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CHAPTER 1 

 INTRODUCTION 

1.1 Soft Landing  

A wide array of analytical techniques and methods depend on various types of ion-

surface interactions, including secondary ion mass spectrometry (SIMS)1-3, secondary ion 

dissociation (SID)4, 5, soft landing (SL)6-9, fabrication of nanostructures10, and ion 

spectroscopy. The fundamental difference between these techniques is the energy in 

which the ions interact with the surface. Soft landing is a technique in which ion-surface 

interactions/collisions are studied through low energy depositions in the thermal (<1eV) 

and hyperthermal regimes (1 – 100 eV).10, 11 Ion deposition within these energy regimes 

allows ions to impact the surface while keeping the molecule intact. Figure 1 is a graph 

showing various deposition techniques place within the energy regimes.      

The focus of this dissertation pertains to a new soft landing instrument 

designated as SLIM (soft landing ion mobility) which utilizes ion mobility for separation 

and deposition of selected ions for preparative material development.  

This instrument has a smaller foot print and fewer components than traditional 

soft landing instruments, but is able to achieve deposition energies ranging from the 

thermal to hyperthermal regimes depending on the operating parameters employed. 
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Current work and calculations have deposition energies at <1 eV. The work presented in 

this dissertation is broken up into 2 parts.The first part of the work focuses on 

instrument design, fundamentals of operation, and preliminary characterization of the 

instrument. Part II consists of applications pertaining to the instrument, specifically Ag 

nanoparticle deposition for use as matrix assisted laser desorption ionization (MALDI) 

matrices, and in surface enhanced Raman scattering (SERS) substrates. A brief outline of 

the soft-landing process as well as the history, and principle components necessary to 

achieve soft landing is given here.  

The soft landing process is shown in Figure 2 and begins with ionization of the 

 

Figure 1: Diagram showing the energy regimes for various deposition sources. 
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sample and transfer into the gas phase. If the ions generated are of multiple types then 

a specific ion must be selected for deposition. The ability to select a specific molecule or 

compound allows for direct deposition control based on mass or size.6, 12 Once selected, 

ions are deposited onto the desired substrate for characterization, a variety of soft 

landing instruments have been specifically developed to study surface interactions, 

aggregation, catalytic activity, and cluster properties.6-8, 12, 13 Most of these instruments 

have incorporated some form of mass spectrometry (MS) into the design as it is 

commonly used in conjunction with soft landing for selective deposition based on mass 

to charge (m/z), and is commonly used for preparative material development. 

 

 

Figure 2: Schematic representation of the soft landing process. 



4 

 Soft landing instrumentation is usually rather large due to the incorporation of 

vacuum equipment (turbo pumps, roughing pumps, chambers, vacuum components) 

needed to run the mass spectrometers under high vacuum (10-5-10-8 Torr).  The 

advantage that SLIM possesses over traditional soft landing instrumentation is that it 

discriminates between the different conformers whereas mass spectrometers cannot.    

1.2 History of Soft Landing and Ion Mobility 

Preparative material development has been around since the early 1940s. The 

Manhattan Project implemented an industrial scale uranium enrichment facility utilizing 

tracks of magnetic sectors (also known as the Calutron) in the Y-12 plant at Oak Ridge 

National Lab.14 Tracks at the Y-12 plant were categorized into two groups α and β.  A 

total of 1152 magnetic sectors were operated around the clock for 19 months to 

produce 52 kg of 235U, just enough material for the production of the atomic bombs 

used in World War II.14 The instruments at the Y-12 plant were not soft landing 

instruments by any means as deposition occurred in the low energy regime at keV. Even 

though isotope separation and purification were made possible through the use of these 

tracks, industrial scale applications are not feasible and are only viable if the desired 

product can only be achieved through this type of deposition. This scaling up problem 

had plagued mass spectrometric separation and collection for many years, until the late 

1970s when V. Franchetti, R. G. Cooks, and coworkers developed a soft landing 

instrument capable of depositing ions with energies ranging from 5 – 1000 eV.6 A 

growth in the field of soft landing has taken place within the past decade as a multitude 
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of groups are proceeding in the development of novel instrumentation. Research done 

by the groups of  Cooks6, 13, 15, Turececk7, Laskin8, Verbeck9, and many others have 

shown that it is a viable route for preparative material development  

Ion mobility spectrometry (IMS) initially developed in the late 1930s, was 

popularized after the coupling of ion mobility and mass spectrometry in a hybrid 

instrument by McDaniel.16-18 Ion mobility allows for the separation of gas phase ions 

based on their mobility through an inert buffer gas.18-20 This technique is similar to 

chromatography and is sometimes referred to as plasma chromatography.21, 22 The ion 

mobility process is straight forward: ions are pulsed into the drift region through either 

a Bradbury-Nielsen gate or Tyndall gate. Once in the drift region ions travel along a 

uniform electric field created by multiple electrodes (usually stacked rings) resistively 

coupled together. An ion mobility drift tube connected to an electrical feed through is 

shown in Figure 3. The drift region is filled with a buffer gas to a desired pressure 

ranging from mTorr to atmosphere range.  Inert gases such as, helium, argon, and 

nitrogen are the most commonly used as buffer gases. Interactions (or rather collisions), 

between the buffer gas and the ionized species within the drift region cause the ions to 

separate based on the cross section of collision due to varying size and shape of ionized 

molecules. The cross section is not the only factor that determines mobility. A variety of 

other parameters such as number density of the buffer gas, temperature, and electric 

field also affects the mobility. After the ions traverse the drift region they will exit either 

to a detector or to a mass spectrometer for further identification. 
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Figure 3: An assembled ion mobility complete with electrical feed through and detector. 

 
Ions exiting the drift region are time resolved, and when detected, an arrival 

time distribution (ATD) spectrum is collected. The power of mobility over mass 

spectrometry is that it is able discern between multiple conformations/isomers of a 

given molecule.  

Just like mass spectrometers, ion mobility instruments can be tailor made for a 

wide variety of applications and can be very portable.20 Aside from being highly 

portable, ion mobility instruments operate at higher pressures, which can range from 

atmosphere to the low vacuum. These two key features have enabled ion mobility to 

become a cornerstone in security applications and portable devices around the world.  

