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 Preparative mass spectrometry is a gas-phase ion deposition technique aimed at 

deposition of monodisperse ion beams on a surface.  This is accomplished through the 

implementation of a soft-landing ion mobility system which allows for high ion flux of 

conformationally selected ion packets.  The soft-landing ion mobility system has been 

applied to a number of unique chemical problems including the deposition of insulators 

on graphene, the preparation of reusable surface enhanced Raman spectroscopic 

substrates, and the deposition of uranium nanoparticles.  Soft-landing ion mobility 

provided a platform for the quick deposition of usable amounts of materials, which is the 

major objective of preparative mass spectrometry.  Soft-landing ion mobility is unique 

when compared to other preparative mass spectrometric techniques in that the ion 

packets are conformationally separated, not separated on mass to charge ratio.  This 

provides orthogonal complementary data to traditional mass spectrometric techniques 

and allows for the study of conformationally monodisperse surfaces.  The diversity of 

problems that have been and continued to be explored with soft-landing ion mobility 

highlight the utility of the technique as a novel tool for the study of multiple ion/surface 

interactions.   
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CHAPTER I 

INTRODUCTION* 

1.1 Background on Preparative Mass Spectrometry 

Preparative mass spectrometry has roots in one of the most extensive scientific 

endeavors ever undertaken.  During the Manhattan Project racetracks of hundreds of 

calutron mass spectrometers were chained together to facilitate the separation of 

isotopes of uranium.1  From this auspicious beginning, preparative mass spectrometry 

has become a highly diverse field that encompasses a wide variety of instrumentation 

and applications.2-4  Ion/surface interactions have been studied at energies ranging from 

MeV to thermal deposition energies of 1 eV and less.  Primarily, preparative mass 

spectrometry aims to generate sufficient quantities of material so that further analyses 

may be completed from those gas phase ions that would normally be lost to vacuum.   

The Manhattan Project was an unpublicized scientific endeavor of the day that 

aided the war effort of the Allied powers during WWII.  Arguably, the isotopic separation 

achieved by Ernest Lawrence and the calutrons of Y-12 in Oak Ridge National Lab 

sparked the modern preparative MS push.  Through this project, 235U was separated 

from 238U, code named “P” and “Q” respectively, to generate enough enriched uranium 

to generate an atomic weapon to help end WWII.5  The lasting legacy of this project, 

however, was not the weapons grade enrichment project.  Overwhelmingly, this project 

blazed a trail that continues to impact physics, chemistry, geology, and medicine to this 

day.  Isotopic separation has been crucial to study of geographic phenomena, 

interstellar processes, medicine, and biology just to name a few.6  Significantly,

                                            
* Sections 1.1 and 1.2 are reproduced from Verbeck, G.; Hoffmann, W.; Walton, B. Analyst 2012, 137, 
4393 [DOI:  10.1039/C2AN35550G] (Ref. 98)-Reproduced by permission of the Royal Society of 
Chemistry (RSC). 
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however, calutron based techniques did not allow soft-landing.  Kinetic energies of the 

isotopically pure ion beams were on the order of 35 keV, significantly above the 

hyperthermal threshold widely considered the cutoff for soft-landing.7,8 

Accelerator mass spectrometric based techniques were employed in the early 

radioisotope studies allowing for the stable identification of tritium, 14C, and 10Be.9  

Typically, these techniques used a sector field instrument followed by a second, 

electrostatic acceleration element.  Accelerator based techniques have been 

extensively reviewed,10-15 and while they enjoy significant applicability, they generally 

fall outside the energy regime of soft-landing.  Once again the calutron and Manhattan 

Project roots of accelerator preparative techniques becomes apparent.   

From these early roots of high-energy applications, there has been a significant 

progression to the hyperthermal and thermal regimes, which are extensively studied 

today.  Soft-landing is defined as deposition that occurs with a translational kinetic 

energy below 100 eV.  From Jacobs,16 the hyperthermal regime is given to exist from 

100 eV – 1 eV, and the thermal regime is below 1 eV.  At these translational kinetic 

energies, a wealth of physicochemical processes are accessible through ion/surface 

interactions.  Figure 1, adapted from Jacobs,16 outlines these processes as a function of 

kinetic energy.  Figure 1 relates the techniques to their relevant kinetic energy regimes 

based on the color of the label.  This introduction concentrates on the apparatus and 

techniques associated with deposition processes and covers the hyperthermal and 

thermal energetic regimes, as shown in the blue labels in Figure 1.  Figure 2 shows the 

number of soft-landing publications by year as retrieved through SciFinder scholar, 

displaying the significant increase in interest in soft-landing. 
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1.2 Instrumentation Used for Preparative Mass Spectrometry 

1.2.1 Ion Sources 

 Preceding any discussion of mass spectrometry or charged particle manipulation, 

there is an underlying need to have some understanding of the generation of charged 

particles.  

Figure 1.  Schematic representation of ion processes as a function of kinetic energy.  

Soft-landing is defined as those processes within the hyperthermal and thermal energy 

regimes. 

The mass spectrometric community is fortunate to have a wealth of ion sources 

at its disposal.  The earliest soft-landing experiments by Professor R. G. Cooks at 
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Purdue University used a Colutron ion beam system.3  From these early experiments, 

ion sources have grown to encompass a wide field of study themselves.  Ion sources 

routinely used in soft-landing include, but are not limited to, electrospray ionization 

(ESI), electron ionization (EI), matrix assisted laser desorption ionization (MALDI), 

thermal desorption, and plasma ionization.   

Figure 2.  SciFinder Scholar soft-landing publications by year. 

Over the last two decades, perhaps no ionization technique has been more 

widely used than ESI.  This ubiquitous technique was pioneered in the 1980’s by the 

late John Fenn17 and later adapted to the analysis of large, biologically relevant 

molecules that were difficult to ionize otherwise.17,18  While the underlying mechanism 

behind ESI is not fully understood,19,20 that does not diminish its utility or widespread 
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acceptance as the de facto standard for ionization techniques.  Particularly relevant to 

biological soft-landing, ESI has been key in some of the most fascinating soft-landing 

experiments.  One particularly intriguing experiment by Benner and Siuzdak allowed 

collection of whole viruses on a plate after ESI.21  After these experiments were 

completed, Siuzdak and coworkers realized the potential for preparative methodologies 

using electrospray ionization.22  Later an improved time of flight (TOF) mass analyzer 

allowed Siuzdak and coworkers to estimate the mass of these whole viruses after ESI.23  

Though not exhaustive, these experiments demonstrate some of the most demanding 

ESI applications for biological molecules.  In addition to viruses, ESI has been used for 

the soft-landing of peptides, proteins, DNA, organic molecules, and metal clusters. 

Gas condensation sources are used to generate metal clusters with broad size 

distributions and low internal energies.  These sources, as described by Goldby and 

Palmer,24 use an effluent of cool, inert gas to quench a hot metal stream, resulting in 

size disperse metal clusters.  Highly size disperse clusters are then post source ionized 

by hot cathode plasma that prevents discrete fragmentation of the metal clusters.  

Sources such as this have been used to study the mechanisms underlying metal cluster 

generation and it was shown that the most important factor influencing cluster growth is 

distance from the cluster source until the end of the nozzle. 

Laser ablation is another convenient technique for the generation of a number of 

ion families.  It is particularly amenable to the production of metal ions and metal 

clusters.  In some early work on pulsed laser evaporation, Kang and Beauchamp 

investigated effects of CO2 laser radiation (1064 nm) on aluminum and nickel 

targets.24,25  Though not directly a preparative technique, laser ablation has also found 
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wide spread use as an evaporative source for a multitude of inductively coupled plasma 

techniques.25,26  Because of the ability to generate a broad cross section of ion cluster 

sizes, laser ablation has also been used to generate clusters for TOF analysis.26,27  

Further, when used in combination with a super sonic expansion nozzle, laser ablation 

has proven to be a useful technique to study gas condensates.27,28 

Matrix assisted laser desorption ionization (MALDI) is uniquely amenable to 

preparative MS for a number of reasons.  The lack of primary fragment ions allows for 

the study of intact macromolecular constructs.  Räder and coworkers have carried out 

experiments demonstrating this using nanographenes.28,29  Here the authors used a 

solvent-free matrix deposition technique to avoid any deleterious solvation of the 

analyte molecules.  The analytes (C42H18 and C96H30) were then ionized using MALDI 

and separated using a sector-field instrument.  A specially constructed lens system and 

decelerating potential brought the kinetic energy down to 35 eV upon contact with the 

plate.  Remarkably, these experiments showed that there was some self-ordering of 

these nanographenes upon soft-landing, which makes film study possible while 

removing the necessity for soluble or volatile analytes. 

Electron ionization has been used in an alternative study of carbon phases to 

distinguish the properties of fullerene-like materials from those that do not conform to 

the isolated pentagon rule.29,30  In this series of experiments, the EI source was used in 

a manner similar to that in a GC/MS system.  Here the gas effluent from a Knudsen cell 

was passed through the ionization region to generate the desired ion clusters.  

Presumably to keep fragmentation low, the filament was operated at 50 eV instead of 

the 70 eV more typical of GC/MS systems.  Later the authors used the same ionization 
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set up to investigate the dissipation of internal kinetic energy that occurs during 

hyperthermal ion deposition.30,31 

1.2.2 Instrumental Configurations 

From the earliest roots of magnetic sector preparative mass spectrometry, a wide 

variety of instruments have been designed, constructed, and modified in the pursuit of 

soft-landing.31-36  Based on their ability to operate as either RF only ion guides, mass 

spectrometers, or mass discriminating filters, linear quadrupoles are excellent 

candidates for soft landing.32-37  To date, linear quadrupoles mass analyzers have been 

used for biological soft-landing32,37,38, investigation of carbon phases30-32,38, and metal 

clusters.30,31,39,40 

Another broad class of mass analyzers employed in soft-landing is the ion trap.  

In its many configurations, the ion trap continues to be studied for soft-landing because 

of high ion flux capabilities.  In some seminal experiments by R. Graham Cooks in 2003, 

a commercial linear ion trap (LIT) was used to generate protein microarrays.33,39,40  

Through this series of experiments, the investigators compared the efficiency of a linear 

quadrupole and noted that the LIT provided significantly higher ion flux to the landing 

surface while allowing for a better defined kinetic energy distribution of the landed 

species.  Later, Cooks and co-workers modified a prototype LIT instrument to facilitate 

ion soft-landing, again with the goal of preparation of protein microarrays.33,41  After 

these successful LIT experiments, another novel ion trap geometry was developed in 

the Cooks’ lab, by way of the rectilinear ion trap (RIT).  The major advantage afforded 

by the RIT is the significant geometric simplification over the LIT.  Instead of parabolic 

rods, the mass filter is now comprised of planar electrodes, which greatly simplifies 
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machining and assembly.41,42  Following this work, Cook’s and coworkers modified the 

geometry slightly to make this mass analyzer amenable to soft-landing.34,42  These 

experiments showed the successful operation of the RIT as both a trapping device and 

as an rf only ion guide, while providing ion deposition on fluorinated self assembled 

monolayer (FSAM) surfaces at ~4 eV.  A further benefit of this instrument was the 

incorporation of a 90° bent quadrupole.  This device could act as an ion guide, or 

alternatively as an RF/DC mass filter, adding a level of sensitivity and increasing the 

monodispersity of the ion beam to the surface.  Recently, this instrument has been 

combined with in situ secondary ion mass spectrometer (SIMS) analysis so that the 

surface modifications could be confirmed at the time of deposition.34,43  In addition, ex 

situ surface enhanced Raman spectroscopy (SERS) has been carried out on modified 

surfaces.43,44   

Fourier transform ion cyclotron resonance (FT-ICR) is another instrument that is 

well suited for soft-landing.  The high resolution (r > 100,000) is capable of generating 

isotopically pure ion beams, which make isotopic studies possible.  In addition, this high 

resolution affords a significant advantage in generating monodisperse ion beams of 

biologically active molecules.  In 2005, Laskin and coworkers showed that an FT-ICR 

could be successfully employed for soft-landing of biologically active molecules.44,45  In 

these experiments, large peptides were studied due to the fact that they are small 

enough to provide adequate signal in the mass spectrometer, but large enough to serve 

as model systems for proteins and protein interactions on surfaces.  Follow up work by 

this same group investigated the surface desorption kinetics of SIMS analyses of these 

same surfaces.45,46  SIMS analyses of the soft-landed peptide surfaces showed 
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significant reduction in complexity when compared to electrospray and dried-droplet 

deposition techniques.  This can be attributed to the monodisperse ion beam as 

selected by the mass spectrometric soft-landing approach.  However, both deposition 

techniques are limited to hydrophilic substrates because the authors found that surface 

morphology of hydrophobic surfaces negatively impacted the reproducibility of the SIMS 

data.  This was attributed to non-uniform distributions of peptide density across the 

hydrophobic surfaces.  Proton transfer kinetics were observed and it was noted that the 

nature of the self-assembled monolayer across the substrate played a role in the proton 

transfer rate.  In these experiments the major advantage afforded by ICR was the high 

degree of chemical specificity and high ion currents obtained at the substrate (on the 

order of 10 pA) allowing Laskin and co-workers to efficiently produce peptide-modified 

substrates.   

