. 3.30. One can clearl
of Fig. 3.29 and it’s magnified central portion 1s shown in Fig y see

from this picture the different paths taken bY U235, U6 and U™ isotopes and subsequently
is picture

the separation in their final positions. Due to larger blue detuning and hence more repulsive
ion i

t of the laser beam much faster than U, Red detuning makes
oots ou

force, U238 jsotope sh | N .
¢ the center of Jaser beam having positive gradient with

U=s atoms to focus themselves a

focal spot of U?3 around 3 x 3 pm.
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Figure 3.29: Trajectories of initially collimated uranium atoms under dipole force
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Figure 3.30: (a). Cross sectional view of final positions of initially collimated uranium
isotopes after an interaction length of 5000 um with TEMgo mode of laser (b). Expanded
central portion of (a) showing focus spot of U*” isotope
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To consider the effect of divergence of the atomic beam, the starting configuration of
atomic beam was considered similar to the previous case with a difference that beam is
assumed to be launched in a cone, with a cone angle of 5 mrad. Trajectories are simulated
for an interaction length of 1100 um and are shown in Fig. 3.31. Two dimensional cross
sectional view of Fig. 3.31 and it’s magnified central portion is shown in Fig. 3.32. Besides
the smearing effect due to the divergence, the overall concept seems to be valid in this case

also. Here the focal spot of U?* is found to be around 15 X 15 um.

3.7 Conclusion

The simulated rubidium atomic trajectories for TEMg mode of laser and standing wave
configuration via dipole force shows multiple focusing of atoms for longer interaction time
with the light field. The interaction time required for the focusing of the atomic beam is
independent of longitudinal velocity of atoms but decrease with the increase in the inten-
sity of light field. The focused spot of divergent atomic beam is broad compared to the
collimated atomic beam.

The computed lithographic patterns for a single atomic beam traveling in counterpropa-
gating two dimensional periodic potentials generated via interference of four optical beams
shows the accumulation of atoms towards the center of the potentials. Thus the proposed
configuartion may find its application in microfabrication and fabrication of photonics de-
vices.

The computed results for the proposed new configuration of matrix of micro-ovens
(cold and thermal) yield interesting patterns with periodicities much less than 4/2 in pres-
ence of single potential from a TEM, mode laser. The proposed configuration is relatively
simple because it doesn’t require any conditioning of light potential as directly TEMgo

mode is used. Simulated results confirms that the focusing is independent of the temper-
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ature of the beam. It depends only on the interaction time. Thus the idea of using arrays
of atomic beams in TEMy, mode appears to be a promising configuration for generation of
periodic nano structures. The trajectories simulated in this Chapter is for rubidium atoms
but this configuartion is very much applicable to other atoms also. The fabrication of such
closely spaced micro-ovens delivering large number of discrete atomic beams with small
divergence is not very difficult. In Chap.4 we described the technique of producing such
large arrays of pulsed atomic beams and results are discussed in Chap.6.

Apart from the nano lithography, dipole force can be applied for isotopic separation of
Uranium by choosing laser detuning cleverly. Depending on the experimental arrangement,
one can play with the laser detuning for the collection of required isotopes either at the
center of the laser beam or outside it. This technique can be applied for isotopic separation

of any element which has strong transition lines for which a tunable laser is available. Here,

particularly we proposed this scheme for uranium for following reasons.

e This method is cheap and requires very less power compared to already existing

techniques.

e It separates the isotopes ina single step.

e It ove efficient for the enrichment of uranium from natural uranium as well as
may pr

recycled nuclear fuel.
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Chapter 4

Experimental set-up

4.1 Introduction

One of the major requirement for the formation of periodic nano structures via dipole force

is low divergence atomic beam. Collimated atomic beams is also a topic of interest because
ics [90, 134], laser spectroscopy [88] and in the

of its importance in the field of atom opt

fabrication of optoelectronic devices [135]. The most general method for the production of
atomic beam is thermal oven. The divergence of atomic beam generated directly from the
thermal ovens is in the range of radians. With the help of appropriate set of apertures, the

divergence of the beam is reduced and finally fine collimation is performed via laser cool-

ing [134), Application of thermal oven is restricted to the materials of low melting points

ports [113, 116, 118] on the
using laser ablation of thin foil, solid target and thin

0 | |
nly. There have been re seneion 7 prbed e omic

1 | .
€am over wide range of materials
tomic beams can be used for any material

film. The Jaser ablation for the production of a
It has ability tO produce high atomic flux with ——

iry : . L
espective of their melting points:
In the earlier report [118], laser is focused from

I‘ .
anging from cold to super-thermal range.
ing into the ablation of material from

the reqy side onto the thin films of the material result
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the thin film, giving atomic beam. Because of the focusing of the laser beam, the laser
energy gets concentrated over a small region, the momentum distribution and hence the di-
vergence of the resulting atomic beam is large and the collimation is required for precision
application viz; micro/nano lithography. We have reported for the first time [129] produc-
tion of low energy low divergence pulsed atomic beam via laser ablation using unfocused
laser beam. In this chapter, the experimental set-up developed by us for the production of
low divergence low energy pulsed atomic beam is described. The beam deflection set-up,

divergence measurement and the ablation dynamics via reflectivity measurement, devel-

oped in the present work are described for the characterization of atomic beam.

The experimental set-up developed for direct single shot micro-nano lithography via
selective laser ablation using two and four beams high power laser interferometry is dis-

cussed. The experimental set-up developed for the one and two dimensional arrays of

atomic beams via high power laser interferometry is also discussed. This is the technique

developed for the first time for the production of matrix of micro ovens for the generation

of arrays of atomic beams in square geometry. This matrix of micro oven is a promising

configuration for nanolithography via dipole force as proposed in chap.3 for deposition of

atoms having periodicity less than A/2.

4.2 Experimental set-up for the generation and character-

ization of pulsed atomic beam

4.2.1 Generation of atomic beam

e rear side ablation for the production of cold low

Thin films of Indium were used for th Lo the cleaned i |

- : deposited on the cleaned microscopic glass

dlvergence ic beam. Thin film was
pulsed atomiC
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1 5 Connector

To the Vacuum pump

Figure 4.1: Side-view of Vacuum chamber

5

Figure 4.2: Top-view of Vacuum chamber.
1,3,5.7; 50 KF ports, 2,4,6,8; 40 KF port
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Motorized feed-through

Figure 4.3: Photograph of Vacuum chamber

Atomic beam of Indium

6 Glass Substrate

Thin film of Indium

Nd:YAG Laser )
2nd

Harmonic 7 Prism

Figure 4.4: Atomic beam generation set-up via rear side unfocused laser ablation of thin
film

plates via thermal evaporation coating unit in a base pressure of 107¢ Torr. Indium metal
used for the deposition was of purity 99.995% , bought from Nuclear Fuel Complex, Hy-
derabad . The thin film was mounted inside the ablation chamber (make; New Poona Indus-
tries, Pune) from the top port as shown in Fig. 4.1. The ablation chamber was cylindrical
in shape, made up of stainless steel, internal diameter of 44 cm and length 30 cm, having
alternate four 50 KF ports and four 40 KF ports located equidistant on the curved surface
as shown in Fig. 4.2. The top flange of the chamber contained a 50 KF port. Thin film

was inserted through this port by a motorized translator assembly (Technovac, Bangalore),
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as shown in the photograph of Fig. 4.3, such that the thin film can be scanned completely
through one of the 50 KF port (port 1). The port 1 was sealed with 50 KF view port contain-
ing polished glass window. The thin film was aligned nearly parallel to the glass window.
The opposite 50 KF port (port 5) to port 1, a glass substrate was inserted through a wilson
feed-through for the deposition of atomic beam. Rest of the ports were sealed with either
respective view ports having polished windows for other optical diagnostics or with the
blank flanges. The bottom of the chamber was welded with a 100 cm length and internal
diameter 100 mm collar (Fig. 4.1). The free bottom end of this collar was connected to the
diffusion pump backed by rotary pump. The pirani and penning gauges were mounted at
appropriate ports for the measurement of vacuum in the pump as well as in the chamber.