1.3 Soft Landing Components  

Various components are brought together in the construction of a soft landing 

instrument. The five basic components necessary include an ion source, ion filter (mass 

spectrometer, drift tube, etc.), detector, landing target, and vacuum hardware.  A 
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Figure 4: Picture of various ion sources (clockwise from top left) laser 
ionization of metal target (532 nm Nd:YAG, low power plasma source, 

electrospray ionization, electron ionization source). 

variety of ion sources can be used to form the desired ionized compounds. 

Electrospray23-25 or aerosol spray used in conjunction with 63Ni can be used for most 

liquid samples, while Knudsen cells26, laser vaporization/desorption27-29, electron 

ionization, plasma30, and discharge sources31 can be used to ionize solid samples. Ion 

filtering and selection is accomplished visa ion mobility at low vacuum. A variety of ion 

sources are shown in Figure 4. Detector designs vary based on instrument designs; in 

the case of the SLIM instrument a Faraday plate placed at the end of the drift tube was 

used.  
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Channeltron electron multipliers can also be used but only in high vacuum 

applications. Landing substrates vary from application to application substrates can be 

modified to help promote deposition or uniform mono-disperse growth across the 

substrate.  

Insulating substrates, have no e- transfer mechanism for incoming ions making 

soft landing deposition very cumbersome. Insulators are usually modified with some 

type ligand which helps promote deposition.8, 32-34   Natural minerals such as muscovite 

(mica), Si, SiO2, stainless steel and a variety of other substrates have been deposited on 

using SLIM. 

1.4 Characterization  

  Surface characterization is achieved through multiple techniques. Techniques 

such as atomic force microscopy (AFM), scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDS), time of flight – mass spectrometry, Raman 

spectroscopy, and inductively coupled plasma – mass spectrometry (ICP-MS) are a few 

of the methods employed when characterizing soft landed surfaces. AFM allows for 

nanometer (nm) sized details to be explored through the use of tapping and contact 

mode atomic microscopy. SEM is only used for conductive or coated substrates as e- 

charge will build up on the surface rendering image very difficult. EDS is used in 

conjunction with SEM and is usually not informative for film and surface 

characterization due to the sampling depth between .5 – 5 µm. Raman spectroscopy is 

an invaluable tool as the surface morphology essentially remains the same during 
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analysis. All techniques except for ICP-MS are minimally invasive and do little to no 

damage on surface deposited cluster. Time of flight mass spectrometry allows us to 

probe the surface of the substrate through the use of laser ionization, this of course has 

its drawbacks as the surface would no longer remain intact. ICP-MS is utilized in two 

ways. The first being through solution and the second is through the use of Laser 

ablation coupled ICP-MS both techniques have low limits of detection (ppb) and both 

are very sensitive. The drawback of course is that ICP is an atomic technique and no 

surface or structural information is obtained. 
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CHAPTER 2 

INSTRUMENT DESIGN 

2.1 Background 

The design and fabrication of the soft landing ion mobility (SLIM) instrument was 

an enjoyable but arduous task, as any instrumentalist come to learn, instruments do not 

work perfectly the first time they are operated. The focus of this chapter is on the 

instrument design, but to design an instrument for a specific application without 

knowing the theory and operating principles becomes a seemingly insurmountable task 

within itself. A bit of ion mobility theory is outlined along with calculations for the 

kinetic energy deposition achieved with SLIM as well outline and fabrication of the 

instrument.        

2.2 Ion Mobility Theory 

The mobility (K) of an ion through a neutral drift gas is determined by an ion’s 

drift velocity (vd) and applied electric field (Eq. 1). The ion’s mobility (K) is described by 

Revercomb and Mason (Eq. 2) to be proportional to the reduced mass (μ) of the ion and 

neutral drift gas, and the collision integral (Ω0).1 Through a rearranging of Eq. 1 the 

mobility can be defined as a ratio and written in terms of the drift velocity (vd) and 

electric field (E) given in Eq. 3.2 Mobility is usually reported as reduced mobility (K0), 

which is the mobility corrected at standard temperature and pressure. 
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         (1) 

          (2) 

           (3) 

 
          (4) 

 

          (5) 

Ion mobility is operated in 2 different regimes low-field and high-field. At low-

field the electric field does not influence the kinetic energy of the ions in the drift region 

and the energy of the ion approaches the thermal energy of the buffer gas.3 At low field 

an ion’s mobility (Eq. 2) is inversely proportional to the collision cross-section (Ω), and to 

the square root of the reduced mass of the buffer gas (M) and ion (m). The remaining 

terms are the number density (N) of the buffer gas, the ion charge number (z), 

elementary charge (e), Boltzmann’s constant (kb), and temperature (T). Low-field is 

defined in terms of the kinetic energy acquired by the ion while in the electric field (E0). 

That is, the energy gained by the ions between collisions due to the field should be less 

than the thermal energy of the buffer gas, with the charge of the ion (e), Boltzmann’s 

constant (kb), and buffer gas temperature (T).3-4  Wannier goes on to describe the mass 

dependence of the inequality by expressing Eq. 6 in terms of drift gas pressure (P) and 

collision cross-section (σ) rather than the mean free path (λ).3 
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          (6) 

          (7) 

Using Eq.9, the low-field limit for a range of masses (mass of the ion (m) and mass of the 

buffer gas (M)), pressures, and applied electric fields can be calculated. The low-field 

limit is generally assumed to be 2 V/cm∙torr just below the thermal energy level, but 

keep in mind that this level is not the same for all molecules and systems, as the low 

field limit will change based on molecule size and temperature of the buffer gas. 

Calculations of the collision cross-section are relatively simple for large 

molecules, as the hard-sphere model can be used, but for smaller molecules interaction 

potentials must be accounted for.5 To accurately predict these cross-sections, a suitable 

interaction potential must be chosen that include ion-induced dipole, dipole-induced 

dipole, and centrifugal capture of the neutral.6 Chapman and Enskog developed a 

method that evaluates elastic collisions between an ion and a neutral in a uniform 

electric field.7-8  

     (8) 

 
       (9) 

 

       (10) 
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A collision cross-section can be calculated by solving the triple integral involving the 

relative collision energy (E’), impact parameter (b), deflection angle (θ(b,E’)), 

internuclear distance (r), and ion neutral interaction potential (V(r)). 

 

     (11) 

 
Terms in Eq. 11 include potential well depth (ε), polarizability of the neutral (αp), dipole 

of the ion (d), orbital angular momentum (L), and gas permittivity of free space (εo). 