Magnetic sector mass spectrometers represent another class of mass filter that 

allow for a very high degree of monodispersity in the ion beam while achieving 

substantial ion currents.  A literature survey reveals that several groups have developed 

very successful soft-landing techniques based on these instruments.  Once again, 

Professor R. Graham Cooks has been a pioneer in this field.  In 1999 a group led by 

Professor Cooks used a hybrid magnetic sector instrument to generate soft-landed 

surfaces of toluene derivatives on hydrocarbon self assembled monolayer (HSAM) 

surfaces.36,46  Through this work the authors established that the secondary ions 

produced in the SIMS analysis matched the fragment ions obtained from CID of the 

analyte molecule.  This provided assurance that SIMS analysis was indicative of 

successful soft-landing.  An interesting result of this work was the conclusion that 
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analyte yield for the SIMS analysis was more dependent on momentum transfer 

between the ion beam and the surface than matching the ionization energy of the 

analyte.  Further, the authors concluded that the trapping mechanism for intact species 

in an HSAM surface is very similar to that of an FSAM surface.  In 2002, a group from 

Cornell led by Pomeroy, Murty, and Cooper utilized a magnetic sector to mass select 

species from a Penning ionization source.36,47  The goal of this work was to study the 

effects of hyperthermal ion beams on thin-film growth.  One of the critical aspects of 

thin-film growth is having an ion bean that is well defined within the kinetic energy 

space.  A series of Einzel lenses after the electrostatic analyzers allowed the authors to 

control the deposition energy.  Copper was deposited on prepared cobalt substrates 

and the epitaxial growth characteristics were evaluated using a scanning tunneling 

microscope (STM).  Interestingly, the authors noted defects that consisted of single 

atomic vacancies when the deposition energies were 20 eV.  In 2005, a group led by 

Tureček developed a unique series of ion optics behind a magnetic sector that allowed 

for the quick deceleration on an ion beam.47,48  In addition to the deceleration that made 

soft-landing possible, the potentials chosen refocused the ion beam, which minimizes 

losses due to divergence.  Traditionally, this has been particularly problematic because 

of the high kinetic energy of the ion beam as it leaves the sector.  Deposition 

characteristics of metal clusters have been studied with a magnetic sector by Bowers 

and coworkers.48,49  A highly sophisticated chamber was developed as a result of their 

work that incorporated spectroscopic and microscopic analyses tools in addition to the 

cluster source and ion beam.  The authors were able to demonstrate the successful 

deposition of Au5 on titania with analysis by STM.  Räder and co-workers completed 
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some very unique experiments in 2006 using a sector field mass spectrometer.29,49  

MALDI ionization of carbon precursors was carried out followed by mass selection and 

deposition to generate mesoscopic graphene films. 

In addition to traditional mass spectrometric based soft-landing approaches, a 

variety of alternative methods exist for both cooling ions along with selecting ions.  The 

earliest report of soft-landing by Cooks utilized a Wien (E X B, perpendicular 

electrostatic and magnetic fields) filter to mass select an ion beam followed by 

electrostatic deceleration to cool the beam prior to soft-landing.3,29  Following this early 

report, a number of groups have successfully employed such a filter for mass 

discrimination of ion beams in soft-landing experiments.3,24,50,51  While Wien filters 

represent one alternative mass spectrometric based approach, higher order multipoles 

have been used to good effect to generate similar results.  An octupole based 

instrument was developed by a group led by Kitching that incorporated plasma surface 

modification capability.24,50-52  After this initial instrument description, Tureček and 

coworkers used this instrument to study a number of systems including amino acids and 

peptides52-54, glycosaminoglycans53-55, organic dyes53,55-57, biotin conjugate 53,54,57, along 

with nucleosides and nucleotides53,54,57.  

Tandem mass spectrometric soft-landing approaches that combine multiple 

quadrupoles have been developed.  These are advantageous because they allow 

investigators to study surface induced dissociation, reactive landing, and sputtering.57,58  

One of the earliest reports on this instrumental configuration came out of work 

pioneered by Wysocki and coworkers.58  In this report the authors used a tandem 

quadrupole system where the quadrupoles were situated at 90° to one another.  Here 
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the authors noted that the presence of self-assembled monolayers on gold surfaces 

greatly reduced the incidence of sputtering products.  Another report that appeared at 

the same time discussed the used a tandem TOF system to investigate soft-landing and 

sputtering.58,59  In 2006 Rauschenbach and coworkers used a similar methodology to 

investigate gold clusters and BSA deposited on highly ordered pyrolytic graphite 

(HOPG).59,60  This system incorporated a landing surface after two collinear 

quadrupoles along with a time of flight to monitor the composition of the ion beam.  The 

authors used the instrumental flexibility to their advantage to study the kinetic energy 

spread after the lensing system and found the ion beam had a FWHM of 2.7 eV.   

Ion mobility is a natural candidate to implement in soft-landing strategies. 

Collisional cooling associated with soft-landing allows ions to be thermalized to kinetic 

energies that are in the thermal regime.  Further, because of the ability to control the 

you Using this methodology, a soft-landing ion mobility (SLIM) system was developed 

by the Verbeck group to soft-land metal clusters.61  This system, as shown in Figure 3,  

Figure 3.  Photograph of SLIM system as built in Dr. Verbeck’s Lab. 

combined a pulsed laser vaporization ion source with an ion mobility cell to soft-land 

copper clusters on insulating substrates.61  Additionally, this instrument implemented a 
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unique steering optic that allowed the selection of ion packets separated temporally, 

and thus through cross-sectional space.   

1.3 Ion Mobility Theory 

Ion mobility is predicated on the separation of ions through conformational space 

by interactions with a neutral, inert buffer gas.  In their seminal 1975 publication, 

Rivercomb and Mason61,62 described Equation ( 1 ), which describes an ion’s drift 

velocity (vd) as a function of the ion’s mobility (K) and the applied electric field (E).  

Further, it was found that the ion’s mobility   

𝑣𝑑 = 𝐿
𝑡𝑑

= 𝐾𝐸0 ( 1 ) 

is inversely proportional to the reduced mass of the ion-neutral system (μ) and the 

collision cross section (Ωd) as shown in Equation ( 2 ). 

𝐾 ∝ 1

𝜇1 2� 𝛺𝑑
 ( 2 ) 

One can then rearrange Equation 1 to develop the relationship shown in Equation  

( 3 ).62,63 

𝐾 = 𝑣𝑑
𝐸0

 ( 3 ) 

When Equations ( 2 ) and ( 3 ) are combined with the Nernst-Einstein relation,63,64 

shown in Equation ( 4 ) a fully developed expression for calculating mobility may be 

obtained (Equation ( 5 )).  

𝐾 = 𝑞𝐷
𝑘𝑏𝑇

 ( 4 ) 
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In the above equation, q is the ionic charge (q = ze, where z is the number of charges 

on the ion and e is elementary charge), D is the diffusion coefficient, kb is Boltzmann’s 

constant, and T is temperature. 

𝐾 = 3
16

 𝑞
𝑁

 �1
𝑀

+ 1
𝑚
�
1
2 � 2𝜋

𝑘𝑏𝑇
�
1
2  1
𝛺𝑑

 ( 5 ) 

In Equation ( 5 ), N is defined as the number density of the buffer gas, M is the mass of 

the buffer gas molecule, and m is the mass of the ion.  All of these parameters are 

known, except the collision-cross section, which is a function of conformational 

geometry adopted by the ion.  An approximation may be made using the hard-sphere 

model in which Ωd = πd2, where d is the sum of the radii of the ion and the buffer gas 

molecule.  Simple momentum theory shows that this approximation holds true for high 

molecular weight, structurally rigid ions (i.e. C60
+, but as the ion’s mass decreases, the 

effect of the collision integral along with ion-neutral interaction potentials must be 

accounted for.  Further, high molecular weight ions with high degrees of conformational 

freedom, such as proteins, begin to suffer in the hard sphere collision model due to the 

fact that the collision cross section differs as a function of orientation.  As a 

consequence, Ωd is the collision integral over all ion-neutral interaction angles, and thus 

becomes the average cross section for an ion packet of a given mobility.   

Ω𝑎𝑣𝑔
(1,1) =

1
4𝜋2

 � 𝑑𝜃 � 𝑑𝜑 𝑠𝑖𝑛𝜑 � 𝑑𝛾 
𝜋
8

2𝜋

0

𝜋

0

2𝜋

0
 ×  �

𝜇
𝑘𝑏 𝑇

�
3

 � 𝑑𝑔 𝑒

−𝜇𝑔3
2 𝑘𝑏 𝑇 𝑔5  �

∞

0
 

×  ∫ 𝑑𝑏 2𝑏(1 − 𝑐𝑜𝑠𝜒(𝜃,𝜑, 𝛾,𝑔, 𝑏))∞
0  ( 6 ) 
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Shvartsburg and Jarrold showed the rigorous momentum transfer theory, including 

deflection angles initiated by ion-neutral interactions.64,65  In Equation ( 6 ) above the 

collision geometry is defined by θ, φ, and ϒ.  χ(θ, φ, ϒ, g, b) is the ion-neutral scattering 

angle, g is the relative velocity of the ion, and b is the impact parameter.  The above 

expression, though a good approximation of the orientationally averaged collision 

integral, it ignores the long-range interaction potentials.  These long-range interaction 

potentials become significant as the mass of the ion decreases because they account 

for the attractive and repulsive forces that occur in ion-ion and ion-molecule interactions.  

For low mass ions, these interactions can have a significant impact on the temporal 

distribution profile of the ion packet. 

 Hill and co-workers completed a formative study on ion mobility 

resolution.65,66  They noted that, because it is impossible to strictly define ion mobility as 

mass spectrometry or chromatography, the traditional expressions for resolution are not 

suitable. Noting this, Hill and co-workers defined resolution as: 

𝑅 = 𝐿
𝑊

 ( 7 ) 

where L is the length of the drift region and W is the width of the ion packet as is 

crosses the detector plane.  To covert this into a more usable (and calculable) quantity, 

the authors divided both terms by the average velocity of the ion packet to arrive at:   

𝑅 = 𝑡
𝑊′ ( 8 ) 

where t is the peak arrival time and W’ is the peak width in seconds measured at 6.25% 

of full peak height.  In order to give chromatographers and mass spectrometrists a more 

common mode of calculating and comparing resolution the equation was finalized as: 
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𝑅 = 𝑡
2𝑊1

2

′ ( 9 ) 

where W’1/2 is the full width at half maximum intensity, which is known to be half of the 

full width of the peak.  This definition was later used by Watts and Wilders and has 

become the de facto standard.64,66 

 There are four terms which contribute to the width of an ion mobility peak: the 

initial pulse gate broadening, diffusional broadening, mutual charge repulsion (space-

charge effect), and ion-molecule reactions.64,66  In order to simplify the mathematics, a 

few assumptions are made.  First, it is assumed that the pulse width of the ion packet 

into the ion mobility cell is low compared to the peak width.  Second, it must be 

assumed that the ion density within each ion packet is low so as to limit peak 

broadening based on space-charge effect.  Finally, it is assumed that an inert buffer gas 

is used so as to minimize the broadening contribution based on ion/molecule reactions.  

These assumptions allow us to limit the description of the peak broadening to just the 

diffusion term.   

The diffusional broadening term can be incorporated into the resolution equation 

for both high field and low field ion mobility.66,67  Fick’s second law of diffusion calculates 

the flux of ions through a cylindrical area as a function of time.63,67,68 

𝜕𝑁𝑖
𝜕𝑡

= −𝐷 𝜕2𝑁𝑖
𝜕𝑧2

  ( 10 ) 

The rate of ion flux (Ni) per unit area-time along the longitudinal axis (z) is given on the 

left hand side of the equality. Implied in this expression is the assumption that ion 

diffusion along the z axis occurs with an equal rate in both directions. 44, 45 
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Hill derived an expression for the diffusional contribution to peak broadening 

based on a Gaussian peak profile as seen below:63,66,68 

𝜎 = √2𝐷𝑡 ( 11 ) 

Knowing that the full width at half maximum intensity is defined as 2.35 σ, Equation 

 ( 11 ) can be combined with Equation ( 9 ) to develop the following expression for 

resolution: 

𝑅 = 𝐿
3.32√𝐷𝑡

 ( 12 ) 

Rearranging Equation ( 1 ) for to solve for drift length, L, and substituting in the 

resolution from Equation ( 12 ), a combined expression for resolution can be found:   

𝑅 = 𝐾𝐸0
3.32

�𝑡
𝐷
 ( 13 ) 

Assuming low field conditions whereby the temperature of the buffer gas and ion is the 

same, the diffusion can be accurately described by the combined Nernst-Einstein-

Townsend relation:64,66 

𝐷 = 𝑘𝑏𝑇
𝑞
𝐾 ( 14 ) 

Assuming that the temperatures of the buffer gas and ion are the same, and combining 

Equation ( 14 ) with Equation ( 13 ), the resolution equation can be further simplified 

to:63,64,67,69 

𝑅 = 32.33�𝐿𝐸0𝑞
𝑇

 ( 15 ) 
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Through a series of seminal papers, Wannier described the effects of ion 

diffusion through high-field ion mobility systems using the Boltzmann equation and an 

isotropic ion scattering model.63,64,67,69-75  Wannier developed expressions for the 

diffusion along the parallel plane of the drift cell (now colloquially called the axial 

diffusion (Dz)) and along the perpendicular plane of the drift cell (now known as radial 

diffusion (Dr)).  

