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ABSTRACT OF THE DISSERTATION

Electrostatic Focusing of Electrospray Beams

By

Elham Vakil Asadollahei

Doctor of Philosophy in Mechanical and Aerospace Engineering

University of California, Irvine, 2017

Professor Manuel Gamero-Castaño, Chair

The Electrospray ionization which is also known as electro-hydrodynamic ionization produces

a beam of charged nanodroplets. These beams of nanodroplets can be used in material

deposition, sputtering, and milling processes, all of which are currently done by beams of

atomic and cluster ions. In electrospray atomization, a uniform beam of submicron-sized

charged droplets is sprayed in vacuum in a strong electric field. The charged droplets are

accelerated by the electric field induced by the electrodes. The space charge of the beam

causes the droplets to repel each other and the beam to open up. In this dissertation,

the development of an electrostatic column for electrospray beam focusing is presented.

Coaxial electrodes were designed to extract and focus the beam. The beam is skimmed

to agree with the paraxial assumption used in the projectile tracing. Fundamentals of the

charged particle tracing under an electric field is discussed in detail and numerical simulations

provide the projectile trajectory and image location where the beam is focused and energy

density is maximized. These focused beams are used to sputter a semiconductor target. The

performance of the focusing apparatus can be characterized based on the size and features

of the impacted area. The error sources in lens system result in an increased image size

appearing in the form of slightly sputtered area. These aberration figures are analyzed

xi



for different field strength to determine the size of imperfections in the apparatus and to

be possibly corrected in next stages of development. With the exception of spherical and

chromatic aberrations, other sources of errors can be eliminated or at least minimized if the

misalignments between elements including electrospray source and electrodes are minimized.

An innovative process is presented for fabricating the focusing lens using microfabrication

techniques. This approach guaranties high precision and minimum misalignment between

elements. Plasma activated bonding is used to permanently attach the silicon electrodes

and glass standoffs. In addition to precision fabrication of apertures, the advantage of this

approach over conventional machining is eliminating post fabrication assembly. Despite

higher cost and difficulty of process, the microfabricated lens assembly successfully provides

the voltage and accuracy requirements for a high resolution focusing lens.
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Chapter 1

Introduction

1.1 Overview

Atomic, molecular, and cluster ions are essential part of physical processes in the semicon-

ductor industry. The physical processes including etching, thin film deposition, doping, and

sputtering rely on the energetic bombardment of the surface of the target by a beam of ions

or the ions existing in a plasma environment. Surface analysis through imaging is another ap-

plication of electron and ion beam both in Scanning Electron Microscopy (SEM) and Focused

Ion Beam (FIB). [1] FIB is an advanced tool in micro/nano fabrication, surface modification

and surface analysis. It is based on energetic impact of accelerated ions emitted from a liquid

metal ion source (LMIS) or gas cluster ion beam(GCIB). Despite the similarities in the SEM

and FIB columns, the heavy ions (106 times more than electrons) in FIB has different effect

on the target surface. During impact, the momentum of the atomic or gas cluster ion beam

is transferred to the surface atoms in the impact area. Even though the ions penetrate up to

200 times less in the target surface than electrons, this energy exchange is enough to break
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the atomic bonds and cause atomic ionization on the surface. These atoms are ejected out

of the surface and cause a high yield physical sputtering. During the deposition process,

the accelerated ions collide with the atoms of depositing materials above the sample and

increase their energy to be able to produce atomic bonds with the substrate after impact.

Imaging and secondary ion mass spectrometry is possible by collecting the secondary elec-

trons or secondary ions ejected from the surface. Despite possible surface damage, the FIB

secondary electron imaging technique is used for high contrast grain morphology imaging.

Small beam currents, below 100pA, may be used in FIB imaging to minimize damage during

imaging. In addition to these processes, maskless etching is another enabling application of

FIB in nanofabrication technology. Precision cuts and cross sections are etched in samples

of any material without lithography and additional sample preparation. In case of monomer

ion beam the etching rate is controlled by the accelerating field since the liquid metal ion

source in a FIB is normally Gallium. However, in applications such as sample preparation for

transmission electron microscopy (TEM) [2] where the ion implantation and surface damage

can change the image quality of a thin layer of material (about 100 nm-thick), an Argon

source with lower current is a better alternative. The sputtering yield and destructive ef-

fect of the ion beam on the surface have been improved in the gas cluster ion beam(GCIB)

bombardment where the larger projectile provides a higher energy density into the impact

area. [3] Each cluster contains up to 20000 atoms. Since the energy of each cluster is divided

among up to few thousand atoms or molecules, the penetration depth and thus the destruc-

tive effect on the surface decrease. In addition to a very low charge to mass ratio, GCIB has

other advantages including, higher sputtering yield due to multiple collision in different in-

cident angles, and surface smoothing in atomic level. [4] Shallow implantation of low energy

individual atoms in GCIB also showed the enhancement of surface doping over monomer

ion beam. [5–7] However the quality of images may not increase in GCIB because of higher

sputtering rate which limits the resolution in addition to optical limits, it is more effective
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in imaging very small features where molecular rearrangement and re-deposition of ions on

the surface might limit the resolution. [8] All of the improvements associated with cluster

ion beam are bound to the limitation on the size and molecular composition of the cluster.

Size of cluster ions does not exceed more than a few nanometer. On the other hand a larger

cluster with large number of the atoms demands a higher accelerating voltage to provide

the minimum 10 eV energy per individual atom to create any of the discussed effects. The

energy exchange during bombardment heats up the target and facilitates the chemical reac-

tion between the cluster ion atoms and substrate, so an inert gas is preferably used. These

restrictions have handicapped the research in projectile size before the Electrospray sputter-

ing was introduced. [9] The Electrospray ionization , also known as electro-hydrodynamic

ionization, produces a beam of charged nanodroplets. A controlled flow of liquid is fed to

a nozzle, turns into a jet of fluid and breaks into submicron-sized droplets. The breaking

point acts as a point source for the beam of nanodroplets. This, combined with the high

molecualr flux of sprayed nanodroplets with low q/m and narrow distribution of droplet size,

makes the electrospray source an ideal candidate for ion beam in physical sputtering and

milling processes. The electrospray can be produced with a variety of liquids, which offers

the freedom of choosing chemical composition and molecular mass, as opposed to ion beams

with limited number of gas sources. An electrospray setup requires a reasonable voltage less

than 20 kV to produce the droplet projectiles capable of sputtering with similar or higher

sputtering rate than an ion beam. In addition, the larger electrospray nanodroplet does

not penetrate in the substrate during electrospray bombardment, so that surface damage is

minimized. This can be beneficial for both sputtering and maskless etching. The goal of

this thesis is to investigate the resolution improvement resulted by focusing the electrospray

beam. After the introduction chapter, the theory of particle tracing in an electrostatic field

is presented in chapter II. A numerical study shows the trajectory of the beamlet from a

point source passing through the electrostatic lens and deflectors field to the Gaussian image
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plane. The experimental approaches are discussed in Chapter III. Two methods were prac-

ticed for fabricating and assembling the experiment apparatus; a microfabrication approach,

suggested for minimizing misalignments, and a conventional machining approach. Finally,

in chapter IV an experimental study of the bombardment of a silicon substrate by focused

electrospray beams is used to demonstrate the performance of our electrostatic lens design.

1.2 Electrospray Theory and Applications

Electrospray atomization is a process that generates submicron-sized charged droplets from

an electrolyte solution. Once a simple method for painting cars, electrospray is now used

in a wide range of applications such as microthrusters [10–14], electrospray ionization mass

spectrometry(ESI-MS) [15], sputtering [16, 17], deposition and so on. A few decades after

Dole proposed the electrospray method for mass spectrometry, Fenn successfully used this

ionization technique to produce the ion droplets that include only one protein macromolecule

with the goal of measuring its molecular mass. [15] Now it is also used to collect other

structural information of the biomolecules. [18] A combination of pressure difference and

capillary force extracts the ionic solution from the reservoir and guides the flow through the

few-hundred-micrometer capillary tube (needle), while a voltage difference between the tube

(emitter electrode) and a second electrode (extractor) provides the large electric field (in the

order of 106 V/m) on the capillary tip needed to setup the electrospray. [19] This field is

estimated based on the applied potential on the capillary (Vc), the capillary radius (rc), and

the distance of the extractor from capillary tip.

Ec =
2 Vc

rc ln(4d
rc

)
(1.1)
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This electric field penetrates under the liquid meniscus at the capillary tip and polarizes

the liquid. The positive ions add up under the meniscus while the negative ions move away

from the surface. The interaction force between the electric field and positive ions, as well

as the surface tension of the liquid at the tip of needle causes the tip to elongate and forms a

stable conical shape known as Taylor cone. [20–22] Despite the dynamic nature of the inner

region of the cone, the outer region is considered hydrostatic which appears as an stationary

feature. The electrostatic repulsion of charges on the cone surface is balanced with the

surface tension which minimizes the surface area. The static equilibrium between these two

pressures dictates the condition where the electrostatic force is orthogonal to the surface

described by Equation (1.2) in spherical coordinates and the cone angle of θ = 49.3◦. [23,24]

ϕ(r, θ) = ϕ0 r
0.5 P1/2 (Cosθ)

ϕ0
−2 = 0.552 ( ε0

γ
)1/2

(1.2)

where P(1/2) is a Legendre function of order 1/2, and ε0 and γ are the permittivity of the

medium around the cone, and surface tension, respectively. This angle decreases with in-

creasing the spray flow.
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Figure 1.1: Electrospray atomization schematic.

A fine jet continuously emerges from the cone’s apex. This jet eventually becomes unstable

breaking up into charged droplets. In the transition between cone and jet in break-up

region, a significant part of flow energy dissipates, due to the ohmic and viscous dissipation

and surface energy generation. [25] The time of flight and retarding potential techniques

are used to characterize these sparays and support their modelling. [26] Under atmospheric

pressure, the droplet continues to shrink with solvent evaporation till the ionization starts.

Two models have been proposed to describe the electrospray ionization process from these

shrinking droplets [27]; The Ion Evaporation Model suggests solvated ions are ejected out

of the droplet when the droplet diameter reaches around 20 nm and surface field strength

is high enough to compensate for the solvation energy of the ions in solution. The Charge

Residue Model describes electrospray ionization based on the emission of the smaller

droplets from the local Taylor cone on the droplet. When the droplet shrinks enough that

6



the charge density reaches the Rayleigh limit at the highest curvature surfaces, the droplet

elongation phenomenon under charge field forms another Taylor cone forms on the droplet

surface. As a result a highly charged droplet is emitted from the Taylor cone apex. Each

droplet eventually produces multiple smaller charges droplets after de-clustering. Rayleigh

limit determines the relation between the critical radius of the drop R and the drops charge

q as following: [28,29]

q = 8π (ε0 γ r
3)1/2 (1.3)

where ε0 and γ are the permittivity of vacuum and the liquid’s surface tension respectively.

Fenn showed this process can continue until drops contain only one molecule of the protein

with on or multiple charges in gas phase. The Rayleigh limit defines the maximum charge

for and isolated, electrically conductive drop in vacuum; however, in the presence of the

space charges, the drop may break at a lower charge of 70− 80% of the Rayleigh limit. [30]

Gamero-Castaño estimated the charge level of 68% of Rayleigh limit for EMI-Im. [31]

The low charge to mass ratio is the fundamental characteristics of the electrospray charged

droplet which places the high molecular weight biomolecules in the detectable spectrum in

mass spectrometry. In addition to low charge to mass ratio, the high conductivity of the

electrospray give an advantage over other ionization methods such as ion beam. Each parent

drop contains several neutral molecules and carries multiple elementary charges which implies

almost infinite conductivity of the flow. After evaporation and de-clustering, each drop may

have one or more than one elementary charges and the spray remains highly conductive.
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1.3 Background

Energetic bombardment of materials with a focused ion beam is used in advanced nano-

scale microfabrication techniques such as sputtering, thin film deposition, doping, and etch-

ing. [3, 5, 32] The cluster ion beam processes consist in bombardment of the surface with

a molecular or atomic cluster ion beam. During the collision the energy exchange between

the cluster projectile and the surface causes the ejection of atoms from the surface (sput-

tering) [1, 33, 34] or causes topographic changes on the surface (e.g. surface amorphiza-

tion). [35,36] Cluster size is an important property that affects the result of this interaction.