Equations 4 to 7 provide an approximation for the collision cross section of small ions 

allowing ion mobility (K) to be calculated. 9-11  

At high pressure, the number of ion-neutral collisions is high around 1X109 

compared to low pressure conditions which is around 1x107 collisions at 1 Torr of 

Helium gas. Some advantages of a low pressure drift tube design are an easier 

operation: High voltages are no longer necessary in the low pressure regime. The 

coupling of ion mobility to a mass spectrometer is easier, as the differential pumping is 

not as strenuous as atmospheric.  

The resolution for mobility at low-field applications has been previously 

derived;12-13 however, high-field and low pressures have a distinct effect on resolution. 

Ion mobility resolution can be defined as a single peak where, L is the drift length and 

W1/2 is the full width half max of the peak. Ion mobility peak width are dependent on 

four broadening terms: the initial pulse gate, diffusion, space charge, and ion-molecule 
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interactions.13 We assume that the initial ion pulse width is narrow with respect to the 

peak width, and that the number of ions pulsed in each ion packet is low. We must also 

assume that the ion-neutral interaction with the buffer gas is negligible, and that band 

broadening is limited to the diffusion. 

          (12) 

Fick’s second law of diffusion (eq. 13) provides a general diffusion profile by assuming 

the diffusion coefficient (D) is constant and does not change for a particular system.2, 12, 

14 

          (13) 

The left hand side of the equation is the rate of transfer of ions per unit area-time along 

the z direction and Ni is the number density of the ions. Assumptions must be made 

stating that the diffusion of ions is equal in both directions along the z axis. The 

integration of Eq. 13 results in Eq. 14.14-15 

        (14) 

The above Eq. 14 pertains to the total ion flux (M) traveling down the length of the drift 

region (L) at a time (td) which can be compared to a Gaussian distribution profile 

allowing the peak variance (σ) to be solved. If we know that the FWHM is equal to 2.35 
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times the variance for a normal Gaussian distribution, then we can add the diffusion 

term (eq. 15) to the peak resolution (Eq. 12). 

          (15)  

           (16) 

By solving (Eq. 1) for the drift region length (L) and substituting in the resolution 

equation (Eq. 12), we can calculate the resolution based on mobility, diffusion, and 

electric field.  

           (17) 

Under low-field conditions, the diffusion coefficient can be approximated by the Nernst-

Einstein-Townsend relation Eq. 18 (the charge (q), Boltzmann constant (kb), and the 

temperature). We assume the temperature is the same for both buffer gas and the ion 

in low field. By assuming that we are at the low-field limit, the resolution equation 

simplifies to Eq. 19. 2, 9, 16 

          (18) 

         (19) 
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Wannier described the effect of high-field on ion diffusion through a buffer gas using 

Boltzmann equation. Wannier was able to calculate the diffusion, both axially (Dz) and 

radially (Dr), using isotropic scattering models.3-4, 12, 15 

       (20) 

       (21) 

Wannier’s model of diffusion changes peak broadening at high E/p. At low field Eq. 21 

reduces to the Einstein relation. This can be used to predict mobility peak widths at a 

variety of field strengths.  

        (22) 

Ion transmission is another important parameter when designing an instrument, 

because it plays a large role on detector signal. Ion transmission is defined in Eq. 22 with 

the use of radial diffusion. The broadening of the ion packet and number of ions that 

will transmit through the exit aperture (r) can be calculated.17 Since the drift time is 

directly proportional to drift length (Eq. 1), it can be stated that longer drift regions 

decrease ion transmission, which is very important to consider when developing an ion 

mobility instrument for soft landing applications 

2.3  SLIM Kinetic Energy Calculation 

Kinetic energy plays an important role in soft landing deposition and in 

deposition in general. The ions energy is what determines the type of deposition that 
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will take place. In the high energy regime ions implant themselves into the substrate 

sometimes causing deformation.18-19 At medium and low energy deposition ions create 

a more uniform deposition since the ions have enough energy to be labile across the 

surface and fill in the defect areas of the substrate creating uniform deposition.20-21 At 

the hyperthermal and thermal regime, island nucleation plays an important part in film 

deposition and island growth dynamics.22-24 Low energy ions deposited on the surface 

have a tendency to aggregate at sites where nucleation has already begun.25 SLIM has 

the ability to deposit ions at energies ranging from the thermal to hyperthermal regime, 

kinetic energy calculations are based on the mobility of the ion and its velocity. Utilizing 

the drift velocity of the ion we can calculate the kinetic energy of the ion based on the 

traditional kinetic energy (KE) equation (Eq23). 

          (23)     

         (24) 

Through the use of Eq. 1 we can relate mobility (K) and electric field (E) to the kinetic 

energy of the ion. Substituting Eq. 5 in to Eq. 24 allows us to relate the kinetic energy of 

the ion back to principle terms of mobility. 

       (25)      

The kinetic energy was calculated and plotted in two graphs: the first graph plots 

electric field (E) vs. pressure (Torr) (Figure 5), and the second graph plots the kinetic 
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energy as functions of cross-section and pressure (Figure 6). The 3D plot figure A shows 

the kinetic energy at both low and high field for a single ion CuO+, while figure B holds 

the electric field constant for various cross sections. Through manipulations of the 

electric field and pressure we have calculated and shown that soft landing ion mobility is 

capable of depositing in the thermal and hyperthermal energy regime. 

2.4  SLIM Design 

Phase I of the project began with the modeling of the ion mobility cell  in 

Simion® (Scientific Instrument Services, Ringoes, NJ) an ion simulation program capable 

of calculating electric field lines and projecting the trajectories of charged particles 

within the electric field.26 A variety of mobility cells with varying parameters were 

modeled within the program: spacing between the drift rings varied from .01” to .1”, the 

length of the drift region was modified from 1” to 15” ring width was modified from 

.125” to .5”, and the inner and outer diameters were modeled from .25” to 2”.  A Simion 

simulation of the drift cell as constructed is shown in Figure 7. Upon completion of the 

simulations a design was settled. Although periodic focusing would have been a great 

addition to mobility cell, we decided to forgo periodic focusing in consideration of 

future diffusion studies.  
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Figure 5: A 3D contour plot of KE for E vs. P based on a static collision cross-section (Ω) 
CuO+.