𝐷∥ = 𝑘𝑏𝑇
𝑞
𝐾 + 𝑀

3
𝑀+3.72𝑚
𝑀+1.908𝑚

𝐸2𝐾3

𝑞
 ( 16 ) 

𝐷⊥ = 𝑘𝑏𝑇
𝑞
𝐾 + 𝑀

3
𝑀+𝑚

𝑀+1.908𝑚
𝐸2𝐾3

𝑞
 ( 17 ) 

These expressions effectively describe the diffusional contributions to peak broadening 

at high-field conditions, while simultaneously simplifying to the Einstein relation at low 

field strengths.  This makes Wannier’s model of diffusion especially effective means of 

evaluating diffusional contributions to peak broadening under many field conditions. 
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CHAPTER II 

INSTRUMENTATION 

2.1 Soft-Landing Ion Mobility 

Ion mobility spectrometry is a gas phase ion separation technique based on the 

mobilities of ions through a neutral buffer gas.62,63,69-77  In this system a linear direct 

current (DC) field is applied to a series of concentric stainless electrodes.  In addition to 

separating ions based on their collision cross section, the neutral buffer gas acts to 

thermalize ions which decreases their kinetic energy to the thermal/hyperthermal 

range.61-63,69,76,77  A simple, robust system for soft-landing ion mobility has been 

developed in Dr. Verbeck’s lab at the University of North Texas.61 

The instrument, as designed, consists of 18 concentric stainless steel rings 

resistively coupled with 5 MΩ vacuum resistors (Caddock Electronics, Riverside, CA) 

which creates the linear DC field by which ions are separated.  The stainless steel rings 

have an outside diameter of 2.0” and an inside diameter of 1.25”.  The diameter of the 

electrodes was chosen to maximize ion throughput while minimizing the effects of 

space-charge effects.61,75,78  From Kemper and Bowers,75,78 it is found that ion 

transmission can be calculated by: 

%𝑇 = �1 − 𝑒𝑥𝑝 �−𝑟
2

4𝐷𝑟𝑡
�� ( 18 ) 

where r is the exit aperture from the ion mobility cell, Dr is the radial diffusion coefficient 

as calculated by Wannier’s equations63,70-75, and t is the drift time.  As can be seen from 

Equation ( 18 ) above, the exponential dependence on the radius of the ion mobility 

indicates that, other parameters being equal, a larger exit aperture increases ion 
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transmission through the cell.  Therefore, to prevent breakdown, there must be sufficient 

clearance between the rings and the chamber wall.  Thus mechanical requirements 

dictate the design of operational ion mobility cells.  Because high ion flux is critical to 

soft-landing, the aperture should be as large as possible without inducing breakdown.   

Unique to this system is a split ring ion optic device at the end of the ion mobility 

cell that allows for directional control of the ion packet so that it may be directed to 

either a landing surface or a detector.  Using this system, the landing surface may be 

chosen as to produce the desired ion-surface interaction and promote the formation of 

cluster systems. 

This resistively coupled ring assembly is housed within a custom 6” ConFlat 

chamber with controls that allow for control of the buffer gas pressure within the 

chamber.  The custom 6” ConFlat cross is attached to a 6” nipple that houses the 

remainder of the ion mobility cell.  One port of the cross is reserved for the quartz 

viewport that allows incident laser radiation to enter the vacuum chamber.  The 

remaining port is reserved for the sample feed through and buffer gas inlet system.  At 

the end of the 6” ConFlat nipple is a quartz quick door for simple, efficient sample 

handling.  The relationship between pressure and ion kinetic energy is known, and thus 

the ability to control pressure leads to the ability to control the kinetic energy of the ions 

at a surface.  The vacuum chamber is evacuated by a DS602 rotary vane vacuum pump 

(Agilent Vacuum Systems, Santa Clara, CA). 

Multiple ionization systems can be adapted for use on the SLIM system built in-

house.  Electrospray ionization (ESI), nano-ESI, Matrix Assisted Laser Desorption 

Ionization (MALDI), Atmospheric Pressure Chemical Ionization (APCI), and pulsed laser 
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vaporization represent several of those ionization sources.  Pulsed laser vaporization of 

a metal target is most commonly employed because of its intrinsic gating of ions based 

on the laser pulse frequency.  In addition it is an efficient means of rapidly generating 

significant quantities of metal ions to be directed to a landing surface.  In this situation 

the metal sample rod is placed between a backing plate and the entrance of the drift 

tube.  To direct the ions into the drift tube, the ion backing plate is biased positive 

relative to the first ring of the ion mobility cell.   

Ion detection is carried out with a Faraday plate detector connected to a home-

built amplification circuit.  Amplification gain is 106, which allows for sensitive detection 

of the ion currents produced through pulsed laser vaporization.  Additionally, the design 

of the detector is such that landing surface can be incorporated onto the detector, which 

allows for simultaneous detection and landing of a bulk ion sample.   

Ion mobility based separations are an efficient means to separate ion packets 

through conformational space, and when combined with the kinetic energy 

discrimination available through pressure control, it becomes a powerful technique to 

study ion-surface interactions.  Kinetic energy through an ion mobility separation is 

calculated using the classical definition for kinetic energy where: 

𝐾𝐸 = 1
2
𝑚𝑣2 ( 19 ) 

 By substituting Equation ( 1 ) from Chapter 1, we find that: 

𝐾𝐸 = 1
2
𝑚𝐾2𝐸2 ( 20 ) 



27 

By combining Equation ( 20 ) above with Equation ( 5 ) from Chapter 1, we find that 

kinetic energy of an ion incident to a surface at the end of an ion mobility cell can be 

calculated by: 

𝐾𝐸 = 18 𝜋𝑧2𝑒2𝑅2  
512 𝑘𝑏𝑁𝐴

 𝐸
2𝑇

𝑃2𝛺2
 �1 + 𝑚

𝑀
� ( 21 ) 

where z is the charge state, e is elementary electric charge, R is ionic radius, E is 

applied field, P is pressure, Ω is collision cross section, m is the mass of the buffer gas 

and M is the mass of the ion.  As can be seen from the above equation, the relationship 

between kinetic energy and pressure is: 

𝐾𝐸 𝛼 𝑃  ( 22 ) 

and similarly,  

𝐾𝐸  𝛼 𝐸2  ( 23 ) 

From these relationships it is clear that the two controllable parameters, applied field (E) 

and pressure (P), have a significant impact on the kinetic energy distributions within the 

drift tube.  It is important to note, however, that under low field conditions (field strength 

< 2 V/(cm Torr)) the applied field strength does not have a significant impact on the 

kinetic energy.63,70-74 

 An important consideration in the design and implementation of a SLIM system is 

the material from which the detector is made.  It is important that the material have a 

work function that is sufficiently high to prevent the ejection of secondary electrons.  

These secondary electrons would result in artificially high signal.  To this end, copper 
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was selected as the detector surface because the work function of copper is ~4.7 eV, 

while typical deposition energies are <1 eV, well below this threshold.70-72,79   

The SLIM system has been applied to a number of ion mobility based 

separations and fundamental ion-surface interaction studies, including the investigations 

of metal clusters on insulating substrates, as well as alternative applications for metal 

clusters such as MALDI matrices.  Schematically, the experiments are shown in Figure 

4.  

Figure 4.  Schematic representation of ion mobility/soft-landing ion mobility experiments. 

Along with the ability to control the applied field and pressure, the length of the 

drift tube can be altered to affect total ion flux and thus increase the amount of material 

deposited.  As the length of time that the ions spend in the drift tube decreases, the 

number of collisions with the neutral buffer gas decreases, and thus the diffusion is 

limited.  This is evidenced by deposition times to generate similar feature sizes on 

substrates.  With the full-length drift tube in place, the deposition time is increased by 
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approximately an order of magnitude.  The disadvantage in shortening the drift tube is 

that resolution decreases due, in part, to the relationship between resolution and drift 

tube length.   

 This instrument affords the analyst the ability to complete efficient ion mobility 

separation of a relatively complex ion packet while maintaining the ability to generate 

sufficient quantities of material for effective study of ion surface interactions.   

2.2 Plasma Sources 

 An important aspect in the study of ion-surface interactions is the ability to modify 

the surface to understand the basis for structure growth and nucleation.79,80  Further, it 

is desirable to have an efficient means of cleaning surfaces of oil contamination or 

modifying as deposited films.80,81  In these situations a plasma source is the optimal 

solution to affect quick cleaning and modification of the surfaces.  To this end, two 

capacitively coupled plasma sources have been developed.  These capacitive plasma 

sources have the advantage of being low power and low pressure, which allow for easy 

operation.   

 The first example of a capacitively coupled plasma, shown in Figure 5 (A), is a 

wound aluminum wire that is coiled within an electrical feed through that allows for the 

incorporation of radio frequency (RF) voltage to be applied across the cell.  When 

applied in this manner, the chamber acts as the ground while the aluminum wire coil 

acts as the RF antenna.  When operated in this manner the plasma sheath is confined 

to the central axis of the aluminum coil.  This system can be applied directly to a 2.75” 

ConFlat electrical feed through and incorporated into a vacuum chamber for the in situ 

plasma modification of surfaces and soft-landed specimens.   
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 An alternative version of the capacitively coupled plasma source is produced 

from a metal-glass seal mounted on a 2.75” ConFlat flange, as shown in Figure 5 (C).  

The metal glass seal is extended with Pyrex tube matching the inner and outer 

diameters of the existing glass.  The end is then finished with a ¼” end that is attached 

to an Ultra-Torr fitting.  Electrodes for applying the RF are formed from 0.75” wide strips 

of copper shim stock and soldered to the outer diameter of the glass tube.  With a 

plasma tube built in this configuration, the tube may be constructed of either quartz or 

Pyrex.  Pyrex has the benefit of lower initial cost and increased protection from the 

emission of vacuum ultraviolet light produced by the plasma, but is hindered by the 

increased initial power required to ignite the plasma.  Multiple sources have been 

constructed out of each of the materials, and there was no apparent operational 

advantage for either with the exception of the decreased ignition power.  In all cases the 

plasma sources were ignited with less than 37.5 W of forward RF power. The matching 

networks, which are similar between the pigtail and metal/glass seal plasma are similar 

and shown schematically in Figure 6.  

 A final development in the lab has come in the form of a low-pressure DC 

discharge plasma source.  This system, shown in Figure 5 (B), is built on a 1.33” glass 

nipple with electrodes protruding into the glass chamber from either end.  Once the gas 

pressure is set to the appropriate level, a DC voltage is applied and increased in 

magnitude until a steady state DC arc discharged plasma is achieved.  Depending on 

the plasma gas and pressure, this voltage can vary, but was found to be between 450-

650 V for a typical helium discharge.  
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Figure 5.  Photographs of plasma sources developed in Dr. Verbeck’s lab:  A) “pigtail” 

capacitively coupled plasma, B) DC diode plasma, C) metal/glass seal capacitively 

coupled plasma. 

All of these sources are attached to a small volume vacuum chamber, which is 

evacuated by a DS202 rotary vane vacuum pump.  Typical operation for all sources is 

based on the evacuation of the chamber to the base pressure of the pump as indicated 

by a Convectron vacuum gauge followed by the controlled leak of the plasma gas to the 

desired pressure.  Once pressure is set within the discharge region, the appropriate 

field is applied and increased until the steady state discharge is achieved and 

maintained.  In the case of the RF field, this is achieved by initiating the output of the RF 

waveform to the amplifier and increasing the gain on the amplifier until the forward 
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power is sufficient to maintain the plasma.  The DC based source requires only applying 

the voltage and increasing it until the steady state discharge is achieved.   

 Figure 6.  Schematic diagram of RF matching network used for capacitively 

coupled plasma sources  

Sample handling within the plasma chamber is achieved by mounting the sample on a 

rod that is movable within the chamber through an Ultra-Torr fitting.  This allows the 

sample to be oriented spatially within the plasma cone to achieve the maximum sample 

coverage and thus minimizing sample exposure time necessary.   

Combining the plasma sources with the SLIM system affords the capabilities of 

quickly and efficiently modifying substrates and as-deposited surfaces to understand 
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etching and the strength of the interactions created by soft-landing. 

2.3 Orthogonal Time of Flight Mass Spectrometer 

 When investigating chemical systems it is often desirable to generate orthogonal 

data sets so that unambiguous sample identification may be achieved.  These 

orthogonal data sets should contain mutually exclusive data about the analyte molecule 

of interest.  An efficient way of achieving this goal with SLIM is by incorporating a time 

of flight mass analyzer (TOF) at the end of the drift tube. 

 Operationally, a TOF is one of the most simplistic mass analyzers.81-85  The 

principle of operation is related to the classical expression for kinetic energy:82-85 

𝐾𝐸 =  1
2
𝑚𝑣2 ( 24 ) 

From this expression, it is seen that a heterogeneous ion packet (in terms m/z) 

accelerated to a uniform kinetic energy will have non-uniform velocities.  The 

relationship between velocity and time is expressed as:84,84 

𝑣 = 𝑑
𝑡
 ( 25 ) 

and therefore, given a uniform distance to travel, the velocity distribution of an ion 

packet will result in an arrival time distribution at the detector based on the mass of the 

analyte molecule(s).  When combined and rearranged, the flight time can be calculated 

as follows: 

𝑡 = 𝑑 �2𝐾𝐸
𝑚
�
1
2 ( 26 ) 
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where d is the flight path length from extraction optics to the detector and, therefore, 

dependent on instrumental configuration.  Figure 7 is a graphical representation of the 

above equations where time of flight for a 1 m drift length is calculated over the range of 

10 – 10,000 m/z.  As seen in Equation ( 26 ) above and Figure 7, there is a square root 

dependence on the second term, which leads to significant nonlinearity at m/z below 

4000.   

Figure 7.  Calculated time of flight as a function of m/z.   