The base pressure of the chamber was maintained below 10> Torr. Thin films of Indium

Atomic beam of Indium

¢ Glass Substrate

Thin film of Indium

Nd:YAG Laser
2nd

Harmonic |7 Prism

Figure 4.5: Set-up with the aperture for the collimation of atomic beam

were illuminated from the rear side directly by second harmonic of Q switched Nd:YAG
laser (400 mJ in fundamental, 8 ns pulse width, beam diameter 8 mm, model HYL101
Quanta System) under high vacuum ( 10-5 Torr). A 90° degree prism was used for steering
the laser beam into the vacuum chamber as shown in Fig. 4.3 and 4.4. Thin film of Indium
was kept slightly slanted to the incoming laser beam to avoid retro-reflection of laser beam

going back into the laser head. During the experiment, thin film was moved vertically via
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Atomic beam of Indium

¢ Glass Substrate

Nd:YAG Laser
an Harmonic

Figure 4.6: Atomic beam generation set-up via focused laser

motorized feed-through to get the fresh region for ablation for each shot. The low diver-
gence low energy atomic beam thus produced was deposited onto the substrate placed few
centimeters apart. For curtailing the divergence further, an aperture was inserted into the
chamber by wilson feed-through, through 90° degree 50 KF port 3 in between the substrate
and the target as shown in Fig. 4.5. Experiments were also performed with focused laser
beam. For this, instead of direct illumination, laser was focused (f =35 cm) onto the rear
side of the thin film, as shown in Fig. 4.6 and atomic beam was deposited onto the substrate

inserted through the opposite port.

4.2.2 Divergence measurement

Divergence of the atomic beam was measured by comparing the diameter of the ablated film
and the diameter of the atomic beam deposited onto the substrate. For this a glass substrate
was placed few centimeters apart from the thin film to deposit the indium atomic beam
as shown in Fig. 4.4. The thin film was moved continuously via motorized feed through
vertically to get the fresh portion for each shot of laser for ablation. This resulted into the
formation of the ablated region in the form of a strip. The divergence was estimated by

measuring the diameter of the deposited spot, the width of the ablated strip onto the target
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using optical microscope (Zeiss Axiotech 100 HD) and the distance between the target and
the substrate. The geometry of the measurement is shown in the Fig. 4.7. In the figure, X
is the width of the ablated strip representing the ablated beam diameter at the target during
the formation and beam diameter Y at a distance L, estimated by measuring the diameter
of the deposition onto the substrate. The maximum angular divergence, 6,, from Fig. 4.7 is

given by.
Y-X

3L ) (4.1)

.. Angular divergence = 6, = 26 = 2 arctan(

The experiment was also conducted by placing apertures of 0.25 cm and 0.35 cm diameter

Ay 1

Figure 4.7: Divergence measurement of atomic beam. X; Ablated width of thin film, Y;
Diameter of deposited atomic beam onto the substrate, L; Distance between thin film and
glass substrate and 6,;; Angular divergence

in between the target and the substrate to curtail the divergence further, as shown in Fig. 4.5.
For the divergence measurement with the aperture, X in Eq. 4.1 (and Fig. 4.7) represent the
aperture diameter and L denotes the distance between the aperture and glass substrate.

The divergence of the atomic beam produced from the focused laser was also measured.
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These experiments were conducted number of times at different laser energies for target

and substrate distances ranging from 2 to 10 cm.

4.3 Beam deflection set-up for the measurement of axial
atomic velocity

The schematics of experimental set-up developed for the measurement of longitudinal ve-
locities of atomic and ionic beam is as shown in Fig. 4.8. An unfocused laser beam from
the second harmonic of Nd:YAG laser was used to illuminate the indium thin film from
the rear side under high vacuum ( 1073 Torr). This resulted into the formation of slowly
moving ionic and atomic species having low divergence. A 10 mW He-Ne laser (Melles
Griot, 05-LHR-991) was aligned parallel to the thin film through a 90° port (port 3, Fig. 4.8)
terminated with 50 KF view-port of the ablation chamber and detected by a photodiode 1
(PD 1, Melles Griot) placed at the opposite window (port 7). Both, the He-Ne laser and
PD1 were mounted on a linear translation stage (least count 10 um). A part of Nd:YAG
laser beam, by taking 4% of 4% reflection from the two microscopic glass plates G1 and
G2 illuminated photodiode 2 (PD 2, Melles Griot) and displayed onto Tektronix TDS 2012
Two Channel Digital Storage Oscilloscope (DSO) for the trigger as well as for reference
signal. The DSO was used in the single shot acquisition mode. Asa result of the production
of pulsed atomic beam via rear side laser (Nd: YAG) illumination of thin film, He-Ne laser
gets deflected and accordingly the photodiode signal (PD1) undergoes modulation and is
recorded onto DSO. Both He-Ne laser and PD1 were moved simultaneously, away from
the target so as to record the deflection signals at a different longitudinal position for the
time of flight measurement. Both the PD’s (1 and 2) were terminated with 50  termina-

tor. By measuring the peak position of the deflection signal at known distances from the
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target, the velocity of propagation of the beam was measured for various laser energies per
pulse. For the measurement of velocity of pulsed atomic or molecular beams, time of flight
measurement by recording mass spectra [136] and fluorescence spectra [116] are reported
very well. These techniques are relatively involved compared to time of flight measurement
via beam deflection set-up [137, 138]. The measurements are performed directly in beam
deflection set-up using TEMg, mode He-Ne laser onto the photodiode. Therefore spatial

resolution as well as signal to noise ratio are large compared to the other techniques.

1
Nd:YAG
Laser PD-1
an
Harmonid Atomic beam of Indium
6
j 5
S
. 4
Thin film of Indium(T) =
He:Ne laser

N
Digital Storage Oscilloscope

Computer

Figure 4.8: Longitudinal atomic velocity measurement set-up. PD1,2; Photodiode, GP1,2;
Glass plates, T; Indium thin film, S; Glass substrate
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4.4 Reflectivity modulation of thin film during ablation

For recording the ablation dynamics, a 10 mW He-Ne laser (Melles Griot, 05-LHR-991)
was launched from port 4 so as to illuminate the target film at 45° as shown in Fig. 4.9.
The reflected beam was detected with PD 1 kept at 90° port 6 with respect to that of He-Ne
laser. As a result of ablation, reflectivity of the thin film changes, hence the intensity of the
He-Ne laser falling onto PD 1 changes and is displayed onto the DSO. The trigger signal

was taken from PD2 as described in the Sec. 4.3. These experiments were also performed

for various laser energies.

Nd:YAG
Laser
2nd
Harmonid] Atomic beam of Indium
GP1
PD-2
GP2
Thin film of Indium(T)
He:Ne laser
Computer Digital Storage Oscilloscope

Figure 4.9: Experimental Set-up used to study ablation dynamics of thin film. PD1,2;
Photodiode, GP1,2; Glass plates, T: Indium thin film, S; Glass substrate
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4.5 Selective laser ablation lithography

The technique of selective laser ablation lithography (SLAL) is based on modifying the
surface morphology by selectively ablating the material using high power laser. This is a
very general technique and is applicable to any material. In this technique, thin films of
metals, semiconductors, polymers or any other complex compound can be ablated selec-
tively by illuminating it with interference pattern formed by high power laser. This results
in the ablation of materials in the region of maximum intensity leaving the area exposed
to minimum intensity unaffected. The periodicity of the pattern so formed will depend on
the spatial frequency of the interference pattern. The width of the line depends on the laser
intensity and damage threshold of the material of the thin film. The process can be explain
with the help of intensity distribution of the interference pattern shown in Fig. 4.10 with
the line marked for the damage threshold. From the figure it is clear that the thin film ex-
posed to the intensities above the damage threshold will be ablated leaving behind rest of
the material unaffected and thus by changing the intensity of the laser the writing width can
be controlled. This technique is a single step single shot and does not require any mask. In
the earlier reported configuration of laser interference lithography for direct write lithog-
raphy [85], there was no on line control on the pattern geometry. We have developed the
Michelson interferometer usin g high power laser for the single step single shot lithography
without mask. The configuration has the advantage of having on line control on the peri-
odic geometry configuration of the nano structures simply by modifying the interference

pattern by adjusting tilts of mirror.