 
Figure 6: A 3D contour  plot of collision cross-section vs pressure (P) based on a static 
electric field of 9 V/cm. 
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The mobility cell ring dimensions are 2” outer diameter and 1.25” inner diameter 

with a ring thickness of .375”, and a length of 8.5”. These dimensions were chosen 

based on the throughput of the system which would allow us to achieve a higher 

deposition yield.  

A novel addition to the mobility cell is the addition of a steering optic that 

enables us to select a given peak from the mobility spectrum and deposit it on our 

substrate. The steering optic is comprised of 2 mobility rings cut into two parts, with one 

half of the steering optic restively coupled to the mobility cell and the other half isolated 

and connected to a fast pulse switch. Figure 8 shows various Simion simulations based 

on a 100 – 200 V differences at the steering electrode. As you can see from the 

simulations the calculated field lines at the steering optic not uniform and the potential 

energy surface is downhill at the landing surface The pulsing switch allows a DC voltage 

to come through the circuit when activated allowing the steering optic to push or pull 

the ions to the substrate or detector, allowing us to slice out the desired species from 

the mobility spectrum.  

Basic components of the SLIM instrument were modeled in SolidWorks (Dassault 

Systemes, Concord, MA) a 3D CAD program in order to check functionality and 

preliminary design of the instrument. Since the drift tube modeled in SIMION® was 22 

cm in length a larger vacuum chamber was necessary to house the mobility cell. 

Standard vacuum components were modeled and a materials list can be found in the 

Appendix. 



24 

 
Figure 7: SimIon simulation of the electric field of SLIM drift region. 

Figure 8: SimIon simulations of split ring electrode. Top: Ion Mobility with steering 
electrodes equal to one another. Top middle: -100 V DC difference between electrodes. 
Middle bottom: -200 V DC difference. Bottom left: Axial View of Top. Bottom right: 
Axial view of steering optic. 
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A housing comprised of 6” conflat (CF) cross coupled to 6” to 2.75”CF reducing 

gave us enough access to add various vacuum components to the instrument. Figure 9 is 

the 3D CAD of the SLIM instrument designed and is comprised of multiple components. 

2.4.1 Ionization  

The SLIM instrument is designed to work with a multitude of ionization sources. 

Sources such as electrospray ionization, plasma, radioactive sources, and chemical 

ionization can be adapted to the instrument with the addition of Bradburry-Nielsen (BN) 

or Tyndall gate and a few other components. For example, to adapt the instrument for 

use with electrospray an ion guide and ion gate would have to be installed into the 

instrument. The ion guide would aid in the transfer of ions from atmosphere to low 

vacuum environment. The plasma source on the other hand would only require the 

installation of an ion gate. Other ionization sources include laser vaporization, and laser 

desorption. In order to limit the number of components necessary and simplify the 

design a bit, we decided to utilize laser ionization. By using laser ionization the use of 

pulsing gate would no longer be necessary, as the pulse would be initiated by the 

frequency at which the laser operates creating a packet of ions each time the laser is 

fired.  

2.4.2 Mobility Cell Construction  

The mobility cell is comprised of a stacked ring assembly featuring 20 rings 

spaced 0.05” from one another by spherical sapphire spacers. 
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Figure 9: CAD drawing of SLIM Instrument. 

 
A set of 18 ring and 2 split ring electrodes make up the mobility cell. Each of the 

rings resistively coupled to one another by 5MΩ resistors. The cell is held together with 

three #00-80 all thread rods housed in a ceramic spacers through two guard rings, this 

provides the compression necessary to keep the mobility cell together. A support 

system constructed out of hexagonal stock mounts to a 6” flange and supports the 

mobility cell within the vacuum chamber. A sample holder is placed orthogonal to the 
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ion entrance on the mobility cell allowing for direct laser ionization of solid samples. The 

sample holder is Isolated from its holder by a 6”long 0.25 diameter Macor® (Corning, 

Corning, NY) rod which is attached to a linear/rotational manipulator. Adaptors have 

been made to accommodate a variety of sample rods ranging from 3/16” to holders for 

laser desorption experiments. The option to bias the sample is always available as well. 

Figure 10 shows the completed instrument.  

2.4.3 Landing and Detection  

A key design component and instrument requirement was how to handle sample 

removal and insertion, since we required both a detector and substrate within proximity 

to one another. A rail system (Figure 9) was designed for both the detector and 

substrate which allowed them to be moved and placed into position for operation. 

There are two reasons for placing the detector and substrate 180o from another. The 

first is that simulations have shown that the steering optic is capable of steering the ion 

beam towards the substrate, by placing the substrate opposite the detector we can 

ensure that, for the duration of the pulse the ions are placed onto the substrate. The 

second is that a gap is created (figure 9) between the two that allows neutral species to 

simply pass through and not interact with the detector or substrate. Finally the 

substrates can be inserted and removed through a 6” quick door CF flange at the end of 

chamber allowing for the quick removal of the substrate minimizing down time and 

vacuum consumables (gaskets).  

 



28 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Picture of SLIM instrument. 
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CHAPTER 3 

EXPERIMENTAL DETAILS AND PROOF OF CONCEPT 

3.1 Background  

The methodology used for experimentation was based on the separation, 

deposition, and characterization of metal compounds produced via laser ionization from 

a multi-compound spectrum. While the ability to form clusters from the laser 

vaporization of solid metal target is not a new concept,1-6 the novelty lies in the isolation 

and deposition of singular species from the produced cluster spectrum. Presented here 

are the initial tests and experiments of the soft landing ion mobility  (SLIM) instrument. 

Various targets (Cu, C60, stainless steel) and substrates (mica muscovite, and SiO2) were 

used in conjunction with a N2 and Nd:YAG laser during these experiments. By utilizing 

laser ionization we can compare the efficiency of laser desorption vs. laser vaporization. 

Because the comparisons are not direct (due to the differences in power), they were 

compared by the amount of signal at the detector. These results also contain that of 

split-ring ion optic, and the deposition characterization of two substrates, mica and SiO2. 