Though not implicitly stated in the mathematics, it is understood that the vacuum 

level within the chamber must be great enough to ensure that the mean free path is 

significantly longer than 1 m to minimize inter-ion and ion-molecule collisions resulting in 

neutralization.  For the case of Au+ in a helium background, the mean free path 

becomes ~5 m at 1 X 10-5 Torr.  The collision diameter dependence on mean free path 
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shows that as mass increases, ionic diameter, and therefore collision cross section, 

increases indicating the need for higher vacuum requirements as mass increases, to 

maintain a constant mean free path.  To aid this, most TOF mass spectrometers are 

operated at a base pressure of 1 X 10-7 Torr or better vacuum. 

 A potential problem with a TOF, particularly when interfaced with an ion mobility 

cell, is the kinetic energy and temporal distribution that is inherent to the ion packet.84,85  

Given a distribution of initial kinetic energies, a packet of ions with equal masses will 

have a distribution of velocities resulting in distribution of arrival times and leading to 

convoluted mass spectra.  This problem can be exacerbated by a temporal distribution 

of the ion packet, which further acts to convolute the mass spectrum of an ion mobility 

separation.85  To mitigate the temporal distribution of ions through an ion mobility cell, 

the ion packet can be gated into the ion mobility cell.  The kinetic energy spread of the 

ion packet can be overcome with the addition of a reflecting ion optical device at the end 

of the TOF flight path.  A reflecting optic has a linear DC field applied similar to an ion 

mobility cell that is ~1.3 times greater in magnitude than the accelerating field.  When an 

ion is incident to the reflecting optic, the penetration depth into the retarding/reflecting 

field will be proportional to the kinetic energy.  Since an increased penetration depth 

leads to an increased flight path length, the initial kinetic energy distribution will be 

reduced and all ions with the same mass will have an equivalent arrival time at the 

detector.  A less obvious, but nonetheless significant advantage of a reflectron TOF 

geometry is that the detector will not be bombarded with high energy neutrals, which 

decreases the odds of a secondary electron ejection resulting in artificially high signal.   
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 The incorporation of a TOF with an ion mobility based device provides a natural 

platform for the generation of orthogonal data sets about an ion population.  Ion mobility 

probes the arrival time distributions of an ion population through conformational space.  

Because collision cross section, Ω, is not mass dependent quantity, ion mobility 

separations are not solely mass dependent.  Mass spectrometric data is wholly 

dependent on the m/z of an ion population however.  Therefore the combination of 

these two techniques leads to some powerful capabilities in probing the conformational 

differences between ion packets of similar mass.  Similarly it is possible to deconvolute 

the contributions of multiple ions with similar mobilities but differing masses based on 

IM-TOF data.85-87  This technique has an extremely powerful application to soft-landing 

because it is possible to discriminate, conformationally, the species to be landed, then 

understand the contributions to surface structures from multiple ion populations with a 

similar mobility.  Understanding growth mechanisms and nucleation can now be 

accomplished from a conformational and mass dependent reference.   

 These goals are accomplished by the incorporation of a reflectron - TOF mass 

analyzer at the end of the SLIM system.  The TOF system is comprised of a chamber 

that houses a pulsing grid along with the accompanying ion optics to focus the incident 

ion packet at the accelerating grid.  From here, the ions are accelerated with a 25 kV 

potential to the reflectron ion optic which is biased at 30 kV.  The reflectron optic is at an 

angle of 12° with respect to the normal ion flight path.  Once the ions make the 180° 

turn, they are focused to the detector which is a microchannel plate in a chevron 

configuration. 
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 The combination of IMS-TOF is a powerful tool to study the physicochemical 

properties of ion systems because it allows separation through two-dimensional space.  

Additionally, IMS-TOF allows for a number of ionization sources to be incorporated to 

good effect.  Electrospray and nano–electrospray ionization have been used effectively 

to study biochemical systems. 86-90  Additionally, MALDI has been used to understand 

the conformational orientation of organometallic complexes,88-91 and in tissue imaging 

experiments to understand the spatial resolution of various classes of biomolecules 

within rat brain tissue sections.91,92  The combination of these two instrumental 

technologies will lead to significant insights into the physicochemical nature of metal 

clusters and their interactions with neutral buffer gas atoms.  These studies will lead to 

information about the time resolved diffusion coefficients as well as the influence of the 

electric field on transport properties from the ionization source.   

2.4 Literature Referenced 

(61) Davila, S. J.; Birdwell, D. O.; Verbeck, G. F. Rev. Sci. Instrum. 2010, 81, 034104. 

(62) Revercomb, H. E.; Mason, E. A. Anal. Chem. 1975, 47, 970–983. 

(63) Mason, E. A.; McDaniel, E. W. Transport Properties of Ions in Gases; Wiley-VCH 

Verlag GmbH & Co. KGaA: Weinheim, FRG, 1988. 

 (69) Eiceman, G. A.; Karpas, Z. Ion Mobility Spectrometry; 2nd ed. CRC Press, 2004. 

(70) Wannier, G. Phys. Rev. 1951, 83, 281–289. 

(71) Wannier, G. Phys. Rev. 1952, 87, 795–798. 

(72) Wannier, G. Bell. Syst. Tech. J. 1953, 32, 170–254. 

(73) McDaniel, E.; Moseley, J. Phys. Rev. A 1971, 3, 1040–1044. 



38 

(74) Schummers, J.; Thomson, G.; James, D.; Gatland, I.; McDaniel, E. Phys. Rev. A 

1973, 7, 683–688. 

(75) Kemper, P. R.; Bowers, M. T. J. Am. Soc. Mass Spectrom. 1990, 1, 197–207. 

(76) Albritton, D.; Miller, T.; Martin, D.; McDaniel, E. Phys. Chem. Chem. Phys. 1968, 

171, 94–102. 

(77) Viehland, L. A.; Mason, E. A. Ann. Phys. 1978, 110, 287–328. 

(78) Mariano, A. V.; Su, W.; Guharay, S. K. Anal. Chem. 2009, 81, 3385–3391. 

(79) Anderson, P. Phys. Chem. Chem. Phys. 1949, 76, 388–390. 

(80) Rahman, M. M.; Blades, M. W. Spectrochim. Acta, Part B 1997, 52, 1983–1993. 

(81) Chang, J. P.; Coburn, J. W. J. Vac. Sci. Technol. A 2003, 21, S145–S151. 

(82) Wolff, M. M.; Stephens, W. E. Rev. Sci. Instrum. 1953, 24, 616. 

(83) Cameron, A. E.; Eggers, D. F. Rev. Sci. Instrum. 1948, 19, 605–607. 

(84) Katzenstein, H. S.; Friedland, S. S. Rev. Sci. Instrum. 1955, 26, 324. 

(85) Wiley, W. C.; McLaren, I. H. Rev. Sci. Instrum. 1955, 26, 1150–1157. 

(86) Edelson, D.; Griffiths, J. E.; McAfee, K. B. J. Chem. Phys. 1962, 37, 917–918. 

(87) McKnight, L.; McAfee, K.; Sipler, D. Phys. Rev. 1967, 164, 62–70. 

(88) Henderson, S. C.; Valentine, S. J.; Counterman, A. E.; Clemmer, D. E. Anal. 

Chem. 1999, 71, 291–301. 

(89) Baumketner, A.; Bernstein, S. L.; Wyttenbach, T.; Bitan, G.; Teplow, D. B.; 

Bowers, M. T.; Shea, J.-E. Protein Sci. 2006, 15, 420–428. 

(90) Guevremont, R.; Purves, R. W. Rev. Sci. Instrum. 1999, 70, 1370. 

(91) Baker, E. S.; Bushnell, J. E.; Wecksler, S. R.; Lim, M. D.; Manard, M. J.; Dupuis, 

N. F.; Ford, P. C.; Bowers, M. T. J. Am. Chem. Soc. 2005, 127, 18222–18228. 



39 

(92) Jackson, B. P.; Hopkins, W. A.; Baionno, J. Environ. Sci. Technol. 2003, 37, 

2511–2515. 



40 

CHAPTER III 

SOFT-LANDING OF HAFNIUM AND HAFNIUM OXIDE ON SILICON SUPPORTED 

MECHANICALLY EXFOLIATED GRAPHENE 

3.1 Introduction 

Graphene, a network of fully sp2 hybridized carbon atoms, has generated 

significant research interest in recent years because of its unique electronic and 

structural characteristics.  One of the most intense areas of research has focused on 

the incorporation of graphene into a usable electronic device.  In order to give graphene 

substrates a usable band gap, a semiconducting material must be deposited as an over 

layer onto a supported graphene substrate.  To this end, several dielectrics have been 

considered including metal nitrides92,93 and metal oxides.94,95  Hafnium oxide provides 

one of the most interesting candidates as a top-gate over layer because of its high-κ 

dielectric properties along with low leakage current at very thin surface coverage.95-97 

This may provide the potential to produce significantly smaller devices than possible 

using current silicon based semiconductor architectures.  Hafnium oxide based 

dielectrics are among the most widely researched for integration into complementary 

metal oxide semiconductor devices (CMOS). 

3.2 Experimental 

Here we investigate the nature of hafnium oxide deposition on graphene using 

soft-landing ion mobility (SLIM).  The home-built SLIM system has been described in 

detail elsewhere. 61,98  Briefly, a linear DC field is applied across a drift tube consisting 

of resistively coupled stainless rings. A buffer gas, typically helium, is leaked in at a 

pressure to generate the desired ion kinetic energy, and the ions, under the influence of 
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the applied field and buffer gas pressure, are separated based on collision cross 

section.  Upon separation, the ions are directed toward a substrate for collection.  

Ionization is achieved through pulsed laser vaporization of a metal target. In this work, 

graphene samples were produced using mechanical exfoliation of highly ordered 

pyrolytic graphite (HOPG) onto a silicon substrate coated with a 300 nm oxide layer.  

Exfoliation was completed under ambient conditions (71 °F, 58 % relative humidity).  

Upon completion of exfoliation, the graphene samples were examined by optical 

microscopy to determine the spatial orientation of the graphene.  Pristine samples were 

then studied using mirco-Raman spectroscopy with 532 nm incident radiation and the 

presence of monolayer graphene (MLG) was confirmed by the ratio of IG/ISi.99,100  The 

Raman system used was a Thermo-Electron Nicolet Almega XR (Waltham, MA).  After 

Raman confirmation, the samples were placed in the SLIM chamber pumped to a 

pressure below 20 mTorr.  Once this pressure was achieved, the chamber was back-

filled to a pressure of 2 Torr with 5 % O2 in He gas.  Once back filled, a field of 22.31 

V/cm was applied across the mobility cell and a 190 V bias was applied to the ion 

deflector plate to ensure the propagation of positively charged species through the 

mobility cell.  Ionized species were generated through pulsed laser vaporization of a 

hafnium target, and the presence of the buffer gas thermalized the ions to a kinetic 

energy that precludes damage to the graphene surface.  Pulsed laser vaporization was 

carried out at ~50 % laser energy, corresponding to an energy of 150 mJ.  In all cases 

the laser was moved across the sample surface in a raster pattern to facilitate uniform 

ionization from the surface.  This method is consistent with previous experimental 

reports for the in situ production of hafnium oxide. 99,101-103  Exposure to the ion beam 
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was completed in a step-wise fashion over the course of 7 hours, with post-landing 

Raman analyses being carried at deposition intervals. 

3.3 Results and Discussion 

Raman signatures arising from graphite include a G peak at ~1580 cm-1 and a 

2D peak at ~2700 cm-1.  These shifts emanate from the E2g in plane vibration and a 

symmetric two phonon scattering respectively.101-104  Further, defects in the surface 

manifest themselves in the Raman spectrum of a particular graphene sample through 

the appearance of a prominent D peak at ~1340 cm-1.  Through the doping procedure 

carried out, no D peak was manifested in any sample, indicating that the doping was 

truly a soft-landing event.  Figure 8 shows representative spectra over the first hour 

Figure 8.  Raman spectra of MLG before deposition a), and at b) 15 minute, c) 30 

minute, d) 45 minute, and e) 60 minute HfO2
+ deposition. 



43 

of soft landing. These spectra represent the greatest change of the I2D/IG ratio.  In order 

to expedite deposition, a set of 3 samples was produced.  To account for slight 

variations that may arise in the Raman signatures of individual samples, all samples 

were examined in their pristine forms and at various stages of deposition.   

 Prior studies have shown that the bond enthalpy of a doubly bonded carbon 

system is on the order of 7.5 eV,104,105 but the SLIM system provides species incident to 

the surface at kinetic energies significantly below this threshold..  Figure 9 shows the 

kinetic energy of the ions incident to the graphene surface.  From this figure it is seen 

that the incident kinetic energies of the ions are within the thermal range (defined  

Figure 9.  Kinetic energy of HfO2
+ incident to the graphene surface as a function of 

applied field and pressure. 

in Ref.16 to be < 1 eV).  Because kinetic energy of ions through the drift tube is 

dependent on pressure and applied field, modifying these parameters allows the 

manipulation of kinetic energy to the desired range. The point on Figure 9 represents 

the operational parameters of 22.31 V/cm and 2 Torr that corresponds to a kinetic 

energy 0.20 eV.  In this study the kinetic energy is kept within the thermal range to 

prevent deformation of the graphene lattice network.  The lack of a D peak is taken as 
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evidence that ionic species incident to the graphene are not activating defects within the 

lattice and indicates the consistency between theoretical calculated kinetic energy and 

that achieved through experiment.  Further, this may be an indication that the doping 

achieved is a function of the adsorption of hafnium oxide on the graphene surface.  