4.5.1 Selective laser ablation lithography in one dimension

The experimental set-up used for selective ablation lithography in one dimension is shown

in Fig . 4.11. A Michelson interferometer was assembled with two high damage thresh-
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Figure 4.10: Intensity distribution in the interference pattern

old broadband (400 nm - 650 nm) mirrors M; and M, (Melles Griot) and a anti-reflection
coated high damage threshold cube beam splitter BS (Melles Griot, 03BSC009). The in-
terferometer was illuminated with second harmonic of Nd:YAG laser with the help of 90°
prism P;. The output of this interferometer results into the straight parallel fringes. the
spatial frequency u of this interference pattern depends on the angular separation of two
beams given by [139]

H=72

Where 6 is the angular separation between two interfering beams and A is the wavelength
of the laser light used. 6 can be adjusted with the tilt of mirror M; or M,. The interference
pattern was steered with the help of other two 90° prism P; and prism P5 into the vacuum
chamber through one of the 50 KF port to illuminate the thin film from the rear side. For
the fine writing, interference pattern was compressed with the help of a lens L (f=25 cm)
such that the distance between the lens and the thin film was 30 cm thereby compressing
the pattern by a factor of 0.2. With 8 mm diameter Nd: YAG laser beam, it gives the pattern
size of 1.6 mm onto the thin film. The region of indium thin film exposed to the bright
fringes was ablated leaving behind the Indium lines in the dark fringe region. The surface

morphology of the thin film after selective ablation was scanned with optical microscope.
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Vacuum
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Nd :YAG Ablated target

laser 2nd -
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Figure 4.11: Experimental set-up for selective laser ablation lithography in one d_imensions.
P,_3; Prism, BS,; Beam Splitters, M,_,; Mirrors, L; Lens, T; Target Indium thin film and
S; Substrate

4.5.2 Selective laser ablation lithography in two dimension

For the two dimensional periodic lithography in a single shot, single step, two Michelson
interferometer in tandem were aligned, as shown in Fig. 4.12, with the help of four high
damage threshold mirrors M,_, (Melles Griot) and two anti-reflected coated high damage
threshold cube beam splitters BS;_, (Melles Griot, 03BSC009). Beam splitter BS, and
mirrors M; and M; forms the first stage of the interferometer similar to the Fig. 4.11 giving
the two interfering beams. These two beams were launched into the second Michelson
interferometer comprising of beam splitter BS; and mirrors M3 and M,. The output of
BS; consists of four nearly collinear interfering beams. The resultant intensity distribution

of these four beam is given by Eq. 3.13. The mirror tilts were adjusted in such a way
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that the interference pattern of individual stages were oriented perpendicular to each other.
This gives the arrays of equal illuminating light spots in the square geometry as shown in
Fig. 3.12 and Fig. 4.12. The interference pattern steered into the vacuum chamber with
the help of prism P, after compressing it with the lens as describe in Sec. 4.5.1. It finally
illuminated the rear side of indium thin film T, kept in the vacuum chamber (1073 Torr) as
shown in Fig. 4.12. The region of indium thin film exposed to the bright spot was ablated,

imprinting the structures onto the thin film in two dimensional arrays of square geometry.

Vacuum

Chamber

Nd :YAG
laser 204
harmonic

Ablated target

Interference pattern

(XN NN N

(X N N N N )

(AN NN N
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(LN NN N ]
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Figure 4.12: Experimental set-up for selective laser ablation lithography in two dimensions.
P,_,; Prism, BS,_,; Beam Splitters, M,_4; Mirrors, L; Lens, T; Target Indium thin film and
S; Substrate
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4.6 Multiple atomic beam in one and two dimension

The experimental set-up developed for the generation of low energy low divergence atomic
beam in the present work is described in Sec. 4.2. On the illumination of the thin film with
high power laser directly (Fig. 4.4). The material of the thin film is ablated resulting into
the generation of the atomic beam. In Sec. 4.5, We have described the selective ablation
of the thin film to perform single step single shot lithography via high power laser interfer-
ometer. When the thin film was illuminated with the interference pattern formed by high
power laser the region of the bright fringes was ablated leaving behind the large arrays of
structure written on the film (Fig. 4.10). The material which is selectively ablated results
into the atomic beam. Thus, by illuminating the thin film from the rear side by interfero-
metric pattern, one can not only perform the lithography but also large number of parallel
atomic beams get evolved. In other words, large number of sculpted atomic beams can be
generated via selective laser ablation. With the one Michelson interferometer sculpting is
in one dimension and with two Michelson interferometer in tandem, sculpting is in two
dimension resulting into large number of discrete atomic beams in square array geometry
in a single shot. This system can also be called as matrix of micro-ovens. These set-ups

are reported for the first time by us for the generation of large number of periodic atomic

beams.

4.6.1 Sculpted atomic beams in one dimensions

Experimental set-up for the generation of Sculpted atomic beam in one dimensions is
shown in Fig. 4.13. A Michelson interferometer was aligned using second harmonic of
Q-Switched Nd: YAG laser. Various optical components used in the set-up (prisms, mirrors,
beam splitter) reduces the intensity of laser beam. Therefore intensity of the interference

pattern is very small compared to the direct laser beam. The intensity of unfocused pattern
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was not sufficient to ablate the material of the thin film. Therefore a lens of focal length 25
cm is used to increase the intensity of the pattern by compressing it and thereby increasing
the spatial frequency of the interference pattern also. This focused interference pattern was
allowed to fall onto the rear side of Indium thin film (target) kept in high vacuum (1073
Torr). This set-up is similar to that of Fig . 4.11, with the addition of a glass substrate S)
inserted through the opposite port via wilson feed-through kept few millimeter apart from
the Indium thin film to collect the ablated atomic beam for the topographical analysis of

atomic beams. The rear side illumination of thin film by second harmonic of Nd:YAG laser

Nd:YAG| Multiple Periodic Atomic beams in One Dimension
Laser

ond Glass Substrate
Harmonig Vacuum

...........

Interference Pattern | <UJjH

"Wm’\ J

Thin film of Indium

—s/]

u il
gl

M,

Figure 4.13: Schematics of experimental set-up used for generation of sculpted atomic
beam in one dimension. P,_;; Prism, BS,; Beam Splitters, M,_,; Mirrors, L; Lens, T;
Target Indium thin film and S; Substrate

results into the ablation of indium in the region of maximum intensity (bright fringe) leav-
ing the area of minimum intensity (dark fringe) unaffected. The morphology of the planer
parallel atomic beams will be similar to as that of the interference pattern. The substrate

and target were scanned with the optical microscope.
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4.7 Matrix of micro-ovens

Experimental set-up for the generation of Sculpted atomic beam in two dimensions is
shown in Fig. 4.14. Two Michelson interferometer were aligned in tandem using second
harmonic of Q-Switched Nd:YAG laser and the focused interference pattern was allowed
to fall onto the rear side of Indium thin film kept in high vacuum (107> Torr). This set-up is
similar to that of Fig . 4.12, only difference here is the one glass substrate (S) kept few mil-
limeter apart from the Indium thin film to collect the ablated material for the topographical

analysis of beams. The interference pattern of this four beam set-up is shown in Fig. 4.14 as

Multiple Periodic Atomic beams in Two Dimension

Glass Substrate
Vacuum

.........