3.2 Laser Desorption Ionization 

Laser ionization was the primary choice for ionization due to the relative ease of 

operation and minimization of components needed for operation. Components 

necessary to operate the SLIM include: 2 variable 1kV DC power supplies (SRS, 

Sunnyvale, CA), preamplifier- (current to voltage converter), oscilloscope, pressure 
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gauge (baratron gauge), and a laser for ionization. Preliminary experiments involved the 

use of laser 337 nm N2 laser (SRS, Sunnyvale, CA) and C60fullerenes. Fullerenes were 

dispersed into a solution of benzene and then spotted onto a ∠ 45o polished stainless 

steel tip. The mobility cell was initially operated with the split rings electrically 

connected to make a single electrodes, this ensures a uniform field is achieved. A -200 V 

DC voltage was applied to the drift region, and to the faraday plate through a 4 pin high 

voltage electrical feedthrough. A high voltage protection circuit Figure 11 protects the 

preamplifier (SRS, Sunyvale, CA) from the voltage, but still allows the amplifier to sense 

the change in current from the detector. High purity helium gas (99.99%) was back filled 

into the chamber to a pressure of 1 Torr. The sample was centered in front of the drift 

tube entrance and the laser beam was focused onto the surface using a 150 mm 

focusing optic.  

The spectra collected from the N2 laser were unobtainable as no signal was seen on 

the oscilloscope and sample damage was not readily visibly on the surface. The 

frequency of the laser pulse was changed to 20 Hz to facilitate ionization of the 

fullerene, but again no signal was observed. The preamp was set to its highest gain and 

the experiment was repeated multiple times changing one variable at time from voltage 

to pressure all with no luck. The only variable we could not change was the laser power 

which was fixed at 170 µJ.  
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Part of the problem could be that the ions simply were not entering the drift 

tube. A new ring electrode was manufactured with a 0.25” hole drilled straight through 

the side to allow the sample rod to be placed directly in the second ring electrode.7 This 

ensures that ionized sample enters the drift region. The same operating parameters and 

adjustments were made, and quite surprisingly this modest change did not yield results. 

A matrix assisted laser desorption ionization plate was spotted with the 

Fullerene mixture and placed into a time of flight-mass spectrometry (TOF-MS). The SRS 

laser was used to ionize the sample. The mass spectrum was recorded, but a low signal 

intensity was observed (600 c/s). Under ultra high vacuum conditions inside of the TOF, 

this level of signal produces adequate spectra due to the high resolution detector but, 

when the operational pressure is 1 Torr, diffusion limits the population of ions reaching 

the detector. This factor, when coupled with the sensitivity loss of a Faraday plate in 

comparison to a microchannel plate, results in the inability to produce spectra.  

 

Figure 11: HV protection circuit of preamplifier. 
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To overcome these difficulties a new source or rather a different laser was 

needed, since the instrument was already set up for laser ionization. The next 

alternative was the use of Nd:YAG 1064 nm infrared (IR) laser (Continuum, Surelite II, 

Santa Clara, CA). This particular laser system had a variable power output up to 650 mJ, 

which would certainly be enough to ionize the fullerene coated sample in hand. The 

experiment was set up with an IR laser, and to accommodate the increased height of the 

laser aperature, the SLIM chamber had to be raised. Implementing the IR laser resulted 

in ample signal at the detector, but resulted in a new set of challenges.  It was noted 

that over the course of multiple experiments the spectrum changed after two laser 

shots.  Further investigation revealed that, even at minimum lasing energy (1.03 kV 

applied to the lasing cell), the fullerene suspension was being fully removed and the 

stainless steel backing was being ablated.   

3.3 Laser Vaporization Ionization 

The use of the IR laser increased ionization efficiency as well as signal. The next 

step was to form a multicomponent spectrum of metal clusters and obtain the ion 

mobility spectrum of these laser generated metal clusters.5, 8-10 The path towards metal 

clusters was a fairly easy one. Metal deposition when sputtered or deposited via 

traditional methods chemical vapor deposition (CVD) and/or physical vapor deposition 

(PVD) are not stoichiometrically controlled depositions. They can be pushed toward the 

formation of specific compound through the use of gases or precursors during 

deposition, but this step still is not pure. 11 Through the use of soft landing we could 
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prepare a surface that is stoichiometrically controlled. These experiments required the 

use of a metal that was readily available to us and easy to acquire. Since primary metals 

such as gold, silver, and palladium are very expensive, we decided to use an oxygen free 

copper substrate. Oxygen free copper was obtained from the copper gaskets previously 

used on the vacuum components. A sample was cut and polished from the gasket in the 

form of .375” square, and placed on the ∠ 45o sample holder. Commencing at the 

lowest laser power setting (1.03 kV) we operated the instrument varying laser power up 

to 1.1 kV. Measuring signal intensity at the detector, the threshold of usable laser power 

was determined for copper at 1.06 kV ~ (60 mJ). Signal above this threshold rails the 

amplifier and tops out the signal. Adjustments were made with the voltage in an 

attempt to pull more ions into the drift region. Voltages were varied from 100 – 300 V 

DC with little to no change of the signal. Pressure was increased to 8 Torr within the 

instrument in an attempt to increase separation and resolution of the clusters. Another 

change that affects signal intensity is the sample at which the laser ablates the surface. 

Sample angles were changed to ∠ 50o and ∠ 55o. Comparisons between the two are 

shown in Figure 12 which show an increase in signal for both. This increase in signal can 

be attributed to an ion entrance that is more axially centered with the drift region.12  

The spectrum obtained at the ∠ 55o allowed us to separate the produced Cu 

cluster spectrum Figure 13. The initial peak within the spectra was identified as CuO+ 

and confirmed through mobility calculations using Eq. 1,3, and 4. The tabulated mobility 

values are given in Table 1 for the first 15 peaks. Mobility calculations based on arrival 
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time of 40+ ms and back calculations of the collisional cross section suggest small 

clusters ranging in size from 3-8 nm. Anything beyond this range is unclear as the 

instrument lacks the resolving power to discriminate the ions further. The structures of 

said nanoparticles are different based on the separation of the ions with ion mobility. 

Elucidation of nanoparticles maybe possible in the near future, only research and future 

studies will be able to clarify this question. 

 

 

Figure 12: Comparison spectra of sample angle 55o and 50o . 
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     Figure 13: Cu spectra at 8 Torr of Helium.  