Consistency of the micro-Raman signature of the graphene is taken as evidence that no 

new bond structures are being formed at the surface, and that doping is a function of 

adsorption. 

As expected, the doping of graphene occurred in a time dependent fashion with 

increasing deposition leading to an increased presence of doping level.  Following the 

methodology reported by Das et al,106,107 I2D/IG was utilized as a monitor of the doping 

level.  Here, I2D/IG is defined as the integrated peak area ratio of the 2D peak at ~2700 

cm-1 and the G peak at ~1580 cm-1 as fitted with combined Gaussian-Lorentzian 

functions.  As expected doping phenomena progressed as a function of time and was 

manifested as a decrease in the I2D/IG ratio. Though the intensity ratio is the most 

sensitive to doping levels, the FWHM of the G band serves as another indicator of 

doping.107  Plotting FWHM G as a function of time provides confirmation of hafnium 

oxide doping.  Examining these trends, it follows that the incident positively charged 

species serve, in a manner, to dope graphene with holes by sinking out the electrons 

necessary for charge neutralization.  P-type graphene will be the result of this 

deposition as the electrons necessary to charge neutralization will be donated by 

graphene.   

It is possible to estimate the number of ions incident to the sample by integrating 

area under the arrival time distribution of hafnium oxide species.  Assuming the ion 



45 

beam is uniform across the surface, it is possible to estimate the number of charged 

species incident to the graphene by calculating the area ratio of graphene to detector.  

When multiplied by the integrated peak area, this gives an estimate of the number of 

ions in registry with graphene.  Since each of the species is positively charged, a 

corresponding electron must be donated from the graphene.  Figure 10 (A) plots the 

ratio of I2D/IG versus the estimated number of electrons donated from the graphene 

framework.  The inset shows an analogous plot as a function of deposition time.  During 

the initial stages of deposition, the ratio of I2D/IG is highly dependent on the carrier 

concentration and decreases rapidly, indicating the deposition dependent electron 

transfer from graphene to the incident ions to be neutralized.  After the initial depletion 

of excess electron density within the graphene framework, carrier density begins to 

have a less pronounced impact on the I2D/IG ratio.  This is believed to be a product of 

the doping levels.  As surface coverage of neutralized HfO2 species increases, the 

number of electron rich sites increases as a function of deposition time.  As the number 

of sites goes up, the probability that another incident ion may neutralize its charges from 

the adsorbed HfO2 also increases.  If the source of the neutralization electron is not 

graphene, there will be little impact on the Raman signature.  As a confirmation of 

doping, Figure 10 (B) plots the full width at half max (FWHM) of the G band versus 

deposition time. We see that FWHM G decreases with increasing deposition time for 

samples at maximum deposition time.   

After deposition, surfaces were studied with x-ray photoelectron spectroscopy 

(XPS) and Auger spectroscopy to determine local density of hafnium oxide on the 

surface.  XPS was performed on a PHI 5000 Versaprobe (Chanhassen, MN) using the 
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Figure 10.  A) Shows  the strong dependence of I2D/IG on deposition time indicating p-

type doping.  Inset shows analogous plot as a function of deposition time. B) Another 

indicator of doping comes from measuring FWHM G as a function of deposition time. 
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Figure 11.  Scanning electron micrograph of HfO2
+ deposited on SiO2 supported 

graphene.  Note the darkened square indicating significant charge build up at the 

surface from the SiO2 substrate. 

Aluminum K-α line with ~20.0 µm spot size.  Auger spectroscopy was carried out using 

a PHI 670xi Auger Nanoprobe (Chanhassen, MN) at 5.0 keV electron energy.   

Initially Auger spectroscopy was used because it offered the ability to image the 

surface to allow for mapping of hafnium oxide density.  For the Auger experiments, the 

densities of oxygen, carbon, and hafnium were investigated.  Due to the low quantum 

yield of hafnium and the strong dielectric constant, there was weak scattering by the 

hafnium oxide, leading to low signal levels in the Auger spectra.  The scanning electron 

micrograph (Figure 11) showed a large number of spheroidal particles that were in 

registry with the silicon substrate along with the graphene.  The SEM micrographs 

revealed that these spheroids varied in size from ~400 nm to ~2 µm.  Initially, a survey 

1000 X 5.0 keV

F

20.0 µm
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scan was taken over an area of 20 µm X 20 µm that displayed a weak scattering feature 

at 1625 eV resulting from hafnium.  Figure 12 shows the Auger survey scan with a 

feature corresponding to the presence of hafnium on the surface.  Selected scans were 

completed which focused on only a singular spheroid and an area of the graphene that  

Figure 12.  Auger survey scan revealing hafnium presence on the soft-landed surface.  

The line is to guide the eye. 

did not have a spheroid, as shown in Figure 13.  The Auger spectra in Figure 14 show 

that the majority of the hafnium density existed in the spheroids scattered across the 

surface.  Confirmatory experiments were conducted by XPS.  While similar in sensitivity, 

XPS samples a larger area and does not allow for mapping. 

XPS studies showed the presence of hafnium on the surface as evidenced by the 

4d3/2 and 4d5/2 peaks.  In a non-oxidized hafnium system, these peaks should show up 
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Figure 13.  Selected area Auger scans.  1) Represents “On Particle”, while 2) is “Off 

Particle.” 

 at 211.0 and 221.6 eV respectively.107,108  As shown in Figure 15, the 4d peaks for 

hafnium appeared at 212.0 and 223.0 eV.  These shifts are consistent with those 

expected for partially oxidized hafnium.109  Due to the low lying states of hafnium, the 4f 

levels were too convoluted to be accurately resolved.  This convolution could be 

evidence for the presence of multiple chemical states of hafnium, indicating partial 

oxidation.108,110,111  Further, there appears to be some evidence of a shift in the 5p3/2 

state of hafnium to ~34 eV, but this appears to be slightly convolved.   

3.4 Conclusion 

In summary, Si/SiO2 supported graphene has been doped with HfO2 and partially 

oxidized hafnium at thermal kinetic energies.  The effects of this deposition have 

5000 X 5.0 keV
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Figure 14.  Auger scans of particles shown in Figure 13, showing hafnium presence. 

 

Figure 15.  XPS Spectrum of HfO2
+ deposited on graphene.  Inset shows 4d features 

and fits with peak positions showing shifts for oxidation. 
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been studied by Raman spectroscopy, and it was found that I2D/IG and FWHM G 

decreased as a function of deposition time, consistent with earlier reports for doping of 

graphene. SEM experiments have shown that the metallic density exists as spheroids in 

contact with the substrate.  Additionally, Auger and XPS studies have indicated that 

these spheroids are the areas with highest hafnium and oxygen densities.  Further, it  

was found that chemical shifts in the XPS spectra are consistent with stoichiometric 

HfO2 and partially oxidized hafnium.  This indicates the need for further work to 

understand the oxidation mechanism of hafnium because the models proposed indicate 

full oxidation at low partial pressures of oxygen.101-103  Prior studies have shown that a 

layered deposition mechanism is not favored under current conditions; therefore further 

work must be carried out to understand the nature of interaction between HfO2
+ and 

graphene at low surface coverage.  The implication of doping is important for the future 

of graphene based microelectronic devices and the doping achieved through low 

surface coverage may prove more economical in device manufacture. 

3.5 Literature Referenced 

(61) Davila, S. J.; Birdwell, D. O.; Verbeck, G. F. Rev. Sci. Instrum. 2010, 81, 034104. 

 (92) Jackson, B. P.; Hopkins, W. A.; Baionno, J. Environ. Sci. Technol. 2003, 37, 

2511–2515. 

(93) Jin, Z.; Su, Y.; Chen, J.; Liu, X.; Wu, D. Appl. Phys. Lett. 2009, 95, 233110. 

(94) Wang, X.; Tabakman, S. M.; Dai, H. J. Am. Chem. Soc. 2008, 130, 8152–8153. 

(95) Fallahazad, B.; Kim, S.; Colombo, L.; Tutuc, E. Appl. Phys. Lett. 2010, 97, 

123105. 



52 

(96) Hildebrandt, E.; Kurian, J.; Zimmermann, J.; Fleissner, A.; Seggern, von, H.; Alff, 

L. J. Vac. Sci. Technol. B 2009, 27, 325. 

(97) Lin, Y. S.; Puthenkovilakam, R.; Chang, J. P. Appl. Phys. Lett. 2002, 81, 2041. 

(98) Verbeck, G.; Hoffmann, W.; Walton, B. Analyst 2012, 137, 4393–4407. 

(99) Koh, Y. K.; Bae, M.-H.; Cahill, D. G.; Pop, E. ACS Nano 2011, 5, 269–274. 

(100) Jones, J. D.; Hoffmann, W. D.; Jesseph, A. V.; Morris, C. J.; Verbeck, G. F.; 

Perez, J. M. Appl. Phys. Lett. 2010, 97, 233104. 

(101) Reiße, G.; Keiper, B.; Weißmantel, S.; Johansen, H.; Scholz, R.; Martini, T. Surf. 

Sci. 1994, 241, 119–125. 

(102) Zheng, W.; Bowen, K. H.; Li, J.; Da̧bkowska, I.; Gutowski, M. J. Phys. Chem. A 

2005, 109, 11521–11525. 

(103) Zhai, H.-J.; Chen, W.-J.; Lin, S.-J.; Huang, X.; Wang, L.-S. J. Phys. Chem. A 

2012. 

(104) Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; 

Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth, S.; Geim, A. K. Phys. Rev. Lett. 2006, 

97. 

(105) Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 255–263. 

(106) Rabalais, J. W. Principles and Applications of Ion Scattering Spectroscopy:  

Surface Chemical and Structural Analysis; Wiley InterScience: Hoboken, NJ, 2002. 

(107) Das, A.; Pisana, S.; Chakraborty, B.; Piscanec, S.; Saha, S. K.; Waghmare, U. 

V.; Novoselov, K. S.; Krishnamurthy, H. R.; Geim, A. K.; Ferrari, A. C.; Sood, A. K. 

Nature Nanotech. 2008, 3, 210–215. 

(108) Perry, A. J.; Schlapbach, L. Solid State Commun. 1985, 56, 837–841. 



53 

(109) Suzer, S.; Sayan, S.; Banaszak Holl, M. M.; Garfunkel, E.; Hussain, Z.; Hamdan, 

N. M. J. Vac. Sci. Technol. A 2003, 21, 106–109. 

(110) Howat, G.; Goscinski, O. Chem. Phys. Lett. 1975, 30, 87–90. 

(111) Kim, K. S.; Winograd, N. Chem. Phys. Lett. 1975, 30, 91–95. 

 



54 

CHAPTER IV 

METAL CLUSTERS SOFT-LANDED ON SELF ASSEMBLED MONOLAYERS FOR 

SURFACE ENHANCED RAMAN SPECTROSCOPY 

4.1 Introduction 

 Surface Enhanced Raman Spectroscopy (SERS) has been an area of intense 

research over the last decade with potential applications in chemical sensors and 

detection technologies.112  Much theoretical work has been done on the source of the 

enhancement factor, which may be as high as 1010-1011 resulting in the ability to detect 

single molecules.101-103,113,114  One of the major limitations of SERS has arisen from the 

fact that enhancement is non-uniform across the substrate, resulting in non-reproducible 

analyte detection.112,115  This limitation can be attributed to the electromagnetic 

contribution to the SERS phenomenon, which is localized at the nanoscale junctions of 

noble metals.113,114,116  This has lead to significant insights on the composition and 

sizing of metal features that optimize SERS enhancement. 115-117  From these studies it 

has been shown that the optimal surface feature size should be on the order of 100 nm.  

Further development of SERS substrates is needed to ensure the reproducibility and 

uniformity of the SERS effect.116  Of particular interest is the development of a SERS 

substrate that is easily manufactured, inexpensive, and reusable.116-118  Several groups 

have attempted this using multiple methodologies including microfluidics56,116,119,120 and 

online liquid Raman spectroscopy.118,121  While these techniques afford sensitive 

detection of multiple analytes, they fall short of the goal of being inexpensive.   

 A potential solution to this problem is to develop a surface modification scheme 

which affords sensitive detection of multiple analytes, is inexpensive to manufacture, 
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and may be reused multiple times, to decrease the associated costs of surface 

manufacture.  Self Assembled Monolayers (SAM) on multiple surfaces have been 

extensively studied for potential applications as chemical sensors and SERS 

substrates.56,119,120,122  A SAM surface is defined as a self-aligning molecule set, which 

forms a unimolecular layer through surface reactions, chemisorption, or physisorption.  

Depending on the substrate, any of these mechanisms may be employed, but, 

generally, it is desirable to have a surface reaction to immobilize the modifier on the 

surface.  To this end, mercaptosilanes are beneficial for their ability to bond to 

hydroxylated silicon through the silane group121,123-125 and to form strong bonds to gold 

through the thiol group,122,126,127 making them potentially useful as SERS substrates 

when a gold over layer is added.  Further, because of the strong covalent bonding 

between gold and sulfur, which is on the same order as Au-Au bonds (~200 kJ/mol) 

these systems become inert to a number of thermal and solvent effects. 123-125,128,129 

 Through these experiments we investigate the modification of silicon wafers as a 

potential candidate for reusable SERS technologies based on soft-landing ion mobility 

(SLIM). 