Interference Pattern

s
i
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i m
%

/]
pd u|

&

Peccccecccccd

M,

Figure 4.14: Schematics of experimental set-up used for generation O_f seplpted atomic
beam in two dimension. P,_,; Prism, BS,_,; Beam Splitters, M;_4; Mirrors, L; Lens, T;
Target Indium thin film and S; Substrate

well as in Fig. 3.12 containing equal illuminating bright spots in square geometry. The rear
side illumination of thin film by second harmonic of Nd:YAG laser results into the ablation
of indium in the region of maximum intensity (bright spot) leaving the arca of minimum in-

tensity (dark spot) unaffected. The periodicity and geometry of the resultant atomic beams
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will have similar two dimensional morphology as that of the interference pattern. These
atomic beams were deposited on the glass substrate placed a few millimeters apart from the
target for the topographical analysis of beams. The substrate and target was scanned with

the AFM (Smena B, NTMDT).

4.8 Conclusion

Experimental set-up developed for the production and characterization of low-energy low-
divergence pulsed atomic beam of Indium via rear side ablation of thin film is described.
A novel technique of single-shot single-step selective laser ablation lithography in one and
two dimension is presented. The experimental set-up for the application of selective laser
ablation lithography for the generation of multiple arrays of atomic beams in one and two

dimension 1s discussed for the first time.
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Chapter 5

Low-divergence low-energy pulsed

indium atomic beam via laser ablation

5.1 Introduction

The generation of pulsed atomic beam via laser ablation have been reported on variety

of pure metals [111-118]. The laser ablation technique for the atomic beam can be used

for any material irrespective of melting point and chemical reactivity. It has the ability to

produce high atomic flux having energies from cold to super-thermal range. In most of the

carlier reports, a high power laser is focused onto the desired target. The ablation of the

material takes place resulting into the formation of the atomic beam. The intensities at the

focal point are very large and therefore substantial portion of the material is converted into

the plasma and more over expansion of the ablated material is hemispherical. Therefore
the divergence of the atomic beam generated by focused laser ablation is very large.
In the present work, we report the generation of low-divergence low-energy pulsed

atomic beam of Indium by using an unfocused laser. The divergence measurement and the

77
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velocity measurements are reported as a function of laser energy.

5.2 Atomic beam generation

\ O | (b)

(a)

Figure 5.1: (a). Ablated Target (T) and the deposited ablated beams on substrates S1 and
S2 without aperture (b). Deposited Indium beam with aperture of size 0.35 cm.

The experimental set-up for the generation of pulsed atomic beam of indium via rear
side ablation of thin film using second harmonic of high power Nd:YAG laser under high
vacuum (107> Torr) is shown in Fig. 4.4. A glass substrate was kept few centimeters apart
from the thin film to deposit ablated atomic beam for divergence measurement, XRD and
EDAX studies. Fig. 5.1a shows the ablated target of indium thin film (T) and the substrate
S1 and S2 obtained by depositing the ablated Indium atomic beam for ten shots. The target
T was moved vertically so that the fresh portion of the Indium thin film was available
for every shot of laser. On illumination with Nd:YAG laser continuously (10 pps), the
material of the thin film was ablated from the target at every shot resulting into the region
of transparent strip of width almost equal to the size of the laser beam ( 8 mm diameter), as
shown in Fig. 5.1a. The central region of the deposited atomic beam onto S1 and S2 shown
in Fig. 5.1a have lesser density than outer portion, this is due to the ablation of the material

from this region by the left over energy of Nd: YAG laser which comes out from the ablated
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portion of the target (T). Fig. 5.1b shows the deposited atomic beam for ten consecutive
shots of laser onto the glass substrate with aperture of size 0.35 cm kept in between the

target and substrate

5.2.1 X-ray diffraction and EDAX spectrum
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Figure 5.2: X-ray diffraction pattern of deposited indium atomic beam
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Figure 5.3: EDAX spectrum of deposited indium atomic beam

Powder X-ray diffraction (XRD) (SEIFERT, XRD 3003 TT, Cu K,, radiation, 1=1.5418
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A%) and Energy dispersive X-ray analysis (EDAX) (LEO 1430 VP, OXFORD Instruments,
T353) were performed on the thin film obtained by depositing the ablated pulsed atomic
beam of Indium for ten consecutive shots at laser fluence of 242.7 mJ/cm? per pulse. X-
ray diffraction pattern (XRD) and EDAX spectrum are shown in Fig. 5.2 and Fig. 5.3
respectively. The XRD pattern matches with standard reference of indium given in the
literature [140]. Particle size is measured using FWHM of 101 peak and is found to be
26.5 nm. From the EDAX spectrum, Fig. 5.3, the weight percentage of indium is found to
be equal to 58.03%, the rest of being is that of glass (Si) substrate. This confirms that the

ablated beam is made up of indium only.

5.3 Divergence of atomic beam

The divergence of the atomic beam generated via laser ablation is measured by comparing
the size of the beam at the target and the diameter of the beam deposited onto the substrate
kept few centimeters apart. The experiments were performed with and without aperture
for unfocused laser beam. Typically 8-10 shots of atomic beam were deposited onto the
glass substrate. The divergence was also recorded with the focused beam without any
aperture. The geometry of the measurement is shown in Fig. 4.7. The results of divergence
measurement for unfocused and focused laser beam and with and without aperture are listed
in table. 5.1. In table. 5.1, 8 and 6, are the average angular divergence with unfocused laser
without aperture and with aperture respectively. 6, is the average angular divergence with
focused laser and without aperture. The laser energy per pulse listed in table 5.1 and in
subsequent sections were measured with the broad band power/energy meter (Model 13
PEMOO01, Melles Griot). The fluence was calculated from this by considering the size of
the laser beam (focused or unfocused). The divergence of the atomic beam was found to

increase with the laser fluence. The lowest divergence was found to be equal to 23 mrad
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without using any aperture or collimation atom optics with laser energy on the target 43
mJ/pulse and corresponding fluence of 85.5 mJ/cm?. This is the lowest divergence reported
probably without the use of any collimated atom optics. The presence of aperture curtails
the wings of the atomic beam and reduces the divergence. The experimental set-up with
the aperture is shown in Fig. 4.5. With the aperture of 0.25 cm, the divergence of the
atomic beam was 75 mrad and with that of 0.35 cm the divergence was 88 mrad. Both
the measurement were performed at the laser fluence of 242.7 mJ/cm? (corresponding laser
energy of 122 mlJ/pulse). Smaller size aperture results into the low divergent atomic beam
but simultaneously it will reduce the atomic flux.

The divergence with unfocused beam is about one orders of magnitude less than that
of produced with focused laser at same (unfocused) energy per pulse 122 mJ, table. 5.1.
This is because of increase in the divergence of the incidence light as well as the intensity
drastically which gives more random kicks to the atoms forming the thin film, hence to

greater divergence.

Laser fluence Laser energy 6 (mrad) ¢, (mrad) Aperture size= ¢, (rad) at
per pulse per pulse (mJ]) 0.35cm 0.25cm 3.8 J/cm?
(mJ/cm?)

(unfocused)

242.7 122 237+9.3 88+3.5 75+3 2.3+0.9
169.1 85 81+3.2 -

85.5 43 23+0.9 -

Table 5.1: Comparison of angular divergence of Indium atomic beam at different laser
powers, with/without apertures and with unfocused/focused laser beam. € is the average
angular divergence with unfocused laser and without aperture, ¢, is the average angular
divergence with aperture and unfocused laser and 6, is the average angular divergence with
focused laser and without aperture.

This is the simplest possible technique of divergence measurement with an estimated

error of 4%. For very low divergence, below 1 mrad, achieved via laser cooling [134] the
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fluorescence measurement are more accurate.