Table 1: Mobility values of peaks in Figure 13.  
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3.4 Ion Optics 

Ion optics are a crucial component for any soft landing instrument. The SLIM 

instrument as previously stated utilizes a split ring ion optic incorporated into the main 

body of the ion mobility assembly. The design is based on a patent by McLean and 

coworkers.13 Testing was done utilizing the CuO+ peak at 1 ms and at 8 Torr, in order to 

steer ions, the detector side is kept high meaning that it is downhill for the ions. After 

collecting an initial spectrum and determining which peak you want a pulse delay 

generator (SRS, DG550, Sunnyvale, CA) is programmed to create a square wave for the 

duration of that peak. Figure 14 shows the spectra when the rings are in operation, as 

well as the necessary circuit needed to operate the electrodes. The square wave goes 

through an ic driver to the LEDS of a high voltage optocoupler. When the LEDs are 

activiated the optocoupler’s path to ground is closed completing the voltage divider 

circuit which causes the high voltage to pulse down. The once downhill potential energy 

surface is now raised and the ions go the opposite direction.  

3.5 Landing Substrates 

Initially single crystal surfaces were considered, but due to the high cost and 

limitations of multiple samples we had to find an alternative. This alternative needed to 

meet two criteria, one that it had to be flat (atomically flat), and the second is that we 

needed multiple substrates. Muscovite is commonly used to calibrate AFM instruments 

due to a naturally occurring cleaving along the 001 axis. 
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Figure 15 is a CAD representation of the crystal structure along with an x-ray 

diffraction of the muscovite surface. The sample cost per disc is less than $1 and the 

sample can be cleaved through mechanical exfoliation regenerating the surface. The 

 

Figure 14: Spectrum of CuO+ before and after the steering optic is turned on. Bottom circuit 
schematic of necessary components needed to operate the steering optics.  
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other important aspect of this substrate is the muscovite is a dielectric and frequently 

used in capacitors. 

3.6 Characterization 

Initial characterization of the muscovite surface involved the use of atomic force 

microscopy. A Quesant Q scope (Ambios Technology, Santa Cruz, CA) operating in wave 

mode (tapping mode) was used for surface characterization. Prior to characterization a 

blank was needed in order to ensure the substrate was atomically flat. The substrate 

was treated to a series of loading and unloading cycles. All components were operated 

in a normal manner (pressure, voltages, vacuum, etc.) as they would be under 

experimental conditions. This was done in order to ensure that no containments from 

the pump or buffer gas are deposited on the surface leading to false positives.  A 

duration equal to the run time was undertaken (3 hrs). After 3 hours the sample was 

removed and characterized using the AFM. Surface analysis is shown in Figure 16. As 

you can see from the figure muscovite exhibits an atomically flat substrate with little 

surface feature. Utilizing the SLIM instrument and all of its components, CuO+ was 

deposited on the muscovite surface at 8 Torr for 3 hrs. 
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Figure 16: AFM images of a blank muscovite surface showing an atomically flat 
substrate. 

 
Figure 15: X-Ray diffraction of Muscovite exhibiting nothing but 001 reflections. Bottom: Crystal 

Structure of mica.  
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The resulting AFM images are presented in Figure17. Figure17 shows the AFM 

images of the soft landed surface multiple striations are seen along the surface 

suggesting a self-assembly has occurred. These images make a strong case for thermal 

energy deposition as defects within the mica substrate are bridged  by soft landed ions. 

The deposition mechanism for this particular substrate is not quite understood but 

there are two basic theories that would allow for deposition on muscovite, an 

unmodified insulator. 

The first is that muscovite is a natural mineral and with any naturally occurring 

mineral there will be abnormalities within the substrate. This means that while the 

general formula of KAl2(Si3Al)O10(OH)2 , it is dependent on the source of the mineral and 

its surrounding environment.14 Other natural occurring ions that may be present within 

the crystal and are not limited to iron, magnesium, fluorine, etc.. it is possible that from 

these alternate ions present in the substrate help in the deposition and aggregation of 

soft landed ions on muscovite.  

The general theory for this type of deposition is that when elements such as iron 

or magnesium are present within the substrate it creates a deposition site or rather a 

site for charge neutralization along the surface. Subsequent ions will then begin to 

aggregate at these charge neutralization sites enabling heteroepitaxial growth. Combine 

this with a natural product then it is understandable and plausible to have an ion 

neutralize itself on an unmodified dielectric. The drawback to this argument is that 
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would be a random event confined only to certain sources of the mineral. How would 

deposition occur for muscovite without the aid of impurities? 

 

The alternative method is based on the crystal structure Figure 18 shows a 

picture of the muscovite crystal structures at the basal plane where deposition would 

occur. Since mechanical exfoliation occurs along the 001 interfaces, it is sometimes 

leaves holes where potassium atoms once sat. The potassium atoms go with the 

removed layer rather than stay behind. The potassium atoms is positioned directly 

 
Figure 17: AFM images of CuO on the surface of muscovite Top left: Striation patterns on 

muscovite, lower of the image bridging over a defect can be seen. TTop right: Striation 
pattern on the surface of muscovite. Bottom: 3D representation of the surface of the top left 

image. 
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above a dioctahedral silicon atom within the crystal structure. This position is stabilized 

by the surrounding oxygen atoms, and when cleaved these sites can become vacant 

allowing an incoming ion to be deposited at the vacant site. Subsequent deposition 

would then occur here due to a charge transfer mechanism situated with a surrounding 

O-Si or O-Al bond this proton migration is achievable through the dioctahedral silicon 

atoms.67 Because neither of these positions hold a majority in the literature, further 

experimentation is necessary in order to determine the actual bonding mechanism of 

soft landed ions on muscovite.  

 

Fi 

 

Figure 18: CAD of Muscovite showing basal planes.  
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CHAPTER 4 

∗DRIFT TUBE SOFT-LANDING FOR THE PRODUCTION AND CHARACTERIZATION OF 

MATERIALS APPLIED TO Cu CLUSTERS  

4.1 Introduction  

The soft-landing (SL) of ionized nanoclusters, metal-ligand complexes1, 

polymers2, and biopolymers3 intact on a hard surface is not a trivial task, but not novel 

either, in the sense that it was developed over a quarter century ago.4 Soft-Landing is 

used for the isolation, purification, and characterization of ionized compounds (proteins, 

catalyst, clusters, etc...), and research in this area has become more active within the 

last decade.5-7 Soft-landing instruments typically utilize mass spectrometers to isolate 

and land compounds with quadrupoles7-8, rectilinear ion traps6, sectors9, and ion 

cyclotron resonance10-11. The amount of kinetic energy (10-100 eV) used to land ions in 

current instrumentation is not acceptable to study the self-assembly of ions on the 

surface as the translational energy associated with this amount of energy would allow 

some of the ions to move around and aggregate on the substrate surface. The design 

and fabrication of the drift tube soft-landing instrument is unique from mass 

spectrometer soft-landing instruments in that it operates at pressures ranging from 1 – 