Larger clusters are used in surface smoothing process and smaller clusters are used in high

yield sputtering process. [37] When high energy clusters are used for high rate milling, the

low energy beam is a choice for surface smoothing and removing organic contamination. In

case of gas cluster ion beam (GCIB), each cluster consists of up to 100,000 atoms, with

sizes reaching up to a few nanometers. [34] Along with projectile size [37], the projectile en-

ergy [38] and incident angle [39] are other important parameters affecting sputtering yields.

Research on larger gas cluster ion beams shows that these ion clusters such as Ar2000 not

only increases the size of the crater after each incident and thus the sputtering rate, it also

helps to eliminate the surface roughness because of decreased penetration depth due to lower

energy of individual atoms. Moreover, noble gas clusters such as Ar are commonly used to

minimize the chemical interactions with substrate which limits the chemical composition and

molecular mass of projectiles. The charge to mass ratio (specific charge) of the larger clusters

remains low because of limitation of ion charges on each cluster and requires higher potential

to focus and accelerate the cluster beam. In addition to this, the lack of a projectile source

between nanometer-sized cluster [37] and micron-sized particles [40] have made it impossible

to study experimentally the size dependence of sputtering yield. Electrospray atomization

has introduced a suitable source for sub-micron-sized projectiles. After early works on the
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electrospray mass spectrometery, an extensive body of work by Fernandez de la Mora and

Gamero-Castaño describe the physics of the electrospray droplets in cone-jet mode. [41–45]

The unique properties of the electrospray charged droplets such as narrow distribution of

size and uniform energy level of submicron-sized droplets, high molecular flux of the beam,

and access to ionic liquids with different molecular mass extended the application of electro-

spray droplets for activities where an energetic impact of hypervelocity charged particles is

needed. Using Electrospray in hypervelocity impact applications is more efficient than large

gas cluster ion beam because of low accelerating voltage; accelerating voltages below 20 kV

are able to provide impact energies in the order of MeV to the multiply charged nanodroplets.

The use of electrospray clusters of 0.1 − 0.5 µm was reported for surface cleaning [46] and

secondary ion mass spectrometry. [47] Electrospray droplet impact (EDI) was also suggested

for molecular level etching of native SiO2 and InP . Sakei, et al. experimentally showed

the energized electrospray beam up to 106 under accelerating voltage 10 kV is capable of

molecular etching of thin layers of SiO2 and InP , and physical sputtering and surface dam-

age minimized. [48,49] Due to higher current in vacuum the EDI technique is more effective

in SIMS, recently shown by Takaishi, et al. [50] on several samples including thermometer

molecule, peptide, polystyrene, Alq3, NPD, C60, indium, and SiO2. Mori, et al. also used

the electrospray droplet impact (EDI) for surface analysis of a hard material. [51] Sputtering

is another application of the electropray projectile which is also of interest in this thesis.

Gamero and Mahadevan [31] investigated the physical sputtering of Si, SiC and B4C by

beamlet of nanodroplets sprayed from ionic liquid 1-ethyl-3- methylimidazolium bis (triflu-

oromethylsulfonyl)imide (EMI-Im) at normal incidents. The maximum sputtering yields

reported 2.32, 1.48, and 2.29 atoms per molecule for Si, SiC, and B4C respectively, these

are much higher than sputtering rate of same material with Ar. The accelerating voltage

of 15.1, 18,and 19.1 kV were used respectively to provide 253 nA current and carve 2 µm

of material. At lower voltage 7 kV , the surface was reported to have no significant sput-
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tering. Previously they had reported irradiating the single crystalline Si by an electrospray

beamlet with an average molecular energy of 20.1 eV and 26.3 eV for 15 min resulted a sput-

tered crater of 3 µm and 3.5 µm deep and sputtering rate of 127 nm/min. [9] A molecular

study on the sputtering of Si concluded that both collision cascade and thermal sputtering

describe the sputtering physics during electrospray bombardment. [52] Other single-crystal

semiconductors such as InAs, InP,Ge,GaAs,GaSb, and GaN have also been sputtered un-

der EMI-Im electrospray bombardment. [16] A beam with higher molecular energy up to

105 eV was used and showed a sputtering yield in the range between 1.9 for a hard material

such as SiC and 4.5 for Ge. A maximum sputtering rate of 2381 nm/min for GaSb was

reported. A comparison between the sputtering rate of Si with ionic liquids with different

molecular mass (between 45 and 773.3 amu) shows that at the same impact velocity, the

electrospray droplets with larger molecular mass lead to larger the roughness and sputtering

rate. [17] A complementing molecular dynamics study and electrospray hypervelocity sput-

tering experiment for two ionic liquids EAN and EMI-Im at 17 km/s on substrates material

of Si, SiC,Ge and GaAs suggests the direct relation between increase in sputtering yield and

molecular mass of projectile. [53] During the impact of electrospray beam of nanodroplets

on crystalline material a thin layer of material is amorphized. This is due to melting the

area near the impact and then ultra fact cooling. [54] The thickness of amorphized layer

under the surface is comparable to the size of projectile because of large dissipation energy

during nanodroplets impacts. An electron backscattered imaging is useful for experimentally

mapping the amorphized area under the bombardment. Some single-crystal materials such

as SiC need a higher impact velocity to form an amorphous layer. Although less prominent,

another important parameter is the size of the drops. The threshold of droplets velocity that

an amorphous layer begins to develop on Si surface was calculated by a molecular dynamic

model at 3 km/s, the thickness of amorphous layer continues to increase with increasing the

velocity of impacting drops until reaching an upper threshold of velocity above which the
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thickness of amorphous layer does not increase. [55] To the extent of above sputtering and

etching experiments, electrospray atomization offers macroclusters capable of carving and

deposition on all type of substrates within a reasonable range of accelerating voltage. In

addition to fundamental studies, electrospray beams should be focused to provide an accept-

able resolution for higher rate etching and sputtering. A typical FIB instrument consist of

beam forming optics such as focusing lenses, magnetic filters and deflectors after ionization

and accelerating the beam. The technology of focused ion beam of a liquid metal ion source

began in 1974 when Seliger and Fleming [56] published their FIB design for microfabrication

purpose, specifically for ion implantation. With object aperture of 150 µm, the beam spot

reduced to 3.5 µm. This column consisted of a symmetric enizel lens with 12 ft focusing

arm, a double-deflector system and a target holder. Other parameters of focusing lens were

as follows: lens diameter D = 1.35 in, focal distance f = 1.95D and spherical aberration

coefficient Cs = 35f . Later Seliger and collaborators at HRL presented a scanning ion probe

system with the beam spot size of 100 nm and current density of 1.5 A/cm using liquid Ga

source. [57] Almost a decade after original proposal of focused ion beam apparatus, Orloff

suggested a Köhler illumination design for FIB to go around the 0.2 mrad scatter in 100 keV

beam trajectory and achieve 10 nm beam diameter and 2 nm edge sharpness at the spot.

The column consist of two condenser electrostatic lenses, two octupoles deflector to bring the

beam to the center of E × B separator, two objective electrostatic lenses and two scanning

octupoles. [58,59] A chronicle advancement of the focused ion beam and its applications such

as ion implantation and surface doping, maskless etching and lithography and deposition,

3D nano structure formation and repair are discussed in review papers. [1, 60, 61] Since the

technology of the gas clusters formation and ionization in 1988, the focused ion beam appa-

ratus can use sources of different gas material than Ga for low energy bombardment of the

target and applications such as surface smoothing. [62] Currently, the advanced FIB columns

are more or less similar to the original design and some research is focused on micro FIB
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column for low cost or improved resolution using microfabrication approaches. [63,64] Addi-

tionally, the aberration correction and modified design of the electrostatic lens have been the

subject of further investigations in order to achieve the resolution requirements. [65–67] The

beam spot size and brightness on the target are affected by aberration sources, among which

spherical aberration, chromatic aberration and astigmatism have been discussed extensively

in charged particle optics literature. [68–74] This dislocation of the beam spot and/or blur-

riness (both examples of geometrical aberrations) is due to error in locating the target as a

result of ignoring higher order terms in the electric field in ion beam trajectory calculations.

Although very well known, some of these aberration sources are inevitable. Spherical aber-

ration is a result of stronger field affecting on the ions emitting at higher angle, it cannot

be eliminated, but it can be minimized by higher accelerating voltage that does not allow

the ion drifts much when traveling across the lens or it is compensated with other elements

which dictate the spherical aberration coefficients with opposite sign. Astigmatism due to

alignment errors depends highly on the manufacturing precision. With a precision fabri-

cation, it is more likely to minimize this source of error and have an image close to that

of paraxial trajectories. The chromatic aberration coefficient also can be accounted for in

locating the target based on the characterized energy distribution of the beam.
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Chapter 2

Charged Particle Dynamics

Charged particle dynamics studies the motion of charged particles (e.g. electrons, ions or

charged droplets) in an electric or magnetic field. The deflection of the charged particles’ tra-

jectory due to interaction forces between the beam and the electric/magnetic field is similar

to the refraction of light when entering different mediums. This physical phenomenon is used

effectively in all optics column for focusing the diverging beam at the image plane, where

a minimum beam diameter and highest charge density is desired for higher resolution. The

resolution of the focusing systems is affected by the error sources that lead to different type

of aberrations. In the case of high density beam the space charge changes the electrostatic

field defined by the lens, deflectors, and other electrodes.

The refractive indexes in particle optics are defined by the potential of two adjacent

regions. The particle’s momentum changes along the direction perpendicular to the equipo-

tential lines in the field, while the tangential momentum remains constant. This explains

the particle trajectory bending when it travels through the electric field.
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Figure 2.1: Trajectory deflection in electrostatic lens.

Conservation of total energy in transition from V1 to V2 and momentum component along

the equipotential boundary lead to the relation between beam deflection and voltage sinα1

sinα2
=√

V2
V1

similar to Snell’s law. Two focal points are defined on the object side and image

side of the lens at the intersection of asymptotic trajectories of paraxial rays with the axis.

The concepts of magnification and Gaussian image is defined similarly in optic lenses. A

general ray r(z) emitting from an axial point source at −S is deflected and crosses the axis

at image point I. The location of the Gaussian image is calculated as a function of linear

characteristics of the lens.

The image location is determined by a superposition of two trajectories; two linearly

independent rays r1(z) and r2(z) form the general ray r(z) by r(z) = αr1(z) + βr2(z) (see

Figure 2.2).
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Figure 2.2: Two linearly independent path r1 and r2 define any general trajectory and
determine the image location.

This decomposition is helpful in locating the Gaussian image. On the object side the

general ray, emitted from S, is written in the linear form r = tanαs(ZS). The coefficients

α and β are derived from comparing this equation with the above form for general ray

r(z) = α(Z − F1) + βr2(z). Here r1 is defined by focal length r1 = tan 45◦(Z − F1), F1

is negative. On the other hand, at the image side the general ray forming the image is

r(z) = α H1 + β(− tan 45◦(I − F2)). The image location is defined by setting r = 0 in this

equation and rearranging Equation (2.1) as follows:

I = F2 +
H1H2

F1 − S
(2.1)

2.1 Beam Focusing System

The motion of an isolated charged particle in the electric field induced by electrodes is studied

here. For the sake of trajectory study every particle is considered a classical point projectile

under Lorentz force. Note that the magnetic portion of the Lorentz force will be excluded
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here, because the magnetic force is negligible for the heavy electrospray droplets which have

much lower velocities than electrons or ions. In general, the electrostatic field can be static or

time dependent. In our experiment setup we let the electric field stabilizes and will consider

electrostatic field in particle tracing equations. The electrostatic field is defined by Gauss’s

law:

∇E = ρ/ε0 (2.2)

where ρ and ε0 are the charge density and the vacuum permittivity. The effect of the

space charges are neglected at this point and in this research. It can be considered as a

source of aberration in focusing systems.

In this chapter two main elements of focusing and deflecting the beam, electrostatic

lens and octupoles, will be discussed. The governing equations of the particle trajecory in

axisymmetric electrostatic field is derived and used in numerical modeling.

2.2 Electrostatic Lens

An axisymmetric electrostatic field induced by a three-electrode lens deflects the travelig

particles toward the axis line. The spherical field in the Einzel lens deflects the spray beam

traveling through the lens; once voltage is applied on the lens electrodes, the diverging

electrospray beam from a point source on the axis is focused on an image point. Laplaces

equation in cylindrical coordinates for an axisymmetric potential field is: [75]

∂2V

∂z2
+

1

r

∂

∂r
(r
∂V

∂r
) = 0 (2.3)
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Where V (r, z) is the potential. Analytical solution of Laplace equation for a simple case

of two electrodes is based on a linear change in axial voltage between two values of potential

on electrodes. A series of Bessel functions defines the radial change in voltage referenced

to axis. For more complicated cases, finding an analytical solution for the potential is very

difficult or may not be possible. Numerical approach for calculating the electric field, and

thus particle trajectory is widely used. Although the numerical solution of the electrostatic

field may need extensive computations, under assumption of paraxial beam, it turns to a

simpler numerical problem.