5.4 Longitudinal velocity of Indium atomic and ionic beam

1) Nd:YAG Triggersignal -20 mV- 60 us

‘2Z) He-Ne beam defllection signal{DS)- Ref. lluna! ‘5 mV - 80 us : 1) Nd YAGT‘rIgger Slohal 10 m
3) He-Ne beam DS 2 mm awayJfrom target § mV 50 uS a 2) He:Ne deflection.signal - Referpnce Signal 5 mv 50 usS
4) He-Ne hnnm DS 41 rnm away Jrom target 6§ mV 60 uS 3) Ha Ne denecunn |[gnnlﬂ12 m awayl’rum tar| ge( 2.-mV SD us
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(a) (b)

Figure 5.4: Deflection signals for time of flight measurement of indium atomic beam at (a).
43 mJ and (b). 85 mJ laser energy per pulse. Trace-1; Nd:YAG signal from PD2. He-Ne
deflection signal at: Trace-2; Close to the target, Trace-3; At 2 mm away from the target,
Trace-4; At 4 mm away from the target and Trace-5; at Smm away from the target.

The beam deflection set-up used for the measurement of velocity of neutrals and ions
of Indium via time of flight detection is shown in Fig. 4.8. A He-Ne laser is launched
perpendicular to the atomic beam detected by a photodiode PD1 and displayed onto Digital
storage oscilloscope with 50Q terminator. The photodiode registered a dip in the signal
as a result of formation of the pulsed atomic and ionic beam via laser ablation. The beam
velocity was measured by recording the PD1 signals at different distances in longitudinal
direction. If t; and t, are the time for maximum dip in the signals with respect to the arrival

of the laser pulse and d, and d, are their corresponding locations at which beam deflection
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!
M) Nd: VAG 5 d
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Figure 5.5: Deflection signals for time of flight measurement of indium atomic beam for
122 mJ laser energy per pulse. Trace-1; Nd:YAG signal. He-Ne deflection signal: Trace-2;
Close to the target (1 mm away), Trace-3; 2 mm away, Trace-4; 3 mm away, Trace-5; 4
mm away, Trace-6; 5 mm away, Trace-7; 6 mm away from the target
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Figure 5.6: Deflection signals corresponding to (a) Atomic beam and (b) Ionic beam at
various distances from the target at 160 mJ laser energy per pulse. Trace-1; Nd:YAG signal.
He-Ne deflection signal: Trace-2; Close to the target, Trace-3; 2 mm away, Trace-4; 4 mm
away.
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Figure 5.7: Deflection signals corresponding to (a) Atomic beam and (b) Ion beam at vari-
ous distances from the target at 175 mJ/pulse. Trace-1; Nd:YAG signal. He-Ne deflection
signal: Trace-2; Close to the target, Trace-3; 2 mm away, Trace-4; 4 mm away.

signals were recorded, then the velocity of the atomic beam is given by

e (5.1)
-0

The oscilloscope traces, recorded from the beam deflection set-up at various laser en-
ergies are shown in Fig. 5.4, 5.5, 5.6 and 5.7. The trace 1 of all the figures corresponds
to the Nd: YAG signal used for triggering the DSO from PD 2 ( Fig. 4.8). All other traces
corresponds to He-Ne beam deflection signal from PD 1 (Fig. 4.8) at various distances from
the target thin film.

Fig. 5.4a and b were recorded for the laser fluence of 85.5 mJ/cm? (43 mJ/pulse) and
169.1 mJ/cm? (85 mJ/pulse) respectively. Fig. 5.5 and 5.6 corresponds to laser fluence of
242.7 mJ/cm? (122 mJ/pulse) and 318.3 mJ/cm? (160 mJ/pulse) respectively. Oscillogram
of Fig. 5.7 corresponds to that of 348.1 mJ/cm? (175 ml/pulse). The velocity of the neutral
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Laser fluence Laser energy Axial Atomic Axial Ionic ve-

(mJ/cm?) per pulse velocity (m/s) locity (m/s)
(mlJ)

85.5 43 44+0.33 -

169.1 85 47+0.35 -

242.7 122 96+0.72 -

3185 160 100+0.75 1333110

348.1 175 100+0.75 3335425

Table 5.2: Variation of axial atomic and ionic velocities with laser energy per pulse

atomic beam was estimated by measuring the shift in the peak position (dip) of the beam
deflection signal for the known distances at same laser energy. Fig. 5.6a and Fig. 5.7a
shows the two peaks. The first peak is very narrow and therefore signals at 318.3 mJ/cm?
and 348.1 mJ/cm? were also recorded at the fast time scale of 2.5 and 5 us respectively.
The first peak, corresponding to the higher velocity component, may be attributed to the
ionic species and that of the second peak being slow corresponds to the neutrals. The aver-
age velocities of the atomic beam and ionic beam measured as a function of laser energy per
pulse are listed in table. 5.2. Initially the velocities of atomic beam increases with the laser
energy per pulse owing to the large momentum transfer with the higher and higher energies.
No traces of ion peak was observed (Fig. 5.4, 5.5). After energy of around 122 mJ/pulse,
no significant changes in neutral energy was observed. At higher energies, ionization of
material of the thin film takes place as confirmed by the appearance of an additional peak

in the early phase of the signal and so more and more laser energy is dissipated in the ion
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formation rather than increasing the kinetic energy of the neutrals. Hence the ion energy
increases beyond certain threshold as listed in table. 5.2. The percentage error estimated in

these measurement is 0.75%.

5.5 Reflectivity modulation of thin film during ablation

Figure 5.8: Reflectivity modulation of thin film at 43 mJ laser energy per pulse

) Nd:YAG slgr;al 10 mV 2.'6 usS I
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Figure 5.9: Reflectivity modulation of thin film at 85 mJ laser energy per pulse
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Figure 5.10: Reflectivity modulation of thin film at 122 mJ laser energy per pulse

For recording the temporal evolution of the ablation of thin film via nanosecond high
power laser, the reflectivity of the thin film as a function of time was recorded with the ex-
perimental set-up of Fig. 4.9. Signals from PD 1 (Fig. 4.9) for the reflectivity measurement
during the ablation process are shown in Fig. 5.8- 5.10 corresponding to laser fluence of
85.5 mJ/cm?, 169.1 mJ/cm? and 242.7 mJ/cm? respectively. Trace 1 corresponds to the PD
2 signal and trace 2 is the signal from PD 1 which is directly proportional to the reflectiv-
ity of the target thin film. The initial dc level of the PD1 signal, Va», corresponds to the
unablated thin film and is proportional to the reflectivity Ry of the unablated target. The
first positive peak of PD 2 signal corresponds to scattered Nd:YAG laser falling onto it.
The slowly decaying signal with respect to the initial dc level corresponds to the changing
reflectivity of the thin film during the ablation of Indium. Therefore the signal, V(t), at
any instant of time t after firing of the laser shot is directly proportional to the reflectivity,
Ra(1), of thin film at that instant of time during ablation. By comparing the signal V(0
and V,,;,, we get an idea about the relative reflectivity at any instant of time during ablation

process. In other words

Rab([) — Vab(t)

(5.2)
R uab Vuab
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The measured ratio of the ablated reflectivity to that of unablated thin film R“”(') from the
signal of Fig. 5.8- 5.10 at 2.5 us and 12.5 us are listed in table. 5.3. As indium is a highly
reflecting material therefore low reflectivity of the target after the completion of the ablation
process at high fluence of single shot of Nd:YAG laser confirms the complete ablation of
the material of the thin film, where as at low laser fluence (85.5 mJ/cm?), the reflectivity
of the substrate after the ablation is large (70%) and so the fluence is not high enough to
blow off the complete material of the thin film in the region exposed to Nd:YAG laser.

Ablation process is also fast at higher laser fluence owing to the deposition of larger and

larger energy onto the target thin film.

Laser Laser energy “”“) after 2.5 us %‘f’” after 12.5 us
fluence per pulse (ml])

(mJ/cm?)