4.2 Experimental 

 Chemicals used in the modification scheme of silicon wafer chips were obtained 

from Sigma Aldrich (Saint Louis, MO) and used without further purification.  The 

modifying ligand used was 3-mercaptopropyl triethoxysilane (MPTES).  Solvents used 

included benzene and acetone and Milli-Q water with better than 18.2 MΩ salt content.  

Silicon wafers were obtained from SPI (Palo Alto, CA) that contained a 300 nm 

epitaxially grown oxide layer.  Gold for ion deposition was obtained from ESPI Metals 
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(Ashland, OR) and was of 99.999% (5 N) purity.   Before modification the wafers were 

cleaved in to 1 X 2 cm2 samples for ease of handling and deposition.  Prior to deposition, 

the wafer samples were cleaned using a modified RCA clean procedure to remove 

organic contamination.  This was carried out by preparing piranha solution (5:1 v:v 

concentrated H2SO4: 30% H2O2) by heating 40 mL concentrated H2SO4 to ~80 °C.  

Once the acid reached the desired temperature, 8 mL 30% H2O2 was added and stirred 

to affect dissolution and initiate the cleaning reaction.  Given the exothermic nature of 

the reaction, the temperature immediately increased to ~135 °C and the wafer samples 

were introduced to the cleaning solution.  The temperature was held at minimum of 110 

°C throughout the cleaning procedure, which was carried out for 10 minutes.  After 10 

minutes, the wafer samples were removed and rinsed in DI water and dried under a 

stream of nitrogen.  Once dry, the oxide layer was removed in a dilute HF solution 

prepared by diluting 48% HF 1:1 (v:v) with deionized water.  After a 2-minute HF etch, 

the wafer samples were removed and rinsed in DI water and dried under nitrogen.  The 

HF etch was followed by an additional cleaning procedure as described above to ensure 

the surfaces were free of organic contamination.  Successful completion of each step 

was verified by the relative contact angle of the rinse water.  Piranha cleaning results in 

a hydroxyl terminated surface that promotes hydrogen bonding between the substrate 

and the water, resulting in a decreased contact angle.  Similarly, HF etch leaves the 

surface terminated by a hydrogen layer which acts to repel water on the surface and 

increase the contact angle.  In many cases when removed from the rinse solution, the 

hydrogen terminated samples resulted in surfaces that were nearly free of residual 

water and required minimal nitrogen drying.   
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 Surface modification of the wafer samples was completed using a modified 

procedure proposed by Singh and Whetten.126,127,130  A solution of  5 mM MPTES was 

prepared in toluene.  Once prepared the sample surfaces were immersed for 6 h at 

room temperature to allow sufficient modification of the surface with the MPTES.  Once 

the reaction was completed, the surfaces were removed from the reagent solution and 

ultrasonically bathed for 30 minutes in benzene, acetone, and deionized water 

successively to remove any physisorbed MPTES which had not reacted.  Confirmation 

of successful surface modification was completed by Raman spectroscopy, looking for 

the intrinsic thiol peak appearing at ~2680 cm-1. 

After surface modification with MPTES, silver and gold clusters were deposited 

using a home-built SLIM system described in detail elsewhere.61  Briefly, a linear DC 

field is applied across a series of resistively coupled concentric ring electrodes, which 

separates ions based on their mobilities, shown schematically in Figure 4.  In this 

system, ions are produced by pulsed laser vaporization of a metal target.  Behind the 

target, a deflector plate  (not shown) is biased positively relative to the first ring 

electrode to ensure the propagation of positively charged ions through the mobility cell.  

Initially, the modified silicon sample was placed into the SLIM chamber and pumped to 

a pressure below 20 mTorr.  Once the base pressure was reached, helium gas was 

leaked in to the desired pressure.  Helium serves to thermalize the ions prior to 

deposition so as to prevent the fragmentation or sputtering of the thiol modified silicon 

surface.  Figure 16 shows the kinetic energy of gold ions incident to the thiolated silicon.  

The green points indicated the kinetic energies during the pressure dependent 

experiments.  After the pressure was stabilized, 190 V was applied to the backing plate, 
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and 170 V applied to the front drift ring, resulting a field of 22.41 V/cm.  Pulsed laser 

vaporization of the metal target was carried out at 50% laser energy  

Figure 16.  Kinetic energy plot of Au+ incident to SAM modified silicon.  Green points 

indicate operational points for pressure dependency.   

(~6 mJ) with a repetition rate of 2 Hz.  The frequency of the laser fire was kept 

intentionally low so as to avoid overlap by temporally adjacent ion packets, in effect 

using the laser as the ion gating mechanism.   

To ensure that metal clusters could be effectively landed on the modified silicon 

surface, silver was used as a proof of concept.  To understand the conformational 

deviation of clusters incident to the modified silicon surface, an ion mobility spectrum 

was collected and fit with Gaussian peaks, shown in Figure 17.  Once completed, Ag 

clusters were landed on the modified silicon surfaces for 5 minutes at 2 Torr He 

pressure.  AFM Images of the silver density on the MPTES modified silicon are shown 

in Figure 18.  SEM micrographs were also taken of the Ag deposition to compare to Ag 

deposited on stainless steel, shown in Figure 19.  It was shown that, even at the 

shortest deposition times, significant silver density was seen on the modified silicon, 

meaning that SLIM would be a viable technique for developing SERS substrates.  
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Figure 17.  Ion mobility spectrum of Ag clusters deposited on MPTES modified silicon.  

Shown are Gaussian fits along with theoretical structures for the silver clusters. 

 

Figure 18.  AFM micrographs of Ag soft-landed on MPTES modified silicon for 5 

minutes.  Left is a survey scan of the surface, right is a blow-up.   
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Figure 19.  SEM micrographs of Ag clusters soft-landed on MPTES modified silicon 

(top) compared to Ag clusters soft-landed on stainless steel (bottom).   

After successful deposition of Ag clusters on the MPTES modified silicon, 

deposition was moved to gold, known to form strong thiol bonds, to investigate SERS 

activity of soft-landed surfaces.  Initially, the helium pressure was held at 2 Torr and 

gold was deposited in a time dependent fashion to determine optimal deposition time.  

The ion mobility spectrum for gold is shown in Figure 20.  At 2 Torr, the incident kinetic 

energy of Au+ is ~2 eV.  This is within the hyperthermal energy regime and will prevent 

the sputtering of the SAM, which is a necessity for soft-landing.16,130  After deposition, 
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the substrates were examined by atomic force microscopy (AFM) and scanning electron 

microscopy (SEM). 

 

Figure 20.  Ion mobility spectrum for Au+ clusters deposited on MPTES modified silicon 

at ~6 mJ laser energy.   

Pressure dependency was investigated by varying the He pressure within the ion 

mobility chamber at 1, 2, 5, and 10 Torr respectively. 

Post deposition, SERS activity of the substrates was examined.  To accomplish 

this, 10 µL of a 5 mM caffeine solution was deposited on each substrate.  Raman 

spectra were collected on a Thermo-Fisher Almega XR Raman spectrometer with an 

excitation wavelength of 532 nm.  The experimental set-up utilized 100% of the 

available laser energy with a 100 µm slit aperture, resulting in ~0.3 mW of laser energy 

at the sample. 
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4.3 Results and Discussion 

Au deposition allows for rapid development of SERS active substrates by the 

formation of nanoparticles within the SAM active framework.   

 Initially, time dependent deposition was investigated with Au clusters on the 

surface.  SEM micrographs revealed that as deposition time increased, surface 

coverage increased, but the relative particle size distribution remained unchanged 

(Figure 21).  While there was an incidence of larger (~1 µm) particles, there was 

significantly higher coverage of particles on the order of 100 nm.  This was experimental 

evidence of the creation of nanometer size features within the tube prior to deposition 

on the surface.  AFM study of time dependent deposition, shown in Figure 22, revealed 

multiple interesting trends.  Primarily, even at the shortest deposition time (1 minute) the 

average structure height above the surface was ~100 nm.  Again this points to the 

formation of clusters on the nanometer scale prior to deposition.  Though localized 

areas within the bulk surface displayed smaller characteristic structure features, as 

small as 40 nm, the average height was taken when given the largest view of the 

surface.  As deposition time increased, surface structure distribution stayed relatively 

constant.  After 30 minutes of deposition a bimodal distribution was noted indicating 

deposition beyond the base cluster layer.  It was noted that two relatively Gaussian 

distributions began to form within the distribution.  The major component had a height of 

126.2 nm, while the minor contribution has a height of 192.8 nm.  Histogram analysis of 

the AFM data revealed that the features at 126.2 nm occurred approximately twice as 

frequently as those at 192.8 nm.  The average feature height after 30 minutes of Au 

deposition was 174.0 nm.  This data is consistent with the model of clusters are forming 
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Figure 21.  SEM micrographs of Au+ deposited on MPTES modified silicon at A) 1 min, 

B) 5 min, C) 15 min, and D) 30 min at 2 Torr He. 

shorter deposition times revealed average height distributions of ~100 nm, this data is 

also consistent with the picture of cluster deposition on top of previously deposited 

clusters.   

After determining that 30 minutes of deposition produced the desired surface 

characteristics, pressure dependent experiments were carried out by varying the 

pressure of the He buffer gas within the drift tube to values of 1, 2, 5 and 10 Torr.  
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Figure 22.  AFM micrographs of Au+ deposited on MPTES modified silicon.  A) 1 min, B) 

histogram analysis of A), C) 30 min, D) histogram analysis of C). 

SEM experiments, shown in Figure 23, indicate that, though the average particle size 

does increase, the effect is not as drastic as the increase in surface coverage. The 

prevalence of relatively similar size structures on the surface, even at the highest 

deposition pressure may be further experimental evidence of cluster formation through 

the drift tube, prior to deposition on the surface.   

Raman investigation of the pressure dependent deposition reveals that there is 

an inverse relationship between the pressure and the Raman signal propagated by 

caffeine deposited from solution phase.  Figure 24 shows the increase in caffeine 
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Raman signal as represented by the peak grouping between ~2800 and 3000 cm-1.  It is 

observed that both intensity and resolution increase with an inverse relationship to  

 

Figure 23.  SEM micrographs of pressure dependent Au+ deposition on MPTES 

modified silicon at A) 1 Torr, B) 2 Torr, C) 5 Torr, and D) 10 Torr.   

pressure.  This is consistent with diffusionally limited ion losses associated with ion 

mobility.61,77  As pressure in the chamber increases, diffusional losses increase, 

resulting in a corresponding decrease in the amount of material deposited.  Thus in 

Figure 24 (A), as pressure decreases, there is a corresponding increase in the Raman 

signal of caffeine. A plot of integrated caffeine intensity vs. Au deposition pressure is 
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Figure 24.  A) Pressure dependent caffeine signal on MPTES modified silicon, B) graph 

of integrated caffeine intensity as a function of pressure. 

shown in Figure 24 (B).  Here the integrated caffeine intensity is taken as area when 

integrated between 2800 cm-1 and 3000 cm-1.  Figure 24 (B) shows that there is a 

logarithmic decrease in the Raman signature of caffeine as a function of pressure.   
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To investigate the utility of the MPTES modified Si as a reusable SERS 

substrate, the 1 Torr surface was ultrasonically cleaned in deionized water for 30 

minutes and dried under nitrogen.  Upon drying, 10 µL of a10 mM solution of sodium 

bicarbonate was spotted and allowed to dry.  Raman spectra were collected under the 

previously mentioned conditions.  As shown in Figure 25 there is no residual caffeine  

Figure 25.  Raman signal of sodium bicarbonate on the 1 Torr surface after 

ultrasonically cleaning in DI water. 

signal present on the surface after washing and spotting with sodium bicarbonate.  Of 

significance is the fact that there is no residual caffeine signal present once the surface 

had been washed.  Additionally, because of the strength of the gold-sulfur bond, the 

ultrasonic cleaning in water should have no impact on the presence of gold on the 



68 

surface, meaning that the surface could be used repeatedly with no degradation or loss 

of signal. 