100 Torr rather than the usual high vacuum conditions. High pressure gas within the

                                                      
∗ This chapter is reproduced from Davila, S.J.; Birdwell, D.O.; Verbeck, G.F., Drift Tube Soft-Landing for the 
production and Characterization of Materials: Applied to Cu Clusters. Review of Scientific Instruments 
2010, 81(3), 034104, with permission from the American Institute of Physics. 
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drift tube thermalizes the ions to between 0.01-1.0 eV, allowing further characterization 

of deposited materials. The ability of the instrument to specifically select and soft land a 

cluster of a particular mobility would greatly reduce the time it takes to characterize a 

specific cluster system from current traditional deposition methods, and allow for the 

characterization of separated ions within the drift tube. Also with the increases in 

pressure environment, a list of more suitable substrates could be attained.       

4.2 Theory 

The operating principle regarding this particular soft landing instrument is the 

narrowing of the kinetic energy (KE) distribution of the ions traveling through the drift 

tube filled with a neutral buffer gas. The conditions at which the drift tube operates are 

important parameters to consider during a soft-landing experiment because changes in 

pressure (P), temperature (T), field strength (E), and ion’s collisional cross-section with a 

buffer gas(Ω) affect it’s mobility within the drift tube. Separation is based on probing the 

differences in ion migration. The mobility of the ion (K) can be calculated (eq. 1), with  

(m) ion mass, (M) mass of the buffer gas, (z) charge of the ion, (e) elementary charge, 

(kb) Boltzmann’s constant, (T) buffer gas temperature, (N) number density of the gas 

inside the instrument, and (E0) field strength. The average kinetic energy is calculated 

using classical mechanics and a few assumptions about the internal temperature of the 

ion being the same as the buffer gas, and that interactions between the ion and neutral 

molecules are negligible we can determine soft-landing energy of the ion. 12-14  
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The KE of the ion within the drift tube is calculated by substituting the velocity in the 

kinetic energy equation with mobility and energy we can solve for the energy of the ion 

(eq. 3) and determine whether it is sub eV. 
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This relation allows us to calculate the kinetic energy of the ion based on the 

operational parameters of the experiment. The contour plots in figure 19 show the 

decrease in kinetic energy as a function of the cross-section and pressure while KE 

increases as a function of temperature and field. This trend is expected (eq. 3) as the 

temperature and field terms are proportional to the energy of the ion while the 

pressure and cross-section terms are inversely proportional. Based on these plots we 

can set the parameters of the drift tube to create the sub eV landing conditions of the 

ions onto the substrate. Topics such as diffusional broadening of the ion packet in the x, 

and y direction, high field and low field mobility, as well as resolution based on the high 

and low field mobility along with a more in depth description of  theory and calculations 

are described thoroughly elsewhere. 12, 15-21 

 



50 

 
4.3 Design 

A multitude of commercially available and customized components have been 

assembled in the design and construction of this instrument. Figure 20 depicts the SL 

chamber and a number of its components, which are housed in a four way and a 

reducing cross along with standard conflat (CF) flanges (MDC Vacuum, Hayward, CA). 

This SL instrument utilizes drift tube separation, laser ablation, and a Faraday plate as 

detector. The laser ablation and cluster formation will be explained in greater detail in a 

subsequent section of this paper. A pulsed Nd:YAG (Minilite, Continuum, Santa Clara, 

CA) enters the chamber via a quartz viewport attached to the four-way cross. Directly 

opposite the viewport is a linear/rotational feedthrough in line with the laser shot. The 

sample is attached directly to the feedthrough but is isolated from ground by a 0.25” 

 
Figure 19: (Color online) KE contour plot graphs based on calculated from 

Eq. 3 by using experimental parameters and varying the following 
conditions: (a) collisional cross section (m2) vs pressure (E= 9.0 V/cm) and 

(b) electric field (V/cm) vs pressure (Ω = 3.55 X 10-19 m2) 
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diameter 6” length piece of Macor® (Corning, Corning, NY). A metal sample or a sample 

of our choosing is placed 0.25” from and at a ∠ 55 relative to the entrance of the drift 

tube. The advantages of this sample system are that multiple sample sizes and shapes 

can be accommodated to fit within the chamber, along with the possibility of applying 

an electric potential to these samples during ablation. The drift tube is comprised of 20 

stainless steel rings 2” outer diameter (o.d.) 1.25” inner diameter (i.d.) resistively 

coupled together by a series of 5MΩ  vacuum resistors (Caddock Electronics, Riverside, 

CA), and compressed tightened by three pieces of all thread rods isolated by alumina 

spacers through two outer guard rings. A spacing of 0.05” is created between each ring 

by sapphire spheres. 

 

 
Figure 20: Schematic CAD of SL instrument. 
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The drift tube has a unique design of 18 concentric rings accompanied by two 

split half rings. The two split rings are placed at the end of drift tube and direct the ion 

cluster beam either to the landing surface or to the detector. A pair of high voltage 

power supplies (PS300/PS350, Stanford Research System, Sunnyvale, CA) provide a 

voltage between 100 – 3000 V (either positive or negative depending on the type of ion 

that is to be analyzed) that is applied to the drift tube creating a uniform field between 5 

- 150 V/cm and is defined by eq.1.22 The ion optic split half ring assembly at the end of 

the drift tube has a potential that is in line with that of the drift tube. Where the other 

halves of the two rings are pulsed down to a lower voltage (either negative or positive) 

for a set time period corresponding to a peak based on the drift tube spectra.23 This 

gating allows us to select the specific size cluster and deposit it on our substrate. The 

gating task is accomplished through a home built pulsing circuit which will pulse down 

the voltage on one side of the split rings causing the ions to be directed toward the 

higher potential side of the rings moving the ions towards the landing surface, and away 

from the detector. The circuit schematic is given in figure 21 which shows the pulsing 

circuit and its components that utilizes an opto coupler, (OC100, Voltage Multiplier Inc, 