242.7 122 0.5 0.17

169.1 85 0.5 0.2

855 43 0.9 0.7

Table 5.3: Ratio of the ablated reflectivity and unablated reflectivity, 3 R"”(') , of the target at
2.5 pus and 12.5 us for various laser fluence.

5.6 Conclusion

We have successfully generated low divergence low energy pulsed indium atomic beam via
rear side ablation of thin film of Indium by unfocused laser. The lowest divergence of 23
mrad was observed by this technique at a fluence of 85.5 mJ/cm? (43 mJ/pulse). Below this
energy, no ablation of the material of the thin film was observed. With the help of apertures,
divergence of atomic beam was further curtailed. It was found that divergence of atomic
beam increases with increase in laser energy and is about one order of magnitude less than

that of produced with focused laser. Longitudinal velocity of atomic beam was measured
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as a function of laser energy by time of flight measurement using beam deflection set-up. It
was found that the velocity of atomic beam increases with laser energy upto 160 mJ/pulse
with the maximum velocity of 100 m/sec. Beyond this energy, no significance increase
in atomic velocity was observed. We have observed the formation of ion of the indium
at laser energy of 160 mlJ/pulse and at higher energies. Longitudinal velocity of ionic
beam was found to be one order of magnitude more than that of the atoms. To the best of
our knowledge such slow pulsed atomic beams having beam divergence down to 23 mrad
without any collimated atom optics is not reported earlier. The reflectivity measurement
shows that the ablation process is fast for the higher laser energies and certain minimum
energy is needed to blow off the full material of the thin film. These slow beams of atoms

and ions may find their applications in lithography where host sites are very sensitive to the

kinetic energy of the implanted beams.

TH-258_01612101



Chapter 6

Selective laser ablation lithography and

generation of multiple atomic beams

6.1 Introduction

In Chap.1, we reviewed various schemes for lithography. We also discussed two upcoming

lithographic techniques of atom lithography using dipole force [28-31] and direct writing
via laser interference lithography [83—85]. These two techniques show lot of advantages
over other existing techniques as both are single step and do not require any material mask.

We have developed a new configuration of laser interference lithography technique to
modify the surface morphology of a thin film in a single step. This technique utilizes the
selective ablation of material of the thin film on illumination with the delocalized interfer-
ence patterns obtained from the interference of two and four beams of pulsed high power
laser. We have reported probably for the first time, using this technique, the direct writ-
ing of two dimensional periodic arrays of spots in square geometry having periodicity of

the order of wavelength. This is a single step direct technique and performs the complete

90
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6.2. Selective laser ablation lithography 91

writing in a single shot of laser.

In Chap.3, we proposed a promising new configuration of multiple periodic atomic
beams focused by TEM, mode of laser to obtain the periodic structure of periodicity much
below A/2. The main requirement of this configuration is the source of atomic beam which
can deliver the arrays of discrete atomic beams in two dimension. We have developed the
experimental set-ups, described in Chap.4, to obtained such periodic discrete atomic beams.

The results obtained with the set-ups of Fig . 4.13 and 4.14 for the multiple discrete atomic

beams are discussed in Sec. 6.3.

6.2 Selective laser ablation lithography

6.2.1 One dimensional lithography

For one-dimensional Selective laser ablation lithography (SLAL), a Michelson interferom-
eter was aligned and adjusted for periodic parallel straight fringes. The spatial frequency
of interference pattern depends on the angular spacing between the two interfering beams
(EqQ. 4.2) and can be controlled by adjusting the tilt of mirror M; or M. The interference
pattern was compressed down by a lens of focal length 25 cm for increasing the intensity
and then illuminated the thin film of Indium placed inside the vacuum chamber as shown
in Fig . 4.11. The two beams coming out of the interferometer were not exactly collinear.
However, the angular separation was kept sufficiently small for all the observations so as
to maintain the good overlap of the two beams till distances of four to five meters. There-
fore, interference pattern from the interferometer was observed to be de-localized up to
a distance of couple of meters. But with a lens, at the focal plane and near to the focal
point (depth of focus), the two beams were imaged individually at different transverse lo-

cation, thereby no overlap and the resultant pattern was just two distinct closely spaced
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Figure 6.1: Micrograph of Indium thin film showing two distinguish ablated spots obtained
by exposing with non overlapping beams after lens. Distance between the lens and the thin
film was 22.5 cm.

Figure 6.2: Micrograph of Indium thin film exposed by two beam interferometric pattern
showing single ablated spot. Distance between the lens and the thin film was 31 cm.

Figure 6.3: Micrograph of Indium thin film exposed to Nd:YAG laser directly.
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bright spots. When the thin film was placed at the focus or near to the focus, the material
was ablated from the region of these two distinct spots without giving any periodic writing.
Micrograph of the Indium thin film ablated selectively by placing it at a distance of 22.5
cm from the lens is shown in Fig. 6.1 at laser energy (measured after prism Ps, Fig . 4.11)
of 17.2 mJ. It clearly shows the two dark patches confirming the ablation of the thin film
by two well separated beams. As the film was moved away from the focal spot, the beams
started overlapping and the interference pattern was imprinted via selective ablation of the
material from the region of bright fringe (Sec. 4.5.1). Therefore for one-dimensional peri-
odic patterning in a single step, the location of the thin film from the lens should be such
that there is sufficient overlap of the two beams for the formation of the interference pattern
as well as the intensity in the bright fringe should be above the ablation threshold. We have
observed that complete overlap of the two interfering beams onto the thin film can be ob-
tained around 30 cm from the lens (Fig . 4.11). Micrograph shown in Fig. 6.2 was obtained
after ablation by keeping the thin film at a distance of 31 cm from the lens at a laser energy
of 17.2 mJ/pulse. It shows the complete overlap of the two beams. The ablated region of
Fig. 6.2 is not of the perfect circular geometry as well as not uniformly distributed. The
reason for this is the poor quality of laser beam. The Nd:YAG laser used for the experiment
was not delivering perfect TEM, mode of laser beam. A micrograph picture of Indium
thin film, which was directly exposed to Nd: YAG laser is shown in Fig. 6.3, reveals the non
uniform distribution of intensity with in the laser beam. Fig. 6.4 shows a series of micro-
graph pictures of Indium thin film exposed to two beam interference pattern with different
spatial frequencies and laser energies. The fine variation in the spatial frequencies was
obtained by adjusting the mirror tilts. The distance between the lens and the thin film was
maintained at 31 cm for all the pictures of Fig. 6.4. The multiple diffraction pattern in the

form of concentric rings in the laser beam (Fig. 6.3) was also imprinted in the background
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(b) Micrograph at higher

(a) Total exposed area ' .
magnifi cation

Figure 6.5: Micrograph of Indium thin film showing formation of holes

Figure 6.6: Atomic force microscope picture of Indium thin film exposed to four beam
interference pattern
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geometry. The region of the thin film exposed to bright spot was ablated resulting into
imprinting large arrays of holes in the square geometry in one shot. Fig. 6.5 shows micro-
graph of Indium thin film exposed by four beams interference pattern having smaller spatial
frequency. In this case, the laser energy at the output plane of interferometer (after prism
P,, Fig. 4.12) was 13.5 mJ per pulse. Fig. 6.5a shows the formation of around 200 holes
in an area of approximately 3 mm? in a single shot onto the thin film. The micrograph of
this ablated portion at higher resolution is shown in Fig. 6.5b. It shows formation of holes
with periodicity 0.13 mm. The blame for poor quality of this pattern goes to quality of
Nd:YAG laser beam again which was not exactly TEMy. For performing the lithography
at nano scales, the mirrors of the interferometer of Fig. 4.12 were further adjusted so as to
increase the angular separation between the beams for higher spatial frequency (or small
periodicity). The laser energy at the output of the interferometer (after P,) was kept same
(13.2 mJ/pulse) and the thin film was located at the same distance of 30 cm from the lens.
The fresh portion of the thin film was exposed by a single shot of laser under vacuum with
the modified compressed pattern for the SLAL. The exposed portion was scanned with
Atomic force microscope. The scanned AFM picture is shown in Fig. 6.6. It clearly shows
formation of periodic holes on Indium thin film leaving behind the nano hillocks of Indium
in square geometry. The periodicity of this pattern is 593 nm with FWHM of holes 263
nm. The periodicity of this pattern is almost touching the wavelength of light (532 nm),

used for selective ablation lithography which is the ultimate minimum periodicity obtained

by this technique.