The solution of Laplace equation under axial symmetry assumption can be written in the

form of an even power series of r.

V (r) =
∞∑
0

An(z) r2n (2.4)

The recurrence formula for An(z) is derived by substituting the above series in Equation

(2.3).

An+1 = − A′′n(z)

4 (n+ 1)2
(2.5)

Now the solution series (2.4) can be written as:

V (r, z) = A0(z)− A”0(z) r2

22
+
A

(4)
0 r4

22.42
+ ... (2.6)

where A0(z) represents the axial potential, V (z), and leads to immediate relations for

axial and radial components of the electric field as a function of the axial potential.
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Ez = −∂V
∂z

= −V ′ (2.7)

Er = −∂V
∂r

= −r
2
V ” (2.8)

The total energy of the particle remains constant and equal to the initial retarding po-

tential along the beam path. Equation(2.9) represents the case in which the axial velocity

is so much greater than the radial velocity in an axisymmetric field.

1

2
m(

dz

dt
)2 + qV = φ0 (2.9)

Where q,m, V, z, φ0 are the particle charge and mass, potential, axial coordinate and

retarding potential respectively. The radial motion of the projectile is governed by Newton’s

law:

m
d2r

dt2
= qEr =

qr

2
V ” (2.10)

Equation (2.10) reduces to a second order differential equation for r(z) when combined

with Equation (2.9).

d2r

dz2
+

1

2

V ′

V

dr

dz
= −r

4

V ”

V
(2.11)

Note that the charge to mass ratio of the particle does not appear in this equation.

The trajectory of the beam is determined by integrating above equation using as initial
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condition the initial point and velocity of the droplets. This equation requires obtaining

the first and second derivative of the axial potential. Since the potential field is normally

calculated numerically, the second derivative adds up to the error when integrating along the

trajectory. In order to avoid this, another reduction approach is suggested by introducing a

reduced radius, R, defined by R = r V (1/4). When r(R, V ) from this definition is substituted

in Equation (2.11), a reduced equation of motion, known as the Pitch equation is obtained:

d2R

dz2
= − 3

16
R (

V ′

V
)2 (2.12)

2.3 Numerical Simulation of Electric Field

In our study, COMSOL multiphysics software is used for modeling the electric field. An

external MATLAB function executes the finite element model in electrostatic module. The

geometry and the physical parameters can be set externally in the MATLAB function. This

capability allows us to simulate the possible imperfection in the experiment setup without

changing the original COMSOL model in COMSOL GUI. The electric field and potential

derived from the COMSOL model are then processed with a Gaussian process regression to

reach a smooth field as opposed to the original field which is limited by the mesh resolution.

The equation of motion is integrated using Runge Kutta method in MATLAB.
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Figure 2.3: Schematic of the focused electrospray beam column.

Figure 2.3 shows a sketch of the potential differences applied to the column. The potential

VEM is applied to the ionic liquid source. A voltage difference δV1 between emitter and

extractor is applied to atomize the fluid. The electric field is zero between the extractor

electrode and the electrostatic lens. The third electrode of the lens and the target are

grounded. The potential of the middle electrode is adjusted as a fraction of the extractor

voltage to create the desired image on the target. An example of the simulated electric

potential and electric field in the lens are shown in Figure 2.4, using the following conditions:

V2 = 0.5VEXT .

Once the electric potential and field are derived, the electrostatic lens is characterized by

calculating the focal points and image points for the specified geometry. The axial electric

potential and field are derived from above simulation and calculated for middle electrode

voltage of between 0.2 ∼ 1.2 VEXT . See Figure 2.5.
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(a) (b)

Figure 2.4: Electric potential and field on the axisymmetric lens model V2 = 0.5VEXT .

(a) (b)

Figure 2.5: Axial electric potential and field for V = aVExt , a = 0.2 ∼ 1.2.

2.4 Charged Particle Tracing

A voltage loss of 200V during the emission process is taken into account to simulate the

particle trajectories. Forward and backward trajectories in the paraxial approximation are

integrated using three different approaches. The accuracy of the reduced Pitch equation,

Equation (2.12), is verified compared to the time integration method, Equation (2.11). For

the initial radial position of 0.392 mm for the beam (skimmer aperture radius), both methods
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show a good agreement with maximum difference up to 0.2 µm according to Figure 2.4.

Matlab ODE 45 integration was used for all three differential equation with integration

tolerance for all variables set to 10−9.

Figure 2.6: Trajectory of the paraxial beam in Einzel electrostatic lens by Pitch equation,
(2.12) ( ); nonreduced equation, (2.11) ( ); and second order time dependent differential
equation, (2.10) ( ).

The first and second focal points are calculated by integrating the equation of motion

using different values of V2 for paraxial beams. Knowing the image location for a fixed

position of the point source on the axis is important in order to be able to locate the target

as close as possible to the image point and take advantage of the focused beam energy. In

practice the voltage on the central electrode is adjusted to focus the beam on the fixed target,

(see Figure 2.8). According to this analysis, the image of the fixed source is formed at the

farthest point from center of the lens when V2 = VExt. Simulation error is expected to some

extent since all the parameters in Equation (2.1) are determined numerically.
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(a) (b)

Figure 2.7: First and Second Focal points of the Einzel lens from center for a range of
Extractor and middle electrodes potential, by Pitch equation, Equation (2.12).

(a) (b)

Figure 2.8: Image location for a fixed point source on the axis −14.5 mm upstream from the
center of the lens and lens magnification.
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2.5 Aberrations

In the paraxial approximation the third and higher order terms of the potential were ignored

in particle tracing, and particle trajectory was solved for homogeneous energy distribution.

This linear approximation estimates the Guassian image distance from the lens but it fails

to describe the difference between the actual and expected magnified image. Several factors

are known to cause aberrations. We will discuss aberrations in electrostatic lens, including

Geometrical Aberrations including, Spherical Aberration, Astigmatism, Coma, Distortion,

Curvature of Field, and Chromatic Aberration. The numerical results will be compared to

experimental data and used to characterize the focusing setup presented in chapter 3. Spher-

ical Aberration depends on the slopes of the droplets’ trajectories. Astigmatism is an off-axis

aberration which is the result of misalignment and aperture imperfections. Chromatic Aber-

ration is caused by non-homogeneous energy spread across the particle beam. [69] In the

method of characteristics function, the third order trajectory is treated as the perturbation

of the paraxial trajectory. The characteristics function or point eikonal refers to the Hamil-

tonian function which defines the charged particle trajectory. Its variational function also

represents the refraction index of the charged particle and minimizes the particle’s traveling

path in electrostatic field (Fermat’s Principle): [76]

kdz = nds (2.13)

δ

∫ b

a

Kdz = δSAB = 0 (2.14)

Here, n is the index of refraction, ds is the path element and z is the independent coor-
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dinate. S is characteristics equation. The variational function K is the particle momentum

in electrostatic field.

K = p = m0 v = (−2m0 q [φ− φ0])
1
2 =(

−2 q m0

[
V (z)− V0 − V ”(z)

(x2 + y2)

4
+ V IV (z)

(x2 + y2)2

64

])1/2

(2.15)

Using a Taylor series to expand the above relationship, K is written as a sum of three

terms. The first term depends only on the axial potential and initial position of the charged

particle and will not appear in Euler equations for trajectory. In our trajectory integration

only the second term was taken into account for paraxial beam. The last term shows depen-

dency of final image on higher order terms of axial potential, initial position and direction

of particle which was ignored before.

K = K0 +K2 +K4 (2.16)

K0 = {(−2m0 q [V (z)− V0]}
1
2 (2.17)

K2 = K0

{
(x′2 + y′2)

2
− (x2 + y2)

8 [V (z)− V0]
V ”(z)

}
(2.18)
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K4 = K0

〈
(x2 + y2)

2

128 [V (z)− V0]

{
V (IV )(z) − [V ”(z)]2

[V (z)− V0]

}
− (x′2 + y′2) (x2 + y2)

16 [V (z)− V0]
V ”(z)− (x′2 + y′2)2

8

〉
(2.19)

Szilagyi [68] discusses the characteristics function method in detail in his book and de-

scribes the geometric aberration terms as a result of K4 perturbation along unperturbed

trajectory and the variation of the characteristics function.

2.6 Spherical Aberration

The charged droplets with higher emitting angle are subject to a stronger electrostatic force

and more deflection. Therefore, rays from a point source with different emission angles do

not converge at one point and do not form a point image at the Gaussian image plane.

Instead they intersect the axis before the image point and form a disk image on the image

plane. The radius of the disk (δrsi) is the difference between the radial displacement of the

outermost ray from Gaussian image by paraxial rays.

Figure 2.9: Schematic of spherical aberrated rays

The spherical aberration figure (δrsi) is found to be proportional to tan3γ0 where γ0 is
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the acceptance half angle of the beam or outermost ray angle.

δrsi = A1 tan
3γ0 = Cso M tan3γ0 (2.20)

Cso is called the spherical aberration coefficient, which is calculated by the characteristics

method as follows:

Cso =
1

16

∫ zi

zo

[
V (z)− V0
V (z0)− V0

]1/2
h4 dz

[V (z)− V0]2

{
5

4
V ”2(z) + ...

...
5

24 [V (z)− V0]2
V ′

4
(z) +

14

3 [V (z)− V0]
h′

h
V ′

3
(z)− 3

2

h′2

h2
V ′

2
(z)

}

(2.21)

h and g are two independent paraxial trajectories with the following initial condition:

g(Zo) = 1 h(Zo) = 0

g′(Zo) = 0 h′(Zo) = 1
(2.22)

A linear superposition of these two principle trajectories form the general solution of the

lens tracing equations, Equation (2.12), as follows:

X(z) = X(z0) g(z) + X ′(z0) h(z)

Y (z) = Y (z0) g(z) + Y ′(z0) h(z)
(2.23)
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Figure 2.10: Principle paraxial trajectories, h and g, form the general solution of the lens
trajectory Equation (2.12).

Since the spherical aberration depends on the trajectory slope and not misalignment in the

source position, it cannot be completely compensated by other means. If the half acceptance

angle of the beam is limited, the trajectory becomes closer to the paraxial approximation

and the spherical aberration figure is minimized. The spherical aberration figure for our

electrospray beam with 2 deg is calculated with the above formula in Figure 2.6. Regardless

of the emitter potential value, the spherical aberration figure decreases for higher potentials

applied on the middle electrode and it is is minimized at V2 = 1.1 VEXT . In this case, a disk

of 34 µm is expected for the emitter potential of 12 kV .
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Figure 2.11: Absolute value of Spherical aberration figure calculated for a range of emitter
and central electrode potentials.

The disc of minimum confusion is defined somewhere before the Gaussian image plane

where the cross section of the beam is minimized. The location of the minimum confusion

disk is specially of interest for placing the probes and targets where the beam is most focused

rather than Gaussian image with aberration. The radius of the disk of minimum confusion

is one quarter of the spherical aberration figure (δrsi/4). It is located at 3
4
L from Gaussian

image plane (The outermost ray intersects the axis in distance L from the Gaussian image

plane).
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2.7 Astigmatism

When the beam converges at different rates in different planes, the cone beam turns to

elliptical beam and particles reach the Gaussian plane along a line in radial direction. This

aberration is known as astigmatism and the aberration figure is the line. Although the

astigmatism is eliminated if the electrospray source is located on the axis, a paraxial beam

may still be subject to astigmatism. This is the case which electrostatic field is not accurately

axisymmetric because of misalignments and manufacturing imperfections. The elliptical

beam turns into two straight lines on two curved images surfaces known as the tangential

and sagittal images surfaces. Somewhere between these two image surfaces, the beam cross

section becomes circular. Schematic below shows how an astigmatic beam from off-axis

source degenerates into straight lines on tangential and sagittal surfaces. Instead of actual

particle trajectories, asymptotic rays are considered for simplicity.

Figure 2.12: Schematic of astigmatic rays

In case of paraxial beam, those two lines and the circle coincide. The deviation from

Gaussian image depends on the initial coordinates of the particle (X0, Y0) and the emission

30



angle γ0.

