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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 TEMoo mode laser, acting as a atomic lens, is proposed for atom lithography

via dipole force for obtaining sub AI2 periodic structures.

Application of dipole force in the isotopic separation was also proposed. As an exam

ple, a scheme for the enrichment of using dipole force generated by a red detuned

TEMoo mode of laser with respect to 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

111
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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

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

Mask

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
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1.1. Lithographic techniques

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

Electron / ion beam

Resist

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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1.1. Lithographic techniques

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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1.1. L/ithographic techniques

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.

Atomic beam

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 pocE; 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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1.1. Lithographic techniques

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

TEMoo 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 //m 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 A/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-

TH-258_01612101



1.1. Lithographic techniques 8

ing this technique. Periodicity of standing wave configuration is always limited to A12. The

idea of using polarization gradient masks [58, 59] in atom lithography has been introduced

to achieve periodicity down to /l/S. Periodicity lesser than Af2 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 AJA.

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 TEMoo 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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