6.3 Multiple periodic atomic beams

In the last section, we have demonstrated how selective ablation of indjum thin film with

two beams and four beams interference pattern from the high power laser yields into one
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and two dimensional periodic structures at micron and nano scales. The material selec-
tively ablated from the thin film evolves in the form of large number of discrete periodic
atomic beams. These multiple periodic discrete atomic beams are analyzed in this section.
The motivation behind the analysis of the morphology of these atomic beam is the require-
ment of matrix of micro-ovens, a novel configuration proposed in Sec. 3.5 for the atom

lithography using dipole force having periodicity less than A/2.

6.3.1 Multiple atomic beams in one dimension

Straight line fringes obtained from Michelson interferometer of Fig. 4.13 were used for
the generation of parallel planer pulsed multiple atomic beams. Thin films of Indium (T)
was ablated with a single shot of compressed two beam interference pattern from the rear
side using second harmonic of Nd:YAG laser under high vacuum (1073 Torr). The lens
was kept at a distance of 31 cm from the thin film and the energy recorded at the output of
interferometer (after P3) was 17.2 mJ/pulse. Thin film was moved vertically to obtain the
fresh region of material of the thin film for ablation for each shot of Nd:YAG laser. The
ablated material in the form of atomic beam of Indium was deposited on the glass sub-
strate (S) kept at a distance of 14.5 mm away from the thin film as shown in Fig. 4.13. Six
consecutive shots of pulsed atomic beams were deposited onto the substrate (S). Then the
substrate (S) was taken out of the vacuum chamber and scanned with optical micrograph
for the topographical analysis of atomic beams. The target T and substrate S were scanned
using optical microscope. Scan images of T and S are shown in Fig. 6.7. Fig. 6.7a shows
the complete pattern imprinted onto the target and Fig. 6.7b shows the corresponding mi-
crograph at higher resolution. It clearly shows the formation of line structures of Indium
having periodicity 9 um with width of 3 um on the target.

Optical microscopic images of the glass substrate is shown in Fig. 6.7c and d. Fig. 6.7¢

TH-258_01612101



6.3. Multiple periodic atomic beams 929

Deposited beam

2.1 mm

'R
f [

I71') 4

(@

v

100 pum

Figure 6.7: Optical micrograph of target and deposited atomic beam

THEQI® "~
CENT R A-fh'."'?lg»s‘iﬁ.a
‘LSJI hA ‘_‘,;_.‘-“.;'v‘aﬁ‘{

wehaty

——

Acc. ho T i, oo
Le's g0t —p&

TH-258_01612101



6.3. Multiple periodic atomic beams 100

shows the complete deposition of material emitted from the target thin film and Fig. 6.7d
shows the corresponding periodic structure at higher resolution. It shows the similar peri-
odic line pattern with periodicity 10.2 um and deposited linewidth 8.2 um . This confirms
that the sculpting of the atomic beam in one dimension can be performed by interference
pattern for the generation of large number of parallel pulsed atomic beams in a single shot.
The overall size of the system of atomic beams as well as the periodicity of the deposited
beam onto the substrate (Fig. 6.7¢ and d) are slightly more than that of the material ablated
from the target (Fig. 6.7a and b). This is because of some divergence of ablated atomic

beam.

6.3.2 Matrix of micro-ovens

After successfully sculpting the atomic beam in one dimension, we have conducted ex-
periment for sculpting the atomic beam in two dimension to generate the discrete atomic
beams arranged in a square geometry. This serves as a matrix of micro-ovens. To obtain
the multiple periodic atomic beams in two dimensions, the interference pattern also has to
be periodic in two dimension. Therefore thin film of indium was ablated with single shot
of four beams interference pattern using second harmonic of Nd: YAG laser under high vac-
uum (1073 Torr), Fig 4.14. The thin film was moved vertically with the help of motorized
feed-through to expose the fresh region of thin film for every shot of laser. The ablated
material was deposited on the glass substrate for five consecutive shots. The separation
between the substrate and the target was kept at 15 mm. The target thin film and deposited
atomic beam on the glass substrate were scanned using atomic force microscope. Fig. 6.8a
and b show AFM scan images of target indium thin film in two and three dimensional
view respectively. Height profile of these images along the line AB and CD are shown in

Fig. 6.8c and d. These images clearly shows formation of nano sized periodic holes and
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Figure 6.9: AFM scan pictures of deposited atomic beam (a). 2-d view (b). 3-d view (c).
Oscilloscope trace along line AB.
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hillocks of Indium on the thin film having periodicity 593 nm and FWHM of hole equal to
263 nm. This confirms the periodic ablation of thin film in two dimension.

Fig. 6.9a and b shows the AFM scans of deposited atomic beam in two and three di-
mensional view respectively. Height profile of these images along the line AB is shown in
Fig. 6.9c. These images shows the nano sized dots on the substrate with periodicity 630
nm and FWHM equal to 294 nm confirming the production of arrays of multiple atomic

beams having bidirectional periodicity.

6.4 Conclusion

We have developed the technique of selective laser ablation lithography for writing one
and two dimensional periodic structures onto the thin film, in a single-step, single-shot.
Michelson interferometer as well as two Michelson interferometers in tandem were devel-
oped using second harmonic of Q-switched high power Nd:YAG laser for generating the
one and two dimensional interference pattern for selective ablation. The Indium thin film
was imprinted via selective laser ablation into periodic lines and dots on illuminating with
this high power interference pattern. Using this technique, we could perform the complete
periodic writing with only one shot of laser. The minimum periodicity obtained in the
present experiment was 593 nm, very close to the wavelength limit of 532 nm. The laser
array pattern is highly delocalized in the present configuration, so its transportation at the
site of the target is not difficult and pattern can be compressed without distortion onto the
target by the lens for the fine writing. The spatial frequency of the pattern can also be
changed on line by adjusting the orientation of the mirrors. The structure obtained by this
technique was found to be stable even after a period of four months.

The technique of selective laser ablation also results into the generation of large number

of pulsed discrete atomic beams simultaneously having one and two dimensional periodic-
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ity. We could successfully observed the parallel, planer atomic beams having periodicity
10 um and the two dimensional arrays of discrete atomic beams having periodicity 630 nm
with FWHM of 294 nm. This novel configuration of atomic beams is required for the atom

lithography for writing periodic structure below /2 as proposed in Chap.3.
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Chapter 7

Conclusion

7.1 Atom lithography using dipole force

Semi-classical trajectories were simulated for various configuration of light fields and
atomic beams for atom lithography using dipole force. New configurations of atomic beam

and light field were proposed for atom lithography for micro and nano periodicity.

7.1.1 TEM_y, mode of laser

Most simplest light configuration is TEMgo mode of a laser. Gaussian variation of intensity
in the transverse plane of TEMg, laser beam acts as a single atomic lens for the focusing
of atomic beam to a single spot. The trajectories of the uniformly distributed atomic beam
in counter propagating TEMg, mode of laser were computed for cold and thermal atomic
beam for one and two dimensional structures. The trajectories were simulated for colli-
mated as well as divergent atomic beams. The focus spot and the contrast was found to be
dependent on the intensity as well as on the divergence of the atomic beam but it is inde-

pendent of the longitudinal velocity of the atoms. Multiple focusing of the atomic beam for

105
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longer interaction time with the light field was observed.