δX(Zi) = 2A (X2
0 X

′
0 +X0 Y0 Y

′
0)

δY (Zi) = 2A (X0 Y0 X
′
0 + Y 2

0 Y ′0)

δY (Zi) = Y0
X0

δX(Zi)

(2.24)

The coefficient of astigmatism shown by Szilagyi [68] has higher order derivatives of axial

potential. After executing an integration by part on the higher terms, only up to second

order terms remain.

A =
M

32

∫ zi

zo

[
V (z)− V0
V (z0)− V0

]1/2{
3 V ”2

2 [V (z)− V0]2
g2 h2 +

8 V ”(z)

[V (z)− V0]
g g′ h h′+

16 g′2 h′2 − 2 V ′(z) V ”(z)

[V (z)− V0]2
(g g′ h2 + g2 h h′)−

2 V ”(z)

[V (z)− V0]
(g′2 h2 + g g” h2 + 8 g g′ h h′ + g2 h′2 + g2 h′ h”)−

3 V ′2(z) V ”(z)

[V (z)− V0]3
g2 h2

}
dz

(2.25)

The aberration figure size is compared for a range of emitter and central electrode po-

tentials below assuming the source is deviated from center as much as 20 µm. This is the

radius of the capillary tube. This assumption is only for the deflection of the electrospray

cone-jet from the axis. The misalignment in source or each of the electrodes will add to this

value and result in higher astigmatism figure.
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Figure 2.13: Absolute value of Astigmatism calculated for a range of emitter and central
electrode potentials.

2.8 Chromatic Aberration

The electrostatic field affects the trajectory of low-energy particles more than high-energy

particles across the beam. This phenomenon defines another type of aberration which causes

a blurry image. Particles with different velocities, corresponding with high or low energy

levels, reach the axis in different points and form the image after or before the Gaussian

image formed by average-energy particles. Since it is impossible to produce a monochromic

beam, the chromatic aberration is always expected to affect the sharpness of the image.

For a beam with homogenous energy distribution, its effect is suppressed. The chromatic

aberration is formulated by applying the method of characteristics function on variational

function K2 and trajectory perturbation due to potential variation. The trajectory deviation

32



includes axial C1 and magnification C2 chromatic aberration terms:

δX(Zi) = −M(C1 X
′
0 + C2 X0)

δY (Zi) = −M(C1 Y
′
0 + C2 Y0)

(2.26)

where the axial and magnification chromatic coefficient C1 and C2 are:

C1 =

∫ zi

zo

[
V (z)− V0
V (z0)− V0

]1/2{
3 V ′2(z)

[V (z)− V0]2
h2
}
dz (2.27)

C2 =

∫ zi

zo

[
V (z)− V0
V (z0)− V0

]1/2{
V ”(z)

[V (z)− V0]2
gh+

g′h′

2

}
dz (2.28)

The chromatic aberration figure for axial source depends on the half acceptance angle

and the energy spread ∆V0:

δrci1 = M C1 tanγ0
∆V0

2 [V (z0)− V0]
(2.29)

If the magnification term exist, the chromatic aberration figure δrci2 is:

δrci2 = M C2

(
X2

0 + Y 2
0

)1/2 ∆V0
2 [V (z0)− V0]

(2.30)
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Figure 2.14: Absolute value of axial Chromatic aberration figure calculated for a range of
emitter and central electrode potentials.

Figure 2.15: Absolute value of magnification chromatic aberration figure calculated for a
range of emitter and central electrode potentials.
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Axial chromatic aberration always affects the beam even for axial source. It can be seen

that the axial chromatic aberration coefficient never changes sign so it cannot be compensated

by another axisymmetric field. Chromatic aberration is similar and comparable to spherical

aberration in that sense. Spherical aberration is dominant for larger aperture which provides

higher slope due and chromatic aberration dominates in beams with lower half acceptance

angle. The voltage difference across the beam for electrospray source has been measured in

another research [25] and will be used in our numerical models here, The maximum energy

change of δV = 200V is reported.

The aberration figure is also could be seen in closed form solution as deviation of the

trajectory because of the energy spread δV . The trajectory equation, Equation (2.11), for

the charged particle with V + δV is the following:

d2r

dz2
+

1

2

V ′

V + δV

dr

dz
= −r

4

V ”

V + δV
(2.31)

Above equation is written in the following matrix form after multiplying V−δV
V−δV . The term

δV 2 is very small compared to large V and it is ignored.

r′

r”

 = (A+ δA)

r
r′

 (2.32)

where A represents the unperturbed trajectory coefficient matrix and δA illustrates the

effect of spread energy δV on trajectory, both of which depend on the potential distribution
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along the axis.

A =

 0 1

−1
4
V ”
V
−1

2
V ′

V

 δA =

 0 0

1
4
V ”
V 2 δV

1
2
V ′

V 2 δV

 (2.33)

The deviation of the particle trajectory is formed by integrating the solution of Equation

(2.35) along the axis for the small increments where matrix coefficient δA is constant.

r
r′

 = e(A+δA)z

r0
r′0

 =

(
I + (A+ δA) +

1

2
(A+ δA)2 + ...

)
z

r0
r′0

 (2.34)

δ

r
r′

 =

 1
4
V ”
V 2 δV

1
2
V ′

V 2 δV

−1
8
V ”V ′

V 3 δV −1
4
V ′2

V 3 δV

 z

r0
r′0

 (2.35)

Here
( r0
r′0

)
represents the position vector of particle from last position increment. And

integrating over the length of the focusing field from source to image defines the chromatic

aberration in Gaussian image.

∆rC =

∫ Zi

Z0

[
1

4

V ”

V 2
r +

1

2

V ′

V 2
r′
]
δV dz (2.36)

Since the above expression for chromatic aberration figure relies on the ideal particle tra-

jectory solution, it may not be useful in design or calibration experiments without integrating

the particle trajectory equation. However, it is beneficial to compare the result from this

simple closed form analysis with the one from method of characteristics.

Finally, the combination of all these error sources form a blurry disc on the image plane
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around the original point image. As an example, a comparison between aberrated image

with Astigmatism, Spherical,and chromatic aberrations, as previously discussed, gives an

image size up to 105 µm for V2 = 0.5 VEXT .

Figure 2.16: Total aberration disc compared to the image radial location on Gaussian image
plan.

In addition to the aberration figures that were discussed and shown in previous sections,

there are a few other terms adding up to the error seen on the image plane. These aberration

terms might be negligible when compared to spherical aberration or chromatic aberration,

but they affect the shape of the image like astigmatism. In the following, the other three

aberration sources are described. Note that anisotropic aberration terms are not discussed

in this chapter because only electrostatic lens is used for focusing the beam and no magnetic

field exists.
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2.8.1 Distortion

This source of error interfere with the linear relationship between the source and image. Even

for very narrow beam which paraxial assumtion is valid, an offset from lens axis is seen as a

shift of the Gaussian image plane along the axis. Distortion does not introduce a circle for

each point and blurriness at the true image plane but changes the shape of the image on the

linear Gaussian image plane. For instance, what appears as image of a square on the linear

Gaussian image plane is in the form of a distorted barrel or cushion. This aberration figure

depends on the cube of point distance from lens axis. But the kind of distortion depends on

sign of the aberration coefficient.

δX(Zi) = AD X0 (X2
0 + Y 2

0 )

δY (Zi) = AD Y0 (X2
0 + Y 2

0 )
(2.37)

δri = AD (X2
0 + Y 2

0 )3/2 (2.38)

δ rDi is the shift of the image plan not the radius. The aberration coefficient is derived

as following:
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AD =
M

32

∫ zi

zo

[
V (z)− V0
V (z0)− V0

]1/2{
V ”2

[V (z)− V0]2
h g3 +

4 V ”(z)

[V (z)− V0]
g g′ (h g′ + h′ g)+

16 h′ g′3 − V ′(z) V ”(z)

[V (z)− V0]
(h′ g3 + 3 h g2 g′)−

V ”(z)

[V (z)− V0]
(h” g3 + 6h′ g′ g2 + 3 h g” g2 + 6 h g′2 g)−

3 V ′2(z) V ”(z)

4 [V (z)− V0]3
g3 h

}
dz

(2.39)

(a)

(b)

Figure 2.17: Object( ), distoreted image( )(a) Cushion distortion, (b) Barrel distortion.
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Figure 2.18: Distortion aberration figure calculated for a range of emitter and central elec-
trode potentials.

2.8.2 Coma

Coma is another type of aberration that makes the image of a point source appears as a set

of circles on the image plane. δX and δY due to aberration are:

δX(Zi) = Acoma [X0 (X ′0
2 + Y ′0

2) + 2 X ′0 (X0 X
′
0 + Y0 Y

′
0)]

δY (Zi) = Acoma [Y0 (X ′0
2 + Y ′0

2) + 2 Y ′0 (X0 X
′
0 + Y0 Y

′
0)]

(2.40)
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Figure 2.19: Image under coma aberration.

The radius of the largest image is Rcoma and its center located at the Xc and Yc or 2 Rcoma

from image point at the Gaussian plane:

Rcoma = Acoma (X2
0 + Y 2

0 )1/2 tan2γ0 (2.41)

Xc = Xi + 2 Acoma X0 (X ′0
2 +X ′0

2)

Yc = Yi + 2 Acoma Y0 (X ′0
2 +X ′0

2)
(2.42)

where aberration coefficient Acoma is:
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Acoma =
M

32

∫ zi

zo

[
V (z)− V0
V (z0)− V0

]1/2{
V ”2

[V (z)− V0]2
g h3 +

4 V ”(z)

[V (z)− V0]
h h′ (g h′ + g′ h)+

16 g′ h′3 − V ′(z) V ”(z)

[V (z)− V0]
(g′ h3 + 3 g h2 h′)−

V ”(z)

[V (z)− V0]
(g” h3 + 6g′ h′ h2 + 3 g h” g2 + 6 g h′2 g)−

3 V ′2(z) V ”(z)

4 [V (z)− V0]3
h3 g

}
dz

(2.43)

Figure 2.20: Coma aberration figure calculated for a range of emitter and central electrode
potentials.
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2.8.3 Curvature of Field

In the presence of curvature of field aberration, the image is formed at a curved surface that

touched the Gaussian plane at the image point. The aberration figure in this case is also

a circle. The radius of the circle is proportional to projectiles initial slope and the square

distance of the source distance from lens axis.

δX(Zi) = Acu X
′
0 (X2

0 + Y 2
0 )

δY (Zi) = Acu Y
′
0 (X2

0 + Y 2
0 )

(2.44)

δ rcui = Acu (X2
0 + Y 2

0 )(X ′0
2 + Y ′0

2)1/2

≤ Acu (X2
0 + Y 2

0 ) tanγ0

(2.45)

Acu =
M

32

∫ zi

zo

[
V (z)− V0
V (z0)− V0

]1/2{
3 V ”2

2 [V (z)− V0]2
g2 h2 +

4 V ”(z)

[V (z)− V0]
(g2 h′2 + g′2 h2)+

16 g′2 h′2 − 2 V ′(z) V ”(z)

[V (z)− V0]2
(g g′ h2 + g2 h h′)−

2 V ”(z)

[V (z)− V0]
(g′2 h2 + g g” h2 + 8 g g′ h h′ + g2 h′2 + g2 h′ h”)−

3 V ′2(z) V ”(z)

[V (z)− V0]3
g2 h2

}
dz

(2.46)
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Figure 2.21: Curvature of field aberration figure calculated for a range of emitter and central
electrode potentials.

2.9 Beam Deflection

In paraxial trajectory equation in section 2.2, the axial field component in an axisymmetric

lens was assumed much stronger than transverse components. The transverse field was shown

to focus the beam while accelerating along the axis by axial field. However, a stronger

transverse field is needed for beam deflection. Electrostatic multipole lenses are charged

particle optics elements with multiple planar symmetry and dominant transverse field for

deflecting beam in the direction perpendicular to the axis. In addition to deflection, multipole

lenses are used for aberration correction especially astigmatisms. i.e. a negative astigmatism

coefficient of a multipole lens compensates for focusing lens astigmatism. [68, 77] This part

is not explored experimentally; however, it is mentioned here in order to address a full
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theoretical background on focusing and scanning lens. It is possible to combine the focusing

and deflecting lens in one multipole lens configuration. [78] In this case the governing equation

for focusing and deflecting a paraxial particle trajectory in x and y direction are as following:

X ′′ +
(
V ′(z)
2V (z)

)
X ′ +

(
V ′′(z)
4V (z)

)
X = U1(z)

2V (z)

Y ′′ +
(
V ′(z)
2V (z)

)
Y ′ +

(
V ′′(z)
4V (z)

)
Y = W1)z)

2V (z)

(2.47)

V (z) is the axisymmetric potential distribution (APD) and U1(z) and W1(z) are first

harmonic field distribution for x and y deflecting directions. The field distribution of a

deflector is given by a series expansion with Fourier coefficients Am and Bm:

U(r, α) =Vf +
∞∑
m=0

rm Am Cos (mα)

+
∞∑
m=0

rm Bm Sin (mα)

(2.48)

where Am and Bm are defined as following:

Am(r, z) =
∞∑
k=0

(−1)k m!