4.4 Conclusion 

 Soft-landing has been used to deposit silver and gold on MPTES modified silicon 

at thermal kinetic energies.  Once proof of concept with silver was completed and 

showed that successful deposition could be completed in a reasonable time period, gold 

was chosen for SERS study.  It was found that the primary feature height was 128.2 nm 

at 30 minutes of deposition time.  Once 30 minutes was established as the optimal 

deposition time, depositions were carried out in a pressure dependent fashion at 1, 2, 5, 

and 10 Torr and these surfaces were evaluated for their Raman activity.  There was a 

significant increase in the Raman signal intensity as deposition pressure was 

decreased, and therefore less gold was introduced to the surface.  Reusability has also 

been demonstrated by ultrasonically cleaning the surface in DI water before introducing 

sodium bicarbonate solution.  Raman spectra after addition of the sodium bicarbonate 

solution showed no interference from the previously deposited caffeine solution, 

showing that the surfaced could be reused effectively without fear of cross 

contamination. 
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CHAPTER V 

GENERATION OF DIAMOND LIKE CARBON FILMS BY PLASMA BOMBARDMENT 

OF SOFT-LANDED AMORPHOUS CARBON 

5.1 Introduction 

The two major allotropes of carbon are diamond and graphite, and the study of 

multiple carbon phases has been a topic of considerable research recently.  Diamond 

like carbon films (DLC) have been studied extensively for their tribological properties, 

potential application in electrochemical experiments, and unique optoelectronic 

properties.131  Generally, DLC films are distinguished from amorphous carbon phases 

based on the amount of sp3 hybridization present.  Typically these DLC coatings are 

produced through a variety of methods including RF and DC plasma enhanced 

chemical vapor deposition, ion beam deposition, vacuum arc deposition, and 

sputtering.132  These techniques employ the use of various carbon sources and are 

widely varied in application and scope.  Generation of hydrogen-free DLC films has 

been studied by physical vapor deposition methodology as well as by pulsed laser 

deposition (PLD).133-135  Additionally, PLD followed by energetic irradiation has been 

shown to increase the amount of DLC character as expressed by the intensity of the D 

band manifested through the Raman spectra.135  The scattering cross section of the D 

band present in diamond has been shown to be 50 times smaller than the G band in 

graphite.  Therefore, given equivalent intensities of D and G bands in a Raman 

spectrum, it is reasonable to expect that the number of sp3 hybridized atoms is 

approximately 50 times greater than sp2 hybridized atoms.135-137  In addition, it is known 

that varying the conditions of PLD can affect the ratio of sp2/sp3 character manifested in 
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as deposited samples.138  Of particular interest is the mechanism by which these films 

are created so that more control can be obtained over the amount of sp2 and sp3 

character obtained.  One potential methodology may be to utilize soft-landing to deposit 

carbon within the hyperthermal kinetic energy regime.16  Though puled laser deposition 

techniques have been previously studied, these experiments did not investigate the 

influence of the kinetic energy of the carbon beam at the deposition target.135,138  Kinetic 

energy of the species incident to the substrate determines the mobility on the surface, 

and therefore influence surface coverage rate and penetration depth.  Soft-landing ion 

mobility (SLIM) is a preparative technique that allows for the generation of 

monodisperse surfaces by directing a selected peak to the substrate. 61,98  The major 

advantage enjoyed by SLIM is the ability to discriminate between conformations of 

formed species, which allows for greater control of the monodispersity and character 

involved in the surface.  When combined with plasma processing, SLIM provides the 

potential to generate multiple carbon phases rapidly, based on the selection of a peak 

(or multiple peaks) within the ion mobility spectrum.  In contrast to plasma enhanced 

chemical vapor deposition, the carbon phase is deposited from bulk, and cross-linked 

using a capacitively coupled plasma source. The soft-landing – plasma processing is 

shown in Figure 26.  

5.2 Experimental 

5.2.1 Soft-Landing of Amorphous Carbon  

Soft-landed carbon was deposited at 2 Torr with an applied voltage of 170 V DC 

applied to the drift region. The drift region is formed by a set of resistively coupled 

stainless steel rings 2” outer diameter and 1.25” inner diameter. Diamond formation is  
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Figure 26.  Schematic Representation of the Soft-landing and plasma processing. 

accomplished via laser vaporization of a high purity graphite rod (SPI Supplies, West 

Chester, PA) with an Nd:YAG 532 nm Laser (Continuum Santa Clara, CA) operating at 

2 Hz in an inert gas atmosphere of helium. This allows the ions to cool, while at the 

same time helps promote cluster formation during ablation. A landing substrate 

comprised of aluminum or muscovite (mica) is placed at the end of the drift region for 
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pulsed laser deposition. A deposition time of 4 hours was used in the following 

experiments after which the sample is transferred for characterization with Raman, 

AFM, and SEM.  

5.2.2 Plasma Modification 

Following characterization a post plasma process is undertaken utilizing a home 

built capacitively coupled plasma source.  The plasma system was first evacuated to a 

pressure below 10 mTorr, and then back filled to 500 mTorr with argon gas.  An RF 

frequency of 3.3 MHz and a forward power of ~37.5 W were used to sustain the plasma 

conditions.  A linear feed through was used to center the samples within the plasma 

region.  To ensure the interactions of electrons with the carbon film, the sample was 

biased to +40 V relative to the chamber ground.  Previous work on this system has 

shown the electron energy to be on the order of 2 eV, which is within the generally 

accepted range for a low density, cool laboratory plasma system.100  Plasma exposure 

was carried out stepwise for 30 minutes.  

5.2.3 Surface Characterization 

The samples were then examined by SEM, AFM, and Raman spectroscopy to 

understand any modification in the surface morphology and activity.  Lastly a piranha 

solution (3:1 H2SO4: 30%H2O2 110 C) was used to distinguish between the diamond 

and graphitic carbon.as the diamond deposit should not be affected by the 

solution.131,139,140  

5.3 Results 

5.3.1 Soft-Landed Carbon  

Gas phase mobility spectrum of the vaporized graphite rod is seen below in 
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Figure 27.  The spectrum shows multiple peaks which correspond to the small 

clusters of carbon n = 2-5 and that of an unresolved conformational structure.  A unique 

ion steering device can be used to specifically select a specific carbon cluster.  Though 

Figure 27:.  Ion Mobility Spectra of laser vaporized graphite. The spectrum exhibits 

multiple peaks corresponding to small carbon clusters.   

this option was available it was not utilized, instead all ionized carbon species were 

deposited on the landing substrate in a manner similar to pulsed laser deposition, but 

with only ionized components deposited on the surface.  In order to ensure only ionized 

compounds were deposited. The voltage to the drift region was shunted.  Shunting the 

voltage to drift region allows all ionized compounds along with neutrals to traverse the 

drift region and be deposited on the substrate.  AFM, SEM, and Raman characterization 
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techniques were utilized to characterize the soft-landed surfaces. AFM and SEM 

micrographs for experiments involving shunted voltages showed no evidence of carbon 

deposition on the substrate surface.  This indicates that without the presence of the 

electric field the particles formed during vaporization are greatly influenced by radial and 

longitudinal diffusion.70-72 

5.3.2 Surface Characterization 

Pre-Plasma 

AFM images of the aluminum substrate can be seen in Figure 28. AFM images were 

taken in tapping mode using a Quesant Q-scope (Ambios, Milpitas, CA) and WSxM 

software for processing.141  The images in Figure 28 comprise the cycle of the  

Figure 28.  AFM micrograph of Aluminum substrate before (A) and after (B) deposition.  

aluminum substrate with micrographs depicting the blank (Figure 28 (A)), and carbon 

deposited (Figure 28 (B)).  The blank substrate (Figure 28 (A)) displays minor surface 

scratches and irregularities from the polishing process but features no major surface 

deformations.  The aluminum substrate readily allows charge neutralization to occur  
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hours of deposition (Figure 28 (B)) shows the morphology of the surface with the 

defects of the aluminum substrate no longer visible.  As can been seen from the 

micrograph the carbon material deposited is soft that the AFM image tends to streak 

when the surface is imaged in tapping mode.  When taken in contact the material is 

actually pushed.  An average height 600 nm was measured along the surface as well as 

a skewness of 1.39 and kurtosis of 8.03 shows the deposition of carbon tend to cluster 

along the surface.  Raman analysis of the pre-plasma surface was done on a Jobin 

Yvon T64000 Raman spectrometer with a 532 nm 5 mW laser.  Figure 29 is the pre- 

Figure 29.  Pre plasma Raman spectra with a fit corresponding to the D and G bands of 

the carbon.  Also shown are the A1g and E2g vibrational modes. 
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plasma spectrum of soft-landed carbon shows a deposition of highly disordered 

amorphous carbon material.  The broad D and G bands at 1360 cm-1 and 1588 cm-1 

signify a disordered among the carbon material indicating a mixture of sp2 and sp3 

carbon.142  An ID/IG ratio of 1.00 was calculated based on the peak area ratios of multi 

peak Gaussian fit, but because the scattering cross sections are different by several 

orders of magnitude, it becomes difficult to quantify the percent sp2/sp3 character using 

Raman spectroscopy.  Several techniques exist, including electron energy loss 

spectroscopy (EELS), and extend X-ray absorption fine structure (EXAFS), that allow 

for quantitation of the sp2/sp3 character.  By looking at the C-K edge corresponding to 

the σ*-π* transition, accurate quantitation is possible.  After the initial surface 

characterization the carbon deposition was bombarded with electrons from the 

capacitively coupled plasma source.  

Post-Plasma Processing  

 Surface characterization was achieved with AFM, SEM and Raman techniques.  

Post plasma AFM images can be seen in Figure 30 (A) and (B).  The most noticeable 

difference between pre and post plasma is the surface roughness of the carbon 

deposition post plasma.  The pre plasma AFM image exhibits a more dispersed 

clustered deposition (Figure 28 (B)), whereas the post plasma AFM images shown in  

Figure 30 (A) and Figure 30 (B) clearly show a more uniform substrate that has 

flattened out to an average height of 210 nm with a skewness 1.14 and kurtosis of 5.29.  

This morphology change can be attributed to the energy of the electrons from the 

plasma source.  Figure 31 is the Raman spectrum of the post plasma surface, which 

exhibits a highly different spectrum than the amorphous deposition shown previously in 
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Figure 29.  AFM micrographs of the post plasma surface. Figure (A) shows a more 

uniform substrate when compared to Figure 27 (B). 

Figure 29.  A 30 cm-1 shift was seen in the Raman spectrum, with the D and G bands 

observed at 1331 cm-1 and 1558 cm-1.  These shifts in the Raman indicate a diamond 

like film growth on the surface due to the plasma processing as the 1331 cm-1 is 

indicative of diamond with an incorporation of sp2 type character due to the 1558 cm-1 

within the film.142-145  It is possible that the diamond formed due to plasma has 

encapsulated the residual sp2 type carbon.  In order to ensure this was truly diamond 

the carbon deposit was placed into piranha solution the resulting deposits remained 

intact in piranha solution. In order to further test the stability of the diamond material the 

piranha solution was heated to 110 °C ensuring any residual carbon would be 

decomposed.  Raman analysis was run on the diamond material and no change in the 

spectrum was observed. SEM was employed to further characterize the surface.  SEM 

images (FEI Quanta SEM FEI , Hillsboro, OR) taken of the post plasma surface are 
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shown in Figure 32.  Figure 32 is a combined image of the substrate where upon further 

examination crystal like structures extruded from the substrate surface.  Raman 

 Figure 31.  Post Plasma Raman Spectra of soft-landed carbon surface. A 30 cm-1 shift 

is seen in the spectra after plasma processing.  The D peak has shifted to the position 

of cubic diamond at 1331 cm-1and the G peak is now at 1558 cm-1.  

analysis was performed on these larger structures and they were found to be of the 

same composition as the thin film.  These large aggregations formed during the plasma 

process creating sites that contained diamond like growth microns in size.  Figure 32 (A) 

and (B) show these large structures while Figure 32 (C) and (D) show enhanced views 

of the crystal surface and surrounding area.  Special notice should be taken of Figure 
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32 (D) where a cubic diamond structure can be seen on the surface confirming the 

Raman analysis presence of the cubic diamond on the substrate. 

Figure 32.  SEM micrographs of the plasma processed surface:  A) Image of a large 

crystal structure formed after plasma processing, B) A second crystal formation on the 

aluminum substrate, C) Surface morphology of the diamond film, D) Cubic diamond 

structures seen on the surface verifying the Raman signal seen in Figure 31.  

5.4 Discussion 

The plasma processing of soft-landed amorphous carbon into diamond was 

accomplished via low energy capacitively coupled plasma.  Interactions between the 
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surface and electrons from the plasma are believed to be primary source for 

morphology change.   The 30 cm-1 shift seen in the Raman spectrum is uniform 

throughout the spectra indicating that entire surface exposed to the  

plasma experienced a morphology change.  Upon exposure to the plasma the outer 

surface experiences a change into cubic diamond, while the remaining carbon deposit 

remains in a disordered sp2 state.  The nature of the thin film and sampling depth of the 

Raman allow us to readily see the disordered G peak at 1560 cm-1.  When the plasma is 

applied to carbon deposit without the +40 V bias the surface experiences an etching or 

rather a roughening of the surface due to ion and electron bombardment on the 

surface.145  

5.5 Conclusions 

The low energetic capacitively coupled plasma processing of soft-landed carbon 

from amorphous carbon to cubic diamond has been described.  The use of electrons 

generated through plasma has enabled us to determine a 30 cm-1 shift in the Raman 

spectrum of post plasma processed carbon deposits.  Time dependent studies are 

under way in order to determine the length of time and sample depth of this transition 

from amorphous to diamond structure.  By studying this transition change and through 

utilization of this low energy plasma we can investigate the viability of rapid deposition 

of amorphous material into diamond type components for a number of application 

ranging from wear resistant materials to chip manufactures.  
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CHAPTER VI 

SOFT-LANDING OF URANIUM CLUSTERS 

6.1 Introduction 

While there are many potential applications for uranium and uranium-based 

materials, they have failed to gain any wide spread acceptance because of concerns of 

radiation.  Continued studies of the actinide series will generate data to fill one of the 

largest remaining gaps in chemical structure knowledge.  One report out of Oak Ridge 

National Laboratory in 2001 states that oxides of uranium have equivalent or 

significantly better dielectric properties than standard semiconductor materials of Si, Ge, 

and GaAs.146  The dielectric constant for UO2 is ~22 compared to ~12 and 14 for Si and 

GaAs respectively.  In the quest for ever-smaller scale transistors, there are generally 

two approaches employed.  The first involves the use of low-k dielectric materials, which 

decreases the presence of parasitic capacitance and increases the possible switching 

speeds.  The other involves the use of high-k dielectrics (those with a dielectric constant 

higher than Si), which will increase the parasitic capacitance, but it significantly 

decreases the leakage current.  This decreased leakage current leads to true on-off 

states and therefore more efficient switching.  It is this second category into which the 

oxides of uranium fit.   