7.1.2 Optical standing wave

The TEMgy; mode of laser beam gives only one single focus spot of atoms of micron di-
mensions. Therefore simulations were performed with standing wave of light which gives
series of periodic micro-lenses with period A/2 for atom lithography. Trajectories of rubid-
ium atoms were simulated for thermal and super thermal atomic beams (collimated as well
as divergent) interacting with standing wave light configuration. Sharpness of focus spot
and the contrast found to be dependent on the intensity and divergence of the atomic beam.
Multiple focusing of the atomic beam was also observed for longer interaction time with
the light field. In this case also interaction time required for focusing at a given intensity

was found to be independent of axial velocity of atoms.

7.1.3 Interferometric Configuration

The standing wave configuration is equivalent to one dimensional periodic potential and
the focus spots of the atoms in such potential is in the form of grating structure (or periodic
line). For writing the two dimensional arrays a new scheme of two dimensional periodic
potentials via multiple beam interferometry, resulting into two dimensional arrays of tiny
spots in square geometry, for atom lithography using dipole force was proposed. Simulated
lithographic patterns of single atomic beam in such periodic potential shows formation of
periodic square arrays of atoms having the spatial frequency same as that of the interference
pattern. The spatial frequency of this proposed lithography technique can be controlled

easily, on line, by orientation of the mirrors of the interferometer.
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7.1.4 Matrix of Micro-Ovens

The periodicity of above two configurations is limited to 4/2 though the individual focus
spots in the array may be of dimensions tens of nanometer. Therefore a new configuration
of using microscopic square arrays of atomic beams, matrix of micro-ovens, in presence of
counter propagating Gaussian intensity distribution (TEMg, mode) of laser was explored
for reducing the periodicity below A/2. This new configuration is equivalent to imaging
the large number of discrete atomic beams via single atomic lens. This is the reverse anal-
ogy of the above two configurations having single atomic beam traveling in multiple light
potential. Lithographic patterns for such square arrays of rubidium atomic beams (cold
as well as thermal) in the TEMy, field were simulated for collimated as well as divergent
atomic beams for different interaction time and divergence. The individual beam was as-
sumed to be located at the corner of a square of size 2 ym and the atomic beam diameter
was 1 um. The lithographic patterns generated using this configurations was found to have
periodicity much less than /2 for collimated as well as divergent atomic beams. Nano size
periodic dots and lines were seen in the simulated lithographic pattern for collimated and
divergent case respectively. The geometry of the pattern was observed to be dependent on
the interaction time. The maximum compression factor was found to be of the order of 6

as compared to initial configuration of atomic beam.

7.2 Generation of atomic beam via laser ablation

A new technique was developed to produce fairly collimated cold beam of indium by il-
lumination of the thin films of indium from the rear side directly by (unfocused) second
harmonic of Q switched Nd: YAG laser under high vacuum ( 10~ Torr). We could produce

the atomic beam having divergence down to 23 mrad without using any additional atom
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optics for collimation. The divergence of the atomic beam was found to increase with in-
crease in laser energy. From the time of flight measurement of beam deflection set-up, the
maximum longitudinal atomic beam velocity was observed to be 100 m/s and minimum 44
m/s at laser fluence of 318 mJ/cm? and 85.5 mJ/cm? per pulse respectively. It was found
that initially beam velocity increases with laser energy. After a fluence of around 242.7
mJ/cm? no significant increase in axial atomic velocity was observed. Axial velocities of
ionic species were also measured at different laser powers. Longitudinal velocity of ionic
beam was found to be one order of magnitude more than that of the atoms. From the re-
flectivity modulation measurement during ablation, it was found that ablation process is
slow at lower laser energies and certain minimum energy of laser is needed to blow off the

material of the thin film completely.

7.3 Selective laser ablation lithography

Experimental set-up for the selective laser ablation lithography was developed using two
and four beam high power laser interference pattern for obtaining line and dot structures
with periodicities ranging from micron level to down to wavelength order. This is a direct
single-shot, single-step lithographic technique. This technique has an advantage over pre-
viously reported techniques as the target position is not critical in this case due to the use of
delocalized interference pattern. Also, as all the four beams are entering into the vacuum
chamber through the same port, the modification in the interference pattern due to relative
wavefront distortion of various interfering beam is minimum. The thin films of Indium was
ablated selectively under vacuum via two and four beams delocalized interference pattern.
The Indium lines and large number of arrays of dots in the thin film having periodicity from

micron to 593 nm (= 1) were imprinted in a single-shot.

TH-258_01612101



7.4. Experimental realization of matrix of micro-ovens 109

7.4 Experimental realization of matrix of micro-ovens

The simulated result of MMO configuration has shown its potential toward the periodic
lithography in a single shot having period much less than A/2. One of the major requirement
for this configuration is the periodic arrays of atomic beams. We have generated these
periodic arrays of atomic beams in one dimension as well as two dimensions via rear side
ablation of indium thin film by focused high power two and four beams laser interferometer.
Micrograph images and AFM scan pictures confirms the formation of periodic one and two
dimensional atomic beams having periodicity ranging from 10 xm to the 630 nm with size
of the individual beams ranging from 8.2 um to 294 nm. The periodicity and the size of
individual beam depends on the spatial frequency of the interferometric pattern and the

beam energy.

7.4.1 Three birds in a single stone

The advantages of rear side selective laser ablation of thin film developed by us and reported
in this thesis are three fold.

Selective laser ablation lithography

First the target used for ablation gets imprinted with periodic micro-nanoscopic information
of light beams via ablation by two and four beam interference pattern. So this part itself

acts as a single-step single-shot lithographic technique.

Multiple atomic beams for atom lithography using dipole force

Secondly the ablated material from above results in the generation of the multiple atomic

beam which can be focus down with the help of TEMg, mode of laser, acting as an atomic
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lens, for obtaining structures with periodicities less than 4/2 by atom lithography using

dipole force.

Multiple atomic beams for direct lithography

Thirdly, the multiple atomic beam deposited directly onto the substrate serves as micro-

nano fabrication of periodic structure.

7.5 Uranium enrichment

Application of dipole force in isotopic separation was also explored. As an example, a
new scheme was proposed for the enrichment of U3 using dipole force generated by a red
detuned TEM, mode of laser with respect to U?* transition. This technique may prove to
be efficient for the enrichment of uranium from natural uranium as well as recycled nuclear
fuel. This is also a general technique and can be applied for the isotopic separation of any

element.

7.6 Future scope

7.6.1 Selective laser ablation lithography

SLAL is a Promising lithographic technique which can be used for both micro and nano
fabrication simultaneously. With the availability of pulsed laser in UV range having the

good beam quality the periodicities and structure dimensions can be further reduced.
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7.6.2 Atom lithography using dipole force
Microlithography

Proposed configuration of square arrays of multiple atomic lens produced by interference
of four nearly collinear optical beams can be implemented experimentally for atom lithog-
raphy via dipole force to write large number of periodic structures in square arrays in a

single step.

Sub A/2 lithography

Experimentally 8.2 um to 294 nm size discrete multiple atomic beams having periodicities
ranging from 10 pm to 630 nm respectively was reported in the thesis for the first time. As
the minimum periodicities are already in nano scales, further compressing them by factor
of 6 with the help of TEMgo mode of laser (as discussed in Chap.3) can yield 67 nm size
spots with periodicity 131 nm. Compression factor can be further reduced by choosing
the higher intensity light fields gradients and proper interaction time.This technique can be

used for selective doping of the material for engineering photonic bandgap devices.

7.7 Isotopic separation

In Chap.3, we have proposed a scheme to separate the isotopes of Uranium using dipole
force arising from counter propagating TEMg, mode of laser. Experimental implementa-
tion of this scheme to be realized for testing the feasibility of this process for large scale
production. As the dipole force concept is valid for any element, this technique can be

implemented for isotopic separation of any material.
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