4k k! (m+ k)!
r2k U2k

m (z)

Bm(r, z) =
∞∑
k=0

(−1)k m!

4k k! (m+ k)!
r2k W 2k

m (z)

(2.49)
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For planar electrodes, Am and Bm are in fact constant and equal to first harmonic field

distribution. The index m also represents the number of the planar symmetry in multipole

lens m = nN where N is the number of symmetries perpendicular to the optical axis. For

example, N = 1 for a deflector, N = 2 for a quadrupole lens, and N = 4 for an octupole lens.

It can be shown that n only takes odd values so the deflection in perpendicular direction are

independent. The deflector field for n = 1− 3 in terms of FHFD and THFD is as following:

Φ(r, z, α) = V (z)− 1

4
V ′′(z) r2 +

1

64
V 2(z) r4 + . . .

+ U1(z)r Cos(α)− 1

8
U ′′1 (z)r2 Cos(α) + U3(z)r3 Cos(3α) + . . .

+W1(z)r Cos(α)− 1

8
W ′′

1 (z)r2 Cos(α) +W3(z)r3Cos(3α) + . . .

= V (z)− 1

4
V ′′(z)

(
x2 + y2

)
+

1

64
V 2(z)

(
x2 + y2

)2
+ . . .

+ U1(z) x− 1

8
U ′′1 (z)

(
x3 + xy2

)
+ U3(z)

(
x3 − 3xy2

)
+ . . .

+W1(z) y − 1

8
W ′′

1 (z)
(
y3 + yx2

)
+W3(z)

(
y3 − 3yx2

)
+ . . .

(2.50)

U1 and W1 are FHFD used in trajectory equation, Equation (2.47). An analytical solution

for trajectory depends on these two terms.

x(z) =x0 g(z) + x′0 h(z) + xp(z)

y(z) =y0 g(z) + y′0 h(z) + yp(z)

(2.51)
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where g and h are two principal paraxial trajectory with initial condition given in Equation

(2.22). xp is the particular trajectory solution to FHFD functions.

xp(Zo) =x′p(Zo) = 0

yp(Zo) =y′p(Zo) = 0

(2.52)

xp(z) =
h(z)√
V (Zo)

∫ Zi

Zo

√
V (ξ)

U1(ξ)

2V (ξ)
g(ξ) dξ

− g(z)√
V (Zo)

∫ Zi

Zo

√
V (ξ)

U1(ξ)

2V (ξ)
h(ξ) dξ

yp(z) =
h(z)√
V (Zo)

∫ Zi

Zo

√
V (ξ)

W1(ξ)

2V (ξ)
g(ξ) dξ

− g(z)√
V (Zo)

∫ Zi

Zo

√
V (ξ)

W1(ξ)

2V (ξ)
h(ξ) dξ

(2.53)
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Figure 2.22: Voltage map on a focusing and deflecting octupole lens

Providing that the geometry of the deflector and field boundary conditions are chosen

to eliminate the higher harmonic field distribution, a uniform deflector field is obtained and

the geometrical aberration is minimized. Here is one of the deflector designs for x and y

deflection in the shape of a planar octupole lens. Vf is actually the focusing axisymmetric

potential and Vx and Vy are deflecting potentials in the x and y directions.

For this configuration, the Fourier coefficients in expansion series, Equation (2.48), define

the FHFD functions, U1 and W1 in terms of p and design parameter ε.
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U1 =
4Vx
πR

J0(ε)
(
√

2− 1)p+ 1√
2

W1 =
4Vy
πR

J0(ε)
(
√

2− 1)p+ 1√
2

(2.54)

It can be easily seen that for p =
√

2− 1, third and fifth harmonic functions are canceled,

and thus a uniform deflection field is derived for a series of planar octupole lenses. Here, the

effect of deflection field on the droplet’s trajectory is illustrated in Figure 2.23. The octupole

deflecting field is superimposed on the axisymmetric lens field (discussed in 2.3). Figure 2.23

shows how a stronger deflecting field affects the trajectory and enables the focusing-deflecting

lens to scan a larger area on the target.
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(a)

(b)

Figure 2.23: particular trajectory(a) and deflected trajectory(b) solutions in deflector field .
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Chapter 3

Focused Electrospray Beam Column:

Experimental Methods

A high voltage experiment set up was designed to operate in vacuum. In this setting, a jet

of the ionic liquid is extracted from the reservoir when the voltage difference in the order

of a few kV is applied on the extractor. A Taylor cone jet is formed when the viscous and

electrostatic forces maintain the balance on the charged jet outer surface. The jet breaks

up into the nano/micro spray of droplets after a transition happens from the cone jet to jet.

Skimmer is an aperture electrode which is held at extractor potential. The beam angle is

defined by skimmer electrode in zero electric field after jet breakup and forming spray beam.

The beam is then focused in the electrostatic lens unit. An Einzel lens of three electrodes is

considered to focus the coaxial electrospray beam.

In order to achieve the best alignment and astigmatism correction in practice, multiple

focusing, deflection, and filtering can be used in series. A conceptual design of the Focused

Electrospray Beam was considered as shown in Figure 2.3. In this design, the coaxial planar
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elements with low tolerance in alignment are desired to deform the paraxial beam. Higher

tolerance in the fabrication and assembly results in higher geometric aberrations. This thesis

mainly includes the experimental study of one stage focusing of the ES beam at the Gaussian

image of the sprayed beam source. The setup includes ES source, Extractor, Skimmer and

Lens Electrodes. Two fabrication approaches were used for both conductors and insulator

elements of the setup; Microfabrication and Macromachining. Microfabrication techniques

offer more precision in fabrication and assembly of the electrodes. However, it is an expensive

and time consuming method and needs an extensive amount of user training. Conventional

machining on the other hand is not as precise, but much cheaper in terms of equipment

and labor work. Next section discusses a focusing device, designed and fabricated using

microfabrication techniques. The proposed device was successfully fabricated and tested

in vacuum chamber. Because repeating the fabrication process was time consuming and

expensive the alternative approach was preferred for the continuation of the project.

3.1 Experiment I: Microfabrication Approach

A few criteria have been prioritized in design and implementation of the focused ES beam

column. This factors were decided based on the desired performance and the operation

conditions. In addition to the required precision in fabrication and alignment of the E-field

defining elements, the column should be assembled such that the voltage break out between

adjacent parts happens in voltage difference around or higher than 20kV . This specification

makes the microfabrication techniques the best approach. It minimizes the fabrication error

down to few microns. The other advantage of microfabrication approach is to minimize the

post-fabrication assembly steps, i.e. lens electrodes are permanently assembled and perfectly

aligned. Two inch silicon wafers are chosen to be used for electrodes to be able to fit into
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the available vacuum chamber. The space between electrodes is to be filled with a dielectric

material of high voltage breakdown strength; this, combined with fabrication constraints,

make glass a good standoff/spacer candidate, and wafers of glass were chosen to fulfill this

function.

Figure 3.1 shows a concept of the focusing apparatus with one Einzel lens focusing unit. A

tube of fused silica brings the ionic liquid from the main reservoir to the emission point. Two

electrodes are employed to keep the fused silica tube aligned with the axis of symmetry. The

electrodes (shown in gray color) including the source alignment electrodes, the extractor,

the skimmer and the lens electrodes are assembled along with a polymer insulating structure

(in yellow). Two alignment bars assure the alignment of all the electrodes when assembly

and will be removed after attachment is completed. Due to the importance of alignment

in the electrostatic lens unit, these three electrodes are permanently bonded through the

fabrication process. The polymers spacers and structure elements are machined by the

conventional machining tools with the acceptable tolerance in surface flatness.
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Figure 3.1: Focused electrospray beam column assembly concept I.

3.1.1 Material Selection

Polymer spacers were chosen to be made of white Delrin rods. With a good tensile and

compact strength, Delrin has the temperature range of −20 ∼ 180 ◦F . Delrin rods are

available in market in 3/16” to 8” diameter. Thermal coefficient of expansion of this polymer

is around 5× 10−5
◦
F and the Rokwell hardness varies between M77 and M94 for different

types of Delirn. Rods with diameter 1.75” and 3” provided by Mcmastercarr were machined

for the required parts in the column. All the electrodes were made of silicon. Double sided

polished (DSP), 2” silicon wafers with electrical resistance lower than 0.08 Ωcm and thickness

of 500±25 µm were used. Silicon electrodes were patterned with microfabricaiton techniques
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providing a great precision in manufacturing and the advantage of alignment error less than

a few micrometer. Besides the polymer spacer, glass wafers were used as the spacers where

better alignment and low tolerance in the gap between electrodes are necessary. Similar to

Pyrex but cheaper, Borofloat glass thermal properties is close to silicon. Boroflost wafers

with a very low coefficient of thermal expansion, 3.25×10−5/K, is resistant to thermal shock;

and thus lets minimum mismatch when processing specially when they are bonded to silicon

wafers.

3.1.2 MicroFabrication Process

The first phase of developing focus electrospray beam column includes seven electrodes. The

source aligner electrode and emitter, extractor, skimmer, and three lens electrodes; the source

aligner and skimmer are single silicon wafers. An orifice in the center of the electrodes are

DRI etched. All three lens electrodes are also DRI etched wafers which are assumed to be the

best to be bonded together before etching for better alignment and symmetry. The features

including the central orifices, through holes for placing alignment bar during assembly and

through holes for assembly screws where needed were printed on the soft masks. A standard

lithography process has been used for patterning a thick layer, 20 µm, of positive Photoresist

4620 soft mask (See A.1). After the hard baked at 120 �, the 2 wafers were mounted on

a 4 handle wafers and DRI etched through the wafers to have straight-wall trenches. The

fabrication process for the lens unit is illustrated in Figure 3.2. Glass wafers are used as the

spacers between silicon electrodes to provide the uniform spacing between the electrodes.

First a stack of bonded silicon and glass wafers are fabricated (a). This stack composed of

two silicon electrodes and two bonded glass wafers between them. Adhesive or direct bonding

between silicon to glass wafers bonding or glass to glass wafers bonding may be used. In

order to have the best alignment between lens electrodes, a permanent direct bonding is
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preferred. Anodic bonding or plasma activated bonding are suitable bonding techniques for

our purpose, and we chose the second one. Next, the features on both silicon wafers are

etched through until reach the glass wafers (b). After two first electrodes are etched, the

third electrode and glass wafers are added on top of the etched electrode stack (c). When

the third electrode is DRI etched (d), the lens unit is ready for a glass wet etch to open the

holes through the stack of lens unit. [79]

Figure 3.2: Fabrication process for electrostatic einzel lens: a) bond a stack of SoGoGoS, b)
DRI etch two electrodes, c) bond SoGoG on SoGoGoS, d) DRI etch third electrode, e) wet
etch glass spacers.

For the purpose of providing uniform distance and alignment between lens electrodes

and possibly other components of the column, both adhesive bonding and direct bonding of
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the silicon and glass wafers have been considered. [80] Three bonding methods: Adhesive

Bonding, Anodic Bonding, and Plasma Activated Bonding are discussed in the following.

In adhesive bonding or glue bonding a layer of adhesive material is applied between two

wafers and cured until produces a strong bond. [81] A razor blade test usually is used to verify

the strength of the bond. In developing MEMS devices, a variety of UV sensitive materials

are commonly used as the intermediate layer in adhesive bonding technology. SU-8 and

Benzocyclobutene(BCB) are two examples of such materials.

In this research, Polyimide (Microsystem HD 4110) was used to experiment the adhesive

bonding. Polyimide is a good insulator with a high cure temperature around 400 which can

be spun coated on the substrate with a uniform thickness. High cure temperature and low

outgassing makes it a good choice for the bonded device which is going to be placed in the

vacuum chamber. The bonding process was performed successfully according to process in

A.2. The bonding quality was verified by razor blade test.

Figure 3.3: Adhesive bonding between two wafers; an intermediate coating layer is cured
while a uniform load is applied.

In spite of the ease of using adhesive bonding, it is decided to not use it in fabricating

the lens unit. Since further processing such as soaking in acid is not compatible with the

adhesive coating, the glass wafers should be etched through before bonded to silicon wafers.
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On the other hand, because the thickness of the intermediate layer may change with the

applied pressure during soft bake and cure, the consistency of the thickness and thus the

gap between electrodes is not guaranteed.