Further, the oxides of uranium have been known to form nanoparticles, and 

metallic nanoparticles have generated significant research of late. 147-149  Unfortunately, 

studies of uranium based systems have been largely limited to either aqueous 

systems,147-149 or the evaporation precursors. 150,151  Very little work has been done 

regarding the generation of oxides of uranium via pulsed laser vaporization methods.152  
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To this end, we have explored the viability of pulsed laser vaporization methodology for 

the generation of uranium clusters and oxides of uranium.  

6.2 Methods 

6.2.1 Soft-Landing of Uranium on MPTES Modified Silicon 

As stated above, clusters of uranium were produced by pulsed laser vaporization 

of a uranium target (generously provided by Dr. Stephen Cooke (SUNY Purchase)) in 

an inert helium environment.  Oxides of helium were produced in a similar manner, but 

the buffer gas was changed to 5% O2 / 95% He.  As in previously described 

experiments, the mobility cell was held at a potential of 170 V while 190 V was applied 

to the backing plate.  The field was held constant for the deposition that was carried out 

at 5 and 10 Torr.  Clusters of uranium were initially soft-landed on MPTES modified 

silicon which was modified as described in Chapter 4.  After soft-landing, the uranium 

clusters were studied with SEM to understand the pressure dependence on cluster size 

and spatial resolution.   

6.2.2 Soft-Landing of Oxides of Uranium on Mechanically Exfoliated Graphene 

After the determination that uranium clusters could be successfully soft-landed, 

oxides of uranium were soft-landed on Si/SiO2 supported, mechanically exfoliated 

graphene.  Graphene samples were produced under the same conditions as described 

in Chapter 3.  Once characterized by optical microscopy for spatial orientation of the 

graphene flakes, samples were exposed to the ion mobility cell in a time dependent 

fashion.  After the deposition was completed, the graphene samples were studied by 

Raman spectroscopy, SEM, and Ellipsometry.   
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6.3 Results and Discussion 

6.3.1 Uranium Deposited on MPTES Modified Silicon 

Initially, an ion mobility spectrum was collected of uranium to understand the 

range of clusters being produced by the laser ablation source. Figure 33 shows the ion  

Figure 30.  Ion mobility spectrum collected at 5 Torr He pressure. 

mobility spectrum collected from the laser ablation at 5 Torr.  It was noted that the 

spectrum at 10 Torr was similar.  It is interesting to note that there are two distributions 

that exist within the ion mobility spectrum.  It is seen that examining the FWHM easily 

differentiates these peaks.  Figure 34 shows the presence of two distinct distributions by 

graphing FWHM as a function can be attributed to the presence of excess air within the 

ion mobility cell.  It is known that the heats of formation for singly charged oxides of 

uranium are on the order of 50 kJ/mol.153  Therefore, it is plausible that the low vacuum 
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conditions could lead to the presence of air that causes the gas phase reaction with 

oxygen.153 Conversely the heats of formation for uranium  

Figure 31.  Plot of FWHM vs. arrival time to display the trends within the peak 

distributions. 

hydroxides are approximately an order of magnitude greater indicating the likelihood 

that the shift is a result of a reaction with oxygen.  It is known that uranium forms oxides 

in the form of:  UO2, UO3, U3O8, and U4O9.  Additionally, these oxides are stable in air 

and are known to form quickly.153 

 Once soft-landed, the uranium surfaces were examined with scanning  electron 

microscopy to understand the growth of uranium particles.  Figure 35 and Figure 36 

below show the scanning electron micrographs of the surfaces landed at 5 and 10 Torr 

respectively.  At 5 Torr the clusters range in size from ~80 nm to ~ 800 nm.  The 10 Torr 
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surface revealed that the average distribution was from ~100 nm to ~1µm.  This 

increase in size is experimental evidence that cluster growth take place within the drift 

tube before deposition.  At 10 Torr the mean free path for uranium is 5X10-6 m while at 

5 Torr the mean free path is 1X10-5 m.  Given the same drift length, at 10 Torr it is 

expected that a uranium ion will undergo twice as many collisions at it would at 5 Torr. 

Figure 32.  Uranium clusters soft-landed on thiolated silicon at 5 Torr He. 
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Figure 33.  Uranium clusters soft-landed on thiolated silicon at 10 Torr He. 

Given an equal ion flux, which is dependent on the laser energy and was held constant 

during these experiments, there is a greater probability for a uranium-uranium collision 

that would lead to these cluster growths within the drift cell.  This proposed model is 

consistent with the micrographs presented above.  While most of the uranium species 

exist as spheroids at both 5 and 10 Torr, the 10 Torr surface shows the presence of 

some non-spheroidal uranium.  It is seen in Figure 36 that the uranium exists as 

irregularly shaped rod features as well.  This character is not seen in the 5 Torr surface.   
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6.3.2 Oxides of Uranium Deposited on Mechanically Exfoliated Graphene 

Initially, Raman spectra were taken of the graphene surfaces in the pristine form 

and post deposition to determine any defects present or induced.  Figure 37 shows the 

spectra taken at the longest deposition time of 120 minutes.  These results correlate 

with data previously collected (Chapter 3) in that there were no defects induced within  

Figure 34.  Raman spectra of uranium oxides deposited on mechanically exfoliated 

graphene. 

the graphene lattice.  These defects would be manifested through the presence of a D 

peak appearing at ~1340 cm-1. 104,154  The lack of a D peak for all samples investigated 

is taken as evidence that the soft-landing occurs in the thermal energetic range. 8,16,98  

Though only the longest deposition time is shown, there was no D peak seen at 30 and 

60 minutes of deposition.  Additionally, multilayers displayed similar trends to those 

seen in the monolayer samples.   

 After examination with micro-Raman, the samples were examined with 
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ellipsometry.  Ellipsometry allows for the determination of alteration of dielectric 

functions of the surface.  To accurately model the ellipsometric data, a model was used 

that assumed two over layers on the silicon surface.  This model accurately reflects the 

presence of the graphene along with the uranium oxide.  Further it is seen that the 

model accurately reflects the experimental data.  Figure 38 shows the raw data 

collected by the JA Woollam ellipsometer.  This data is related to the dielectric function 

by: 

𝜀 = 𝑛2 ( 27 ) 

Figure 35.  Raw epsilon data related to dielectric function with model fits. 

where ε is the dielectric constant and n is a wavelength dependent function calculated 

by the absorption/reflectance characteristics of the surface. 



94 

𝑛 = �𝑒1+�𝑒12+𝑒22

2
 ( 28 ) 

In the above expression e1 represents the absorption term and e2 represents the 

reflection term and allows you to accurately calculate the dielectric constant.  The 

maximum dielectric constant found was 35 at 3.2 eV, as shown in Figure 39.  This 

agrees well with previously reported data for the dielectric constant of  

Figure 36.  Dielectric constant data as calculated by Equation ( 28 ).  The maximum 

dielectric constant occurs at 3.2 eV with a value of 35. 

uranium at 22.146   

 After ellipsometric measurements were completed, scanning electron 

micrographs were taken to understand the spatial arrangement of the uranium particles 

on the surface.  It was found that the scanning electron micrographs, shown below in 
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Figure 40, Figure 41, and Figure 42 agree well with those for uranium metal deposited 

on silicon.  Again the oxides of uranium appeared as spheroids across the surface and  

Figure 37.  SEM micrograph of uranium oxide deposited for 30 minutes. 

some were in intimate contact with the graphene.  The size ranges were similar to those 

observed previously and shows that uranium oxides soft-land with similar behavior to 

uranium metal. 
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Figure 38.  SEM micrograph of uranium oxide deposited for 60 minutes. 

6.4 Conclusions 

 The behavior of soft-landed uranium species has been studied by scanning 

electron microscopy, ellipsometry, and Raman spectroscopy.  There is evidence that 

the growth of clusters is mediated by the flight time through the drift tube.  This supports 

the model that clusters form before deposition on the surface.  The interesting dielectric 

nature of the oxides of uranium may lead to their use in the scaling of microelectronic 

devices.  This work agrees well with previously published work146 and it was found that 
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after 120 minutes of deposition our surfaced achieved a dielectric constant of 35 at 3.2 

eV. 

Figure 39.  SEM micrograph of uranium oxide deposited for 120 minutes. 
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CHAPTER VII 

CONCLUSIONS 

Soft-landing ion mobility has been applied to a wide array of problems that lie at 

the heart of chemistry, materials science, and physics research.  The development of 

this instrument has allowed for a combined scheme to study the modification of surfaces 

and help understand the growth mechanisms of metallic films.  Soft-landing is a pivotal 

technique in the applications of preparative mass spectrometry because it allows for the 

direct selection of species without the restraint of ultra-high vacuum equipment normally 

needed.  Soft-landing is very unique when compared with other preparative techniques.  

Because mass and collision cross section are independent quantities, ion mobility 

cannot directly be characterized as mass spectrometry.  Though a separation takes 

place, this technique is not fully a chromatographic technique.  As such, ion mobility 

provides a unique medium to conduct gas phase deposition studies because it 

separates through conformational space.   

To this end, soft-landing has been used to study the deposition of dielectrics 

including hafnium oxide and uranium oxide on graphene, the application of gold clusters 

for reusable SERS substrates, and the generation and plasma modification of carbon 

films.  For all applications proposed it was found that soft-landing ion mobility was able 

to provide sufficient ion flux to the surface to complete surface modification.  Further it 

was found that soft-landing provided some unique contrasts to alternative deposition 

techniques such as PVD.  When applied to graphene, PVD intrinsically damages the 

lattice, while soft-landing provides ion species at sufficiently low kinetic energies to 
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prevent damage to the graphene surface.  This may have important consequences 

when applied to the study of graphene based electronic devices.   

Ultimately soft-landing ion mobility is an efficient platform to study a number of 

ion/surface interactions.  The uniqueness of the system allows for the study of the 

effects of gas phase reactions on soft-landing and allows for the development of multi-

component films quickly.  
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CHAPTER VIII 

FUTURE WORK 

There is much work to be done in the realm of soft-landing.  This is exciting from 

many perspectives because it means there are a number of physicochemical processes 

yet to be investigated.  Primarily, there is a need for understanding of the mass/mobility 

relationship inherent to the metal clusters being used for deposition and surface 

modification (Chapter III, IV, and VI).  Further, there is a need to understand the impact 

of ion diffusion through the mobility cell on the films being deposited.   

There are many more physical processes and needs that can be addressed with 

the SLIM system either as built or with slight modifications.  Primarily, one could 

address the relationship between applied field and ion flux, as this has not been 

previously addressed in our system.  Further, the influence of laser power could be 

investigated as this is known to have an impact on ionization efficiency as well as 

cluster size distribution.   

Gas phase transport phenomena are of particular interest because of the lack of 

information in the biological realm.  There is still heavy debate as to whether the gas 

phase structure of protein ions resembles that of the gas phase.  Careful application of 

soft-landing may be able to answer these questions.   

There are many other questions to answer and many other studies that could be 

completed in the course of soft-landing study.  Primarily soft-landing provides a unique 

platform to quickly comb for materials by producing a number of soft-landed phases in a 

short period of time.  Experimentally this is very beneficial because it allows for the 

culmination of a combined effort between computational chemistry and experimental 
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chemistry.  This would allow for the understanding of the impact of electronic structure 

and may lead to improved models to accurately calculate these properties.   

Along a similar line, there is much computational work to be done to understand 

the charge transfer mechanisms that occur between an ion impacting the surface and 

neutralization/immobilization.  One possible solution to this problem is the development 

of a random walk simulation.  This would allow one to study the growth mechanisms on 

the surface as well as understand the lability of ions on the surface.  Three mechanisms 

compete for the neutralization/immobilization of ions on the surface:  the interaction of 

an incident ion with a similar species, the electron mobility through the substrate, and 

the presence of defects within the surface layer.  A good random walk model would take 

all of these into account with weighting factors to mimic experimental data.   

Instrumentally, there are many modifications that could be made to facilitate soft-

landing and in situ analyses.  The first of these is the design and development of a 

vacuum chamber that allows simultaneous soft-landing and analysis.  Such a chamber 

has been designed so as to allow infrared spectroscopic investigation in real time as 

soft-landing progresses.  Time-resolved spectroscopy will allow for the understanding of 

how soft-landing progresses as a function of various deposition parameters.  For 

example, it may be found that pressure dependency plays a role in the rate of 

development of ion-surface bonding interactions.  Further, the rate of development of an 

IR spectrum may be used to help elucidate the charge neutralization rate for ions 

incident to the surface.   

An idealized instrumental configuration would consist of a variable pressure ion 

mobility cell for soft-landing.  A quartz-crystal microbalance would be incorporated into 
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the landing surface holder to determine the mass transport properties of the ion mobility.  

Further this would allow for the optimization of various ion-mobility parameters to 

maximize deposition rate.  At the end of the ion mobility cell an ion trap could be fitted to 

allow for mass analysis of temporally resolved ion packets and aid the production of 

monodisperse surfaces.  The ion trap would allow for increased ion flux to the surface 

by minimizing ion loses at the end of the drift tube.  Ideally, in an adjacent chamber a 

SIMS instrument would be available to allow for in situ mass analysis of the soft-landed 

films.  SIMS would allow for the understanding of the spatial resolution of metallic 

components across the surface.  Further, it would be beneficial to incorporate an 

electron spectroscopic technique (XPS or Auger) to aid quantitation.  In addition to 

quantitation, electron spectroscopy will allow for the determination of electronic density 

of states, which reveals information about the dielectric functions of the surfaces.   

This idealized instrumental configuration would allow for the in depth study of 

many ion-surface systems and lead to an understanding of the impact of monodispersity 

to the electronic behavior of surfaces.   
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