Anodic bonding or plasma activated bonding are suitable bonding techniques for perma-

nent attachment of wafers. Anodic bonding is widely used for hermetic packaging in MEMS

industry. It is a better option for bonding substrates with higher surface roughness. This

method of bonding works best for Borosilicate glass such as Pyrex with close coefficient of

thermal expansion to silicon. After cleaning and surface activation, a primary atomic bond

is formed between the clean surfaces. The higher energy bond is formed through the electric

field at high temperature and under uniform compression. Even though glass is considered

an electrical insulator, during four-hour annealing a thermo-compression process at high

voltage (up to 1000 V ) and high temperature 400 � increases the mobility of ions. Diffu-

sion of Na+ or H+ ions out of the depletion zone and reacting with the humidity produces

negatively charged glass (NaO2) and O2− ions which travel toward silicon wafer or anode

and form glass (Si2O). [82]

Figure 3.4: Anodic bonding; permanent bonding of glass to silicon wafers through electric
field.
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Plasma activated bonding in atmosphere pressure is an effective approach for bonding

clean wafers. [83] Providing that surface roughness is low enough to form primary atomic

bonding on plasma treated surfaces. As opposed to anodic bonding, no electric field or

external pressure is needed during annealing; which makes it a good substitution for anodic

bonding when multiple-stage bonding is desired. In plasma activation after a solvent rinse,

wafers are cleaned by a standard RCA1 process followed by DI water rinse. In addition

to removing organic contaminations, RCA1 leads to a hydrophobic surface with elevated

amount of Si − OH groups (Refer to A.3 for RCA1 standard process). An oxygen plasma

treatment is done to activate the meeting surfaces on both wafers to increase Si−OH bonds.

After plasma activation, samples are soaked in the DI water to provide enough OH groups

by bonding with water. After nitrogen blow drying, a temporary bond is formed by pressing

the wafers against each other. At this point wafer surfaces come to atomic contact and

Si−OH groups combine and form glass (Si2O) in room temperature. High energy bond is

formed when bonded wafers are annealed at 200�, for four hours when produced water is

also diffused.

2SiOH → Si2O +H2O (3.1)

For both abovementioned direct bonding methods cleaning the wafer is a critical step.

Any contamination or particle on the bonding surfaces results in voids, and thus unbounded

area which can be avoided by proper cleaning and handling. Newton rings appear around

the existing particle where the bonding energy (Van der Waals force) is much lower than the

perfectly bonded area.
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Figure 3.5: Bonded 4 glass to glass wafers using plasma activated bonding; Newton rings
are seen and small voids are seen.

More promising results were achieved with Plasma activated bondig among trial runs for

three above approaches. So it was used in the lens fabrication where silicon to glass wafers

and glass to glass bonded wafers were needed in this research.

A sequential process of the lens fabrication is seen in Figure 3.6. The process starts with

plasma activated bonding glass wafers to silicon using the recipe in A.4. Figure 3.5 shows one

of the bonded SoG sandwiches. Small ring over the edge remain unbonded due to beveled

edge of glass wafer. Another 500 µm glass wafer and a silicon wafer are bonded using the

same technique on top of the SoG stack to create SoGoGoG sandwich as shown in Figure

3.6(b).
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Positive photoresist AZ4620 is used as a soft mask for silicon DRI etch (See A.1 for DRI

etch recipe.) The exposure of the AZ PR is performed in ultraviolet exposure tool MA6 with

backside alignment capability. The main challenge during the front and back side etch of the

SoGoGoS sandwich is overheating in STS chamber which may cause cracks in the bonded

stack of silicon and glass wafers. Also protecting the backside of the stack during DRI etching

is very important since both lens electrodes are to be as clean as possible for further bonding

and also for better performance of the Einzel lens. A double sided conductive thermal tape

by NITTO DENKO with the release temperature around 150� was used to attach the stack

to the handle wafer. Not only it protects the backside silicon wafer, but also it provides heat

conduction for better cooling during etching. All the DRI etching processes have been done

in 10 to 20 minutes interval to avoid overheating and crack in bonded wafers on etching

rate of 3 µm/min. Decomposition of the adhesive material nominally happens at 150�.

The sample was heated up to 170� on hotplate for 1 minutes and tape was removed. The

surface was observed clean with minimum residue and minimum post-etch cleaning process.

When the first electrode is etched, the lithography on the second and third electrode is

done while the mask features are matched with the etched features.
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(a) (b)

(c)

(d) (e)

Figure 3.6: Microfabrication process of lens unit featuring three etched electrodes.

In Figure 3.6(a) another example of good glass to silicon bonding is seen for bonding
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glass wafer to the process SoGoGoS stack of wafers. Despite the fact that the SoGoGoS

stack was already gone through a long etching process. Notice the very few Newton rings

in Figure 3.6(c). Although, proper handling and cleaning processes decreases the unbonded

area and Newton rings, small residues of PR masks or trapped air are inevitable may cause

small defects as opposed to the perfect bonding in first picture. In any case, these small

defects do not compromise the structure. When observed through the optical profilometer,

the alignment of the etched feature on three electrodes in the lens stack is verified. When all

three electrodes were etched, the lens unit was exposed to %48 HF to dissolve glass wafers in

the area that are exposed during the DRI etch. A mixed solution of %48 HF and HCl (10:1)

was used to achieve higher etch rate of 8 µm/min. [84] A final step of Piranha cleaning was

used before using the fabricated device in the column assembly.

(a) (b)

Figure 3.7: Side view of the microfabriated lens unit with etched electrode before wet etch
(a) and after glass wet etch (b).

An optical profilometry on the lens aperture shows the alignment between three lens is

within expected accuracy range of the process.
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Figure 3.8: Closup at the lens apreture after glass etch.

The extractor electrode is also bonded to one of the source aligner electrodes with glass

spacers. The fabrication process is similar to the lens. The etched SoGoGoS stack of extrac-

tor and source aligner electrodes before glass wet etch is seen in Figure 3.9. The big grove

provides optical access to observe the electrospray emitter while testing. Other elements in

the proposed focused electrospray column are single electrodes; which are etched through in

DRI etching process.

Figure 3.9: Extractor and source aligner electrode in one stack.

A SoGoGoS bonded prototype made of 4” wafers was tested in vacuum. The voltage dif-

ference between two silicon electrode was increased gradually up to 22kV without any spark

or voltage breakdown between electrodes. This voltage is higher than needed in electrospray
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focusing apparatus. The fact that we were able to sustain such a high voltage difference

supports the choice of materials for the column.

Here is shown an assembled set of focusing electrodes to be tested in vacuum with an

EMI-Im electrospray source (Figure 3.10). From left, the lens electrodes fixed between two

Delrin panels, skimmer electrode, bonded extractor and second source aligner electrode, and

first source aligner electrode are aligned with two aligner rods and held in place with a set

of through screws. The needle tip is fixed at 0.5 mm from extractor electrode to grantee

the spray formation. The desired voltages are applied on each individual electrode when

mounted in vacuum chamber.

Figure 3.10: Assembled focusing electrodes.
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3.2 Experiment II: Machining Method

The design of the focused electrospray column was slightly modified for machined part. The

concept of the accelerating and focusing elements are the same as shown in Figure 3.1. One

of the main differences between two approaches is the accuracy of fabrication. Higher man-

ufacturing tolerances in machined parts may affect the axisymmetric assumptions. Because

minimum offset from axis is desired for source to avoid offset aberrations,an external align-

ment mechanism was integrated in the design to be able to adjust the position of the needle

in two directions.

The focusing electrodes are made of brass, and the gaps between electrodes are filled with

1 mm glass wafers. The needle (fused Silica tube)is fixed and carried through a source aligner

part which is assembled inside the flange. Miniature micrometer heads, Mitutoyo 148-218

(range 0 − 0.2”, and graduation 0.001”, and nominal accuracy ±0.005 mm), were used for

positioning the needle after assembly in X and Y directions. A ball thrust mechanism was

used between the flange and source aligner to assure the tip of needle (source) stays on a

paraxail direction to lens axis during the experiment. In this set up, the source is located

1mm far from the extractor. Figure 3.11 illustrates a cross section of this design. Alignment

between electrodes and other elements are defined with 1/16” alignment rods.
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Figure 3.11: Focused electrospray beam column assembly concept II.
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3.2.1 Experiment Method and Discussion

The ionic liquid EMI-Im was used in all the focusing experiments. A polymer-coated fused

silica tube feeds the ionic liquid from a bottle outside the vacuum chamber to the source.

The tip of this tube was chamfered 45◦ in electric propulsion laboratory using a customized

device stabilizing the tube in a mini lathe. After sharpening, about 1 in of the tube from

tip was metalized by sputtering Ir for 8-10 minutes with a rate of 1 nm/min. All the tubes

used in this project have inner diameter of 50 µm or 40 µm. Higher pressure inside the

liquid bottle originally drives the flow to the emission tip, where the Taylor cone forms. The

pressure inside vacuum chamber was stabilized at 2 ∼ 3µ torr) and the bottle pressure are

adjusted to start and maintain the spray flow.

A target is normally a wafer of silicon on other material on ground voltage mounted on a

moving stage. In this project only silicon wafers were used as a target. Three stepper motors

move the target in X,Y, and Z directions and controlled externally by a Labview program. In

previous chapter, the location of target, distance of image or focusing point, was calculated

numerically and tabulated based on second lens voltage. The goal is to verify the image

formation which represents the focusing power of the lens, and compare experimental and

numerical results.

A high voltage power supply provides three separate lines of DC voltage used in focusing

experiments. Two lines supply up to 20 kV and third line supplies up to 10 kV . The actual

limit of the voltages that can be applied on the electrodes should be confirmed under vacuum

before performing the experiment.

Next chapter discusses the results of bombardment of silicon target by focused electrospray

beam.
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Chapter 4

Bobmardment of silicon target by

focused electrospray beam

This chapter presents the characterization of the electrospray focusing apparatus through

bombardment of semiconductor targets. As discussed in introduction chapter, the acceler-

ated projectiles are capable of damaging the surface by transferring energy during impact.

The damage includes sputtering the atoms from surface in areas affected by impact and

topographic changes around the impact zone specially seen as amorphization in single crys-

talline silicon target. [54] With a comparable sputtering yield, higher sputtering rate was

reported for the electrospray nanodroplet projectiles over ion beam source for several single

and poly crystalline material. [16] Given enough exposure time, accelerated electrosprayed

nanodroplets can etch the material and leave visible traces. When an energetic focused

beam strikes the target, a smaller traces of surface damage expected, ideally as small as

size of a single droplet. The higher energy density of focused beam also helps with the

higher sputtering rate on the impacted spot. This can be used to characterize the focus-

ing process and determine the involving physical parameters. When the target located on
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the Gaussian image plane, An ideal electrostatic lens system bends the trajectory of all the

droplets to the same coordinates on the Gaussian image plane where target is located. It is

important to know that this ideal case almost never happens primarily because of intrinsic

error sources discussed in The size and shape of the damaged area on surface determines the

type of aberration and quantifies these error sources such as misalignments and energy loss.

In this chapter, the focusing experiment methodology for any of two focusing apparatus is

explained. And the results of bombardment of silicon target by focused electrospray beam

is discussed.

4.1 Electrospray and Beam Characteristics

The EMI-Im electrospray beam (from ionic liquid 1-ethyl-3-methylimidazolium bis (trifluo-

romethylsulfonyl) imide) used in these experiments has been characterized in vacuum. [85]

The voltage drop in jet breaking zone used to calculate the chromatic aberration figure is as-

sumed based on experimental findings independent of the emitter voltage. All the electrodes

are connected to the high voltage power supply with positive polarity or ground potential

when applicable. A voltage difference of 1900V between the emitter tip and the extractor

electrode form the electrospray with flow of EMI-Im liquid through the capillary tip to begin.

An stabilized Taylor cone under very low pressure difference continues to emit the sprayed

nanodroplet from cone-tip. Below a recorded picture of a Taylor cone at the tip of metalized

fused silica tube with inner diameter 50 µm.
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Figure 4.1: Stable Taylor Cone formed at the tip of the metalized fused silica tube.

Before elevating the electric field, the experimental setup was tested to determine the

breakdown voltage for all electrodes under vacuum. The characterization stage concludes

a voltage limit of 15 kV on emitter and 8 kV on second electrode. These voltage limits

were measured before sprays formed. For the safety reasons the potential limits were set to

a considerable lower voltages to avoid any spark in the system. The focusing experiment

was performed for two emitter voltages of 12 kV and 14 kV . The voltage difference of 2 kV

maintained for selected emitter voltage, VEM and extractor voltage, VEXT in all experiments.

The skimmer and first lens electrode are on same potential as extractor. The beam is

skimmed to half angle of 2 deg by design in approximately zero electric field. The middle

electrode’s voltage is set to a fraction of VEXT , V2 = aVEXT . The last electrode and the

target are connected to ground potential according to the schematic of experiment shown in

Figure 2.3. For the 50 µm tube, a static pressure difference between the external reservoir
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bottle and the chamber (driving pressure) maintained on and around 140 torr. When spray

formed the voltages on all three potentials are increased gradually to reach desired voltage

for the target placed at ZI. A live feed of both electrospray cone and the target under

bobmardment are captured by external cameras. Here a comparison between unfocused and

focused electrospray beam on target is illustrated. In this particular experiment, VEM =

12 kV , VEX = 10 kV , and V2 = 5 kV . This picture has taken while bobmardment of target.

The larger, shimmery circle 1 − 2 mm is where electrospray beam hit the target before

increasing voltage on electrodes to focus the beam. Smaller dots on top right and lower right

corner of sprayed spot are created by focused beam.

Figure 4.2: Eletrospray beam diameter compared before focusing( ) and after
focusing( ).

The retarding potential method determines the velocity of the particles at each point
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through the lens based on the voltage at the point and the emitter voltage.

1

2
mv(z)2 + q V = = qVEM (4.1)

or

v(z) =

√
2
q

m
(VEM − V ) =

√
2 ξ ϕRP (4.2)

The charge to mass ration ξ = q/m is normally determined in time of flight experiment from

velocity and retarding potential:

ξ =
1

2 ϕRP
(
LTOF
TOF

)
2

(4.3)

The charge to mass ratio was characterized for EMI-Im for different values of current and

mass flow of spray. In calculations showed in chapter 2 the value of ξ = 1571, where the jet

diameter is measured 12 nm. [85] EMI-Im has a molecualr mass of 391.12 amu and density of

1520 kg/m3. The molecular energy of projectiles in varies between 76.4 eV and 89.2 eV for

accelerating voltage 12 and 14 kV commonly used for electrospray bombardment experiments

here which leads to impact velocities 6.1 and 6.6 km/s. Figure 4.3 is an example of silicon

target struck by the focused beam. Both experiments are performed at VEM = 12 kV ,

VEXT = 10 kV and V2 = 5 kV . The image location was calculated at 21.64 mm from center

of the lens. In both cases the craters formed on the impact spot. The maximum diameter

of the craters for 180s and 120s are 102 and 85 µm respectively. The dark shadow on the

edge of the crater shows the amorphous Si deposited on the edge. The dark and bright rings

surrounding the craters show the sputtering and smoothing effect of the liquid molecules

ejected from hit spot after the drops break.
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(a) (b)

Figure 4.3: Optical photos of the target bombarded by a focused electrospray beam for 180s
and 120s. VEM = 12 kV, V2 = 5 kV , (a) Dmax = 102 µm, (b) Dmax = 85 µm.

4.2 Experiment I

Despite precision manufacturing, some deviation from design might be seen in final assembly

of experimental setup. This affects the location of the image from center of the lens. A voltage

sweep experiment for V2 provides the accurate voltage for each image location. The smallest

crater is associated with the correct image of the point source. Below a series of 20x optical

images compares the focused ES beam trace on the target. In this case it is relatively easy to

distinguish the effective focusing voltage from other values without accurate measurement.

In addition to the size of the sputtered spot, the depth and type of damage can also help

to find out the correct value of focusing voltage among all values experimented. A close

examination of image at 4.7 kV , Figure 4.4(c), reveals further surface damage instead of a

superficial sputtering seen as dark area here. This images are taken before the ionic liquid
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was rinsed from the surface. This is particularly helpful to define the borders of the sputtered

area, as well as the area that was under surface smoothing process during bombardment.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.4: VEM = 12 kV, V2 = 4.5 ∼ 5.3 kV , Image forms at (c): V2 = 4.7 kV .
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Figure 4.5: Closup view of sputtered area in Figure 4.4(c)

Figure 4.6 shows the effect of duration of exposure on the size of area under physical

sputtering. Each small circle seen as dots in this image are bombarded only for 2s, and left

a 3− 4 µm spot, while 30s bombardment creates a 130 µm spot. This area is formed of two

distinct region; first, the extension of the small crater where the beam is focused, second,

the area seen as large dark shade around the small crater. It is concluded that in short-

duration bombardment the low energy projectiles do not leave visible effect on the surface.

When bombarding the target continued for 30s, a low rate sputtering made the visible trace

around the originally sputtered region. Longer exposure not only increases the radius of

surface changes, it also increases the depth and size of the crater. An important observation

in this experiment is that the point image, where the sputtering appears to happen at

highest rate, is not necessarily located at the center of the sputtered area. This phenomenon

is commonly seen in other experiments performed with similar or slightly modified setting.

This is less likely due to interaction between droplets and material in micro scale and angle

of incident. The probable cause can be explained in terms of relative angle of the needle and
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lens axis which leads to directional emission of the projectiles or an offset between source

and lens axis. Another example is shown in Figure 4.7 comparing the craters created under

60s and 120s bombardment, using a 40 µm tube. VEM was set to 12 kV and the image for

two nominal V2 values of 5 kV and 6 kV were inspected for exposure time 60s and 120s.

The progress of the crater is vividly seen between these two cases.

Figure 4.6: Sputtered area grow in longer exposure time, compare the smaller point images
exposed only for 2s and sputtered area after 30s exposure.

(a) (b) (c)

Figure 4.7: VEM = 12 kV, VEXT = 10 kV ,(a) V2 = 5.1 kV, a = 0.6, t = 60s, Z = 20.64 mm,
(b) V2 = 5.5 kV, a = 0.6, t = 120s, Z = 20.645 mm, (c) V2 = 4.9 kV, a = 0.5, t = 120s, Z =
19.24 mm.

78



The retarding potential level determines the sputtering or etching rate in addition to the

energy density of the beam. Higher molecular energy in charged droplets for VEM = 14 kV

leads to higher sputtering rate. A high rate energy transfer to the silicon atoms causes

silicon melt around the striking spot and fast cooling as seen below for four different voltage

values applied on lens’s second electrode. In this experiment, the target was located at

ZI = 15.15 mm from the center of lens. A point image for a point source should form on the

target surface for V2 = 5.64 kV . The bright spot at the center shows where the beam strikes

with highest intensity, encircled with a darker lava shape that become more symmetric at

proper lens field, here achieve by V2 = 5.7 kV which is very close to voltage calculated

by theory. It can be concluded that projectiles impacted the surface with a much higher

frequency than sputtering rate and a large portion of molten material accumulates around

the impacted spot.

In order to confirm the accuracy of the focusing process, both size and shape of the craters

and damages on the surface are to be investigated. In absence of all error sources, the crater

diameter represents how the focusing was affected by spherical and Chromatic aberrations.

Spherical aberration depends on the third order slop (γ) where projectiles are emitted from

source and chromatic aberration resulted from the voltage loss during jet breakup.

r =
√
δr2so + δr2ci1 (4.4)

Figure 4.8(c) shows the focusing voltage V 2 = 5.7 kV , with D ∼ 170 µm, the diameter

of the bombarded spot including the blurry perimeter. The crater diameter affected by

spherical aberration was calculated 138 µm which leads to the chromatic aberration figure

of 40 µm, indicating a voltage drop of 119.4 V for ES beam. Here is a visual comparison

between the size of damaged are with the aberration figures predicted by theory. The dotted
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yellow circle at the center compares the central spot, bombarded by high intensity portion of

the beam, with image size in case of 20 µm source offset. The dotted red circle indicates the

spherical aberration disk and green circle represents the chromatic aberration disk, 40 µm.

This two are combined to form the full image including high resolution and blurry area

measured on an optical image of the affected area.
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(a) (b)

(c) (d)

Figure 4.8: VEM = 14 kV, a = 0.5, t = 60s, Z = 15.17 mm, (a) V2 = 5.4 kV,D = 7 µm,(b)
V2 = 5.6 kV,D = 9 µm, (c) V2 = 5.7 kV,D = 4 µm, (d)V2 = 5.8 kV,D = 10 µm.

As seen in chapter 2, the contribution of Astigmatism figure is much smaller than spher-

ical and chromatic aberration figures in final image. For instance, in this experiment the
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numerical simulation shows that a 20 µm offset from lens axis leads to a 190 nm increase in

image dimensions. This does not indicate that astigmatism is not detected in the image. On

the contrary, astigmatism as well as field curvature result in a distorted image. In presence

of astigmatism, the image at the Gaussian image is a circle. The astigmatic image under

field curvature becomes an ellipse at the Gaussian image and two perpendicular lines form on

the planes before and after the Gaussian image plane. The sputtered or deposited features

in this experiment do not show signs of distorted image caused by varying magnification of

lens with radial distance from lens axis.

Figure 4.9: Contribution of spherical aberration( ) and chromatic aberration ( ) in size
of sputtered area( ) for one point bombardment.

4.3 Experiment II

The next experiment was performed to compare the effect of the electrostatic lens power

on the overall size of the image spot at VEM = 12 kV . The experiment was repeated for

three values of a=0.4, 0.5, and 0.6. In each step the target was located on the corresponding
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image location and potential on second electrode changed within 2 kV around the nominal

value of (0.4 − 0.6) VEXT and bombarded for t=180s. At V2 = 3.5 and 3.7 kV , the energy

of the beam is consumed for surface transition to an amorphized phase and re-depositing

the molten material. At V2 = 3.9 kV sputtering process started to happen. The optical and

SEM images of the bombarded spots for a=0.4 are shown in Figure 4.10 to 4.16 confirm the

focusing voltage of V2 = 3.9 kV leading to a 90 × 63 µm area of exposure on target. This

area is where the beam had the most intensity seen in the optical image. The affected area

on the surface is a 310 × 265 µm ellipse which is visible on the SEM images. The surface

smoothing process most likely occurred in this region due to low energy of the projectiles

with trajectories deviated from focused rays. As voltage increased to 5 kV , the sputtered

pattern remained more or less similar. For voltages above 5 kV , the aspect ratio of the

sputtered spot increases and the star shaped feature becomes closer to a line, indicating the

presence of astigmatism away from the image plane. The contribution of spherical aberration

on the sputtered spot size only depends on the beam half angle defined by design and not the

source offset. Its part can be separated from the overall size of the bombarded spot from the

part added from other sources. The bombarded area investigated here have a distinct shape

that indicates other existing sources of aberration. The sputtered area appears in the shape

of star or pincushion with shape corners and general shape of the smooth surface is deviated

from a symmetric disk to an oval shape. The cushion shape indicates distortion in the image

resulted by the magnification factor shift with radial distance from lens axis, and ellipse can

be an indication of the source offset that led to coma. The oval shape can be a result of

astigmatism combined with field curvature as well. However, for any misalignment these two

aberration figure are much smaller than coma figure. On the other hand, coma implies a

larger misalignments than what can be seen as astigmatism on image plane. In addition to

spot size, this spot is closest to a circle shape. The center of image is shifted 2δrcoma = 45 µm,

leading to the fact that there is an offset of 13.5 µm between the electrospray source and
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lens axis. Assuming this is the only misalignment in the focusing column, the rest of the

aberrations figure, associated with 13.5 µm misalignment, are as seen in Table (4.1).

Table 4.1: Aberration figures for V2 = 3.9 kV for 13.5 µm source offset.

V2 Spherical Aberration Astigmatism Curvature of Field Distortion

kV µm µm µm µm

3.9 84 0.12 63e-3 0.69

The chromatic aberration figure is the last contributing factor on the image size and it

can be derived from deducting the combination of other figures from measured radius of

sputtered spot. The chromatic figure turns out to be 100 µm leading to a value of 242V for

voltage drop in this experiment.
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(a) (b)

(c)

Figure 4.10: VEM = 12 kV, VEXT = 10 kV, V2 = 3.5 kV (a) Otical Image, (b)-(c) SEM
Image.
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(a) (b)

(c)

Figure 4.11: VEM = 12 kV, VEXT = 10 kV, V2 = 3.7 kV (a) Otical Image, (b)-(c) SEM
Image.

86



(a) (b)

Figure 4.12: VEM = 12 kV, VEXT = 10 kV, V2 = 3.9 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.13: VEM = 12 kV, VEXT = 10 kV, V2 = 4.3 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.14: VEM = 12 kV, VEXT = 10 kV, V2 = 4.5 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.15: VEM = 12 kV, VEXT = 10 kV, V2 = 4.7 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.16: VEM = 12 kV, VEXT = 10 kV, V2 = 5.1 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.17: VEM = 12 kV, VEXT = 10 kV, V2 = 5.1 kV (a) Otical Image, (b) SEM Image.
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The aberration figures are plotted and shown for comparison Figure 4.18. The red dash-

dot line defines the overall size of the spot struck by beam including both high and low energy

projectiles. The blue circle and green circle represent the axial chromatic aberration and

spherical aberration figures consequently. The dark shade surrounding the highly sputtered

middle area of 90× 63 µm is where the low energy projectiles start to have sputtering effect

on the surface in long exposure.

Figure 4.18: Contribution of spherical sberration( ) and chromatic aberration ( ) in spot
size ( ) at image plane at V2 = 3.9 kV .

In the following sections, the optical and SEM images from two other silicon bombardment

experiments, a=0.5 and a=0.6 are analyzed similarly. Sputtering is seen around V2 = 5 kV

and the source image is smaller at V2 = 5.1 kV among other potentials that were tested. The

dimension of the spot is measured 150× 185 µm. The theory concluded that increasing the

potential on second lens makes the dimension of the sputtered spot where the beam struck

smaller. The bright core of this spot is a 55× 60 µm area. Since the experiment setup was

not altered from experiment one, it can be assumed that the source misalignment from lens

axis is same. All aberration figure discussed above are calculated in a numerical simulation
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using the principal trajectories and the equations that were discussed in chapter 2.

Table 4.2: Aberration figures for V2 = 5.1 kV for 13.5 µm source offset.

V2 Spherical Aberration Astigmatism Curvature of Field Distortion Chromatic Aberration

kV µm µm µm µm µm

5.1 76 0.11 0.61 56e-3 15

(a) (b)

Figure 4.19: VEM = 12 kV, VEXT = 10 kV, V2 = 4.5 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.20: VEM = 12 kV, VEXT = 10 kV, V2 = 4.7 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.21: VEM = 12 kV, VEXT = 10 kV, V2 = 4.9 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.22: VEM = 12 kV, VEXT = 10 kV, V2 = 5 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.23: VEM = 12 kV, VEXT = 10 kV, V2 = 5.1 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.24: VEM = 12 kV, VEXT = 10 kV, V2 = 5.3 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.25: VEM = 12 kV, VEXT = 10 kV, V2 = 5.5 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.26: VEM = 12 kV, VEXT = 10 kV, V2 = 5.7 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.27: VEM = 12 kV, VEXT = 10 kV, V2 = 5.9 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.28: VEM = 12 kV, VEXT = 10 kV, V2 = 6.1 kV (a) Otical Image, (b) SEM Image.

In Figure 4.29 the aberration figures are plotted for comparison. The red dash-dot line

defines the overall size of the spot struck by beam including both high and low energy

projectiles. The blue circle and green circle represent the axial chromatic aberration and

spherical aberration figures consequently. The central bright spot in this case appears to

be slightly deviated from a symmetric circular spot. Applying the same method of analysis

on results for the third value of a=0.6 confirms that the focusing voltage of 6 kV for target

located at 20.63 mm from center of lens. As the field becomes stronger the dimension and

shape of the bombarded area changes. In this case, a dramatic change in pattern is observed.

The area struck by a concentrated portion of the beam is seen clearly under microscope. A

combination of the sputtering and depositing process appeared to form this area. The circular

center sized about 20 µm and overall spot size is measured to 140× 180 µm.
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Figure 4.29: Contribution of spherical sberration( ) and chromatic aberration ( ) in spot
size ( ) at image plane at V2 = 5.1 kV .

Following images are from the third part of this experiment. The second electrode’s

potential was changed between 5 to 7 kV for a=0.6 indicating that nominal voltage is 6 kV .

(a) (b)

Figure 4.30: VEM = 12 kV, VEXT = 10 kV, V2 = 5 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.31: VEM = 12 kV, VEXT = 10 kV, V2 = 5.2 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.32: VEM = 12 kV, VEXT = 10 kV, V2 = 5.4 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.33: VEM = 12 kV, VEXT = 10 kV, V2 = 5.4 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.34: VEM = 12 kV, VEXT = 10 kV, V2 = 5.8 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.35: VEM = 12 kV, VEXT = 10 kV, V2 = 6 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.36: VEM = 12 kV, VEXT = 10 kV, V2 = 6.2 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.37: VEM = 12 kV, VEXT = 10 kV, V2 = 6.4 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.38: VEM = 12 kV, VEXT = 10 kV, V2 = 6.8 kV (a) Otical Image, (b) SEM Image.
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(a) (b)

Figure 4.39: VEM = 12 kV, VEXT = 10 kV, V2 = 6.8 kV (a) Otical Image, (b) SEM Image.

(a) (b)

Figure 4.40: VEM = 12 kV, VEXT = 10 kV, V2 = 7 kV (a) Otical Image, (b) SEM Image.
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The closest focusing voltage is the nominal voltage, V2 = 6 kV , associated with the target

location. A close inspection of the center of activities in a sputtered area of 140 × 180 µm

shows an obvious distinction with two previous parts of this experiment. The impacted area

is more dense than damages that beam under V2 = 3.9 and 5.1 kV caused on the surface.

The astigmatism effect is still visible in this image causing a dimension stretch. The closeup

view in Figure 4.41 shows how the impact caused a crater at the center and few small satellite

craters around this point. Table 4.3 has the aberration figures discussed before for two other

field strength under experiment.

Table 4.3: Aberration figures for V2 = 6 kV for 13.5 µm source offset.

V2 Spherical Aberration Astigmatism Curvature of Field Distortion Chromatic Aberration

(kV) (µm) (µm) (µm) (µm) (µm)

6 69 0.1 50e-3 0.54 12

Figure 4.41: Sputtering at the impact spot at V2 = 6 kV .
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In all above experiments the accelerating voltage was set the same as well as other physical

parameters during the experiment. One of the circumstances that can affect the size and

shape of the bombarded region is stability of the cone jet. Initial pressure that drives the flow

to the needle tip depends on the tube’s inner diameter and length. After the spray formed

and stabilized, providing the driving pressure remains constant the cone-jet and therefore

the spray should remain stable. When fused silica tube with smaller inner diameter is used,

a higher range of pressure is needed to maintain the spray. During this experiment initially

atmosphere level pressure was applied to transfer the liquid to the needle tip and then the

bottle pressure was kept around 200 torr. Very high pressure might cause flooding the system

and causing a short between electrodes or sparks. The cone-jet was observed continuously

during bombardment. At few points the cone became unstable and its tip shifted to the edge

of the needle. None of these incidents were at the focusing voltage mentioned in previous

analysis. In order to sum up this experiment, the dimension of the sputtered area for three

level of field strength are compared in Table 4.4. These dimensions agree with the decreasing

trend with increasing potential that was predicted in Figure 2.8.

Table 4.4: Dimension of the sputtered area.

V2 (kV ) 3.9 5.1 6

dimension(µm) 265× 310 150× 185 140× 180
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4.4 Experiment III

The approach used in the previous experiment can be used to determine the focusing field

strength for any relative distance between target and lens. It is going to be more efficient

if smaller voltage range and interval chosen. Below another example of sputtering silicon

by electrospray bombardment for target located 20 mm far from the lens center. Target

was exposed to the beam for 120s at each point. The potential was increased 50 V in

transition between spots. Figure 4.42 shows a series of SEM images from bombarded spots

under same magnification. A visual examination of these images gives the focusing voltage

at V2 = 5.45 kV . For the best part, this resolution of voltage suffice. The power supply used

in this experiment can be adjusted to δ V2 = 1 V , however adjustments smaller than 10 V

might not even be useful or practical.
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(a) (b)

(c) (d)

Figure 4.42: VEM = 12 kV, VEXT = 10 kV, V2 = 5.35 − 5.6 kV, ZI = 20 mm, (a) 5.45 kV ,
(b)5.5 kV , (c) .5.55 kV , (d) 5.6 kV .

106



Chapter 5

Summary and Conclusion

The experimental research on electrospray beam focusing is presented in chapters 2, 3, 4.

The ultimate goal of this study is to seek the possibility of introducing electrospray nanodeo-

plet beam as a new source of charged particles for microfabrication and surface engineering

processes. Electrosprayed charged droplets have proven to have an efficient sputtering effect

on different material especially semiconductor material. The higher sputtering rate has root

in their lower charge to mass ratio than ion beam that provides higher momentum under

same accelerating voltage. In addition, the variety of the chemical composition and molec-

ular mass of ionic liquid source used in atomization process are appealing characteristics

for microfabrication technology. In this thesis, a focusing apparatus is presented which de-

flects the diverging projectiles trajectories from source through a tailors electrostatic field.

Electrospray beam tracing theory and numerical integration performed to define the image

of the source where beam is focused to a point again with highest energy density along the

beam trajectory. In a series of experiments, a number of silicon targets were bombarded with

energetic charged nanodroplet sprayed from EMI-Im source and focused in electrostatic field

with different strength. The bombarded area were inspected for two purposes: first, deter-
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mine the electrostatic field strength imposed by lens electrodes associated with the target

location and second, to learn about the existing source of errors such as misalignment in the

focusing columns. The lens’s different type of aberration are seen both in shape and size

of the sputtered area when compared to the ideal image of a point source. Some aberra-

tions such as spherical aberration cannot be avoided by increasing accuracy in fabrication

and need to be corrected with further elements such as multipole commonly used in charge

particle optics. This can be next stages in electrospray focusing research. Other types of

geometric aberrations such as astigmatism can be improved by minimizing the fabrication

imperfections and eliminating misalignment in focusing column assembly. To this end, a

novel design of electrostatic lens is presented that uses microfabrication techniques to mini-

mize the fabrication and assembly errors. Microfabrication process of the electrostatic lens

made of bonded silicon and glass wafers was successfully implemented and presented in ex-

perimental methods. Preliminary experiments confirmed that this design meets the voltage

and physical accuracy requirements. Improvement of the fabrication process and including

multipole deflector and corrector are suggested for the next stages of this research.
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Appendix A

Fabrication Recipes

A.1 DRI Etch Recipe

1. Spin AZ4620 photoresist for 10 sec at 500 rpm (spread) followed by 30 sec at 2000 rpm

(spin).

2. Soft bake at 90 � for 18 min.

3. Spin AZ4620 photoresist for 10 sec at 500 rpm (spread) followed by 40 sec at 5000 rpm

(spin).

4. Soft bake at 90 � for 18 min.

5. Expose photoresist using soft contact for 105 sec.

6. Develop in AZ 400K diluted 3.5:1 with water for 4 min.

7. Hard bake at 120 � for 20 min.
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8. DRI etch in STS tool using Process B recipe (in case of bonded wafer DRIE process

runs in the intervals of 10 min etching followed by 5 min cooling.

9. Remove soft mask by soaking in Solvent followed by a Piranha process to remove PR

residues.

A.2 Adhesive Bonding

1. Spin Adhesion Promoter (Microsystem VM 652); 500rpm,10s, 2500rpm;30 sec.

2. Bake on hotplate for 1 min at 120 �.

3. Thickness less than 4µm is expected after cure!

4. Locate the top wafer on coated piece on hotplate, locate the load.

5. Soft bake for 18 min at 120 �.

6. Cure

Reach 200 � from room temperature with the slope 10 �/min.

Bake at 2 Bake on hotplate for 1 min at 120 � for 30 min.

Reach 375 � from 200 � with the slope 10 �/min.

Bake at 375 � for 1hr.

Return to room temperature.

A.3 RCA1 (Surface clean and activation process)

1. Mix 325 ml DI water and 65 ml Ammonium Hydroxide.
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2. Heat the mix up to 70 �.

3. Remove the container from the hotplate and add 65 ml Hydrogen Peroxide.

4. Keep the temperature of the solution around 70 � on hotplate.

5. Soak samples in the solution for 10 to 15 min.

6. Rinse with DI water.

A.4 Plasma Activated Bonding

1. Solvent clean.

2. Piranha or RCA1 Surface clean and activation

3. 3 min Plasma Activation in Plasma-therm or Gasonics tools.

4. Soak in DI water.

5. N2 blow dry.

6. Bring surfaces into contact and press to form primary bond.

7. Anneal at 24 to 200 � on hotplate, ramp (60 �/hr)for 4 hours
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