Visalia, CA) and a IC mosfet driver (4452YN, Micrel Inc, San Jose, CA). The opto coupler is 

a switch that is only active when the LEDS are activated by the pulse. This pulse opens 

the switch to ground and divides our voltage creating a pulse down effect.  The drift 

tube is mounted to a 6” CF zero length reducing flange by three pieces of  .5” stainless 

steel hexagonal stock held in place with cap head screws.  
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Collisions with the buffer gas thermalize the ions, and separate the clusters 

formed via the laser ablation, based on their collisional cross-sections via collisions with 

the buffer gas of our choosing. Helium gas is leaked into the instrument through a leak 

valve and the instrument operates at a pressure between 1-100 Torr. Various types of 

buffer gases (H, Ar and N2) may be used as collision gases and are commonly used in 

drift tube experiments. A custom rail system along with a quick door CF flange is 

incorporated into the instrument as a means to hold, adjust and remove the landing 

surface and detectors without having to disassemble the instrument and reduce the 

number of gaskets used. The SL detector deployed in the instrument is a simple Faraday 

plate connected to a preamp (SR570, Stanford Research Systems, Sunnyvale, CA) and 

 
Figure 21: Circuit Schematic of the split ring pulsing circuit. The 
OC100 optocoupler is an optical switch (Voltage multiplier, Inc.) 
that when pulsed closes the photodiode and allows the circuit to 
completed the 4452YN IC driver (Micrel, Inc.) boosts the pulse’s 

current to drive the optocoupler completing the voltage divider for 
the pulse down 



54 

then to an oscilloscope (TDS3034B, Tektronix, Beaverton, OR) to monitor the ion beam 

and collect the drift tube spectra. The detector was chosen due to its ease of 

construction, operability, and its robustness in low vacuum applications. Landing 

surfaces are chosen based on their relative flatness. Ideally a 001 surface is preferred, 

but a wide array of surfaces may be used. Currently a 15mm (AFM) grade V-1 Muscovite 

mica disc (SPI Supplies, West Chester, PA) is employed as our landing surface. This 

instrument is capable of handling various modified landing surfaces and sizes by simply 

changing the sample mount through the quick door. An accompanying 8.2 cfm rotary 

vane rough pump (DS 302 ,Varian, Palo Alto, CA) allows the instrument to reach the low 

millitorr region (4 – 8 millitorr) in a relatively short time (less than 10 min). 

4.4 Experimental Method. 

Preliminary data obtained using the drift tube soft-landing instrument consisted 

of the laser ablation of a Cu target by a pulsed Nd:YAG 1064 and 532 nm laser operating 

at 2 Hz. A buffer gas (99.999% He) is introduced into the chamber via a variable leak 

valve until a pressure of 8 Torr is achieved (measurement of pressure is done with a 

baratron pressure gauge, MKS, Andover, MA). A high voltage variable power supply set 

to -200 V DC is used to power the drift tube and create the required field for ion travel 

through the drift tube. Amplification and detection of the Faraday plate detector signal 

is done via a pre-amp and an oscilloscope (TDS 3034B, Tektronix, Beaverton, OR) 

averaging the signal over 16 intervals to obtain the spectra. Cluster isolation and 

selectivity is done through the pulsing of the split rings at the end of the drift tube. A 



55 

higher voltage between -250-238 V (-238 V used during experiments) is applied to the 

other half of the split rings during this time. Then the split rings are pulsed down to -80 

V using the home built pulsing circuit for a duration that encompasses the desired peak. 

During this pulse, the ions drift towards the stronger field side of the drift tube and land 

on the surface. The landing surface utilized for these experiments was an AFM grade V-1 

muscovite mica surface characterized by X-Ray Diffraction (not shown) and chosen due 

to its preferred orientation in the 001 direction. The mica surface is cleaved and 

positioned 0.125” away from the end of the drift tube. A metal plate biased at -250V 

behind the sample keeps the ions moving towards the landing surface. Viability of the 

instrument was tested through a series of experiments which had the instrument 

operating for a period of 1-3 hrs in 1 hr intervals allowing the laser to cool for a 30 min 

period before resuming operation. The experiment begins by taking an initial blank of a 

freshly cleaved mica surface which is cleaved outside of vacuum then placed into the 

instrument. All experimental parameters are set to the values mentioned above and 

turned on except for the laser. The purpose of this blanking procedure is to ensure that 

the mica surface is smooth and that no foreign objects or deposition is taking place due 

to the instrument or pump oil being introduced back into the instrument. The blank 

time is set for the same amount as the actual SL run (3hrs). The sample is then removed 

via the quick door for characterization via AFM to ensure that nothing has been 

deposited on the surface and that it is relatively smooth from the cleaving process. After 

AFM confirmation of the surface has been complete, we then proceed to place the 
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surface back into the chamber and repeat the above the mentioned steps this time with 

the laser activated and aligned to the target surface. After the experiment is complete 

the sample is removed for characterization using AFM.    

4.5 Results 

4.5.1 Identification of Peaks: 

The laser ablation of the Cu target at 8 Torr of He gas exhibits a spectrum (figure 

22) that contains multiple peaks (22 counted in the spectra). Calculations for cross-

sections, mobilities, and reduced mobilities were carried out for the corresponding Cun
+ 

and CunOn
+ clusters along with their respective isomers.   

 

 
Figure 22: Drift tube spectra of laser ablated Cu with 1064 Nd:YAG at a pressure of 8 Torr. 

Peak assignment correspond to CuO+ with the remaining Cun, CunOn clusters corresponding 
to stable magic number (n=13,55,75,…) clusters. 
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The current theory for the formation of CunOn clusters is the presence of surface 

oxides within the drift tube, due to oxygen contamination of metal and the chamber. 

Similar O2 contamination was observed in previous Cu cluster work at high vacuum 

conditions.24-25 The first peak of the spectra corresponds to CuO+ based on drift velocity 

(vd) and mobility (K) the reduced mobility was calculated to be 15.56 cm2V-1s-1.  The 

reduced mobility of Cu+ given by Kemper/Bowers as 15.7 cm2V-1s-1 and was used as the 

basis to ensure the calculations for CuO+ were within a reasonable value.26 The reduced 

mobility of CuO+ is expected to be less than that of Cu+ due to the larger cross-section of 

the molecule, based on calculations of the first peak the remaining peaks in figure 4 

correspond to magic number stable structures (n=13, 38, 55, 75,..) and their isomers.27-

30 Formation of these large nanoclusters is due in part to the laser ablation of metal in 

the presence of inert gas. When ablation occurs in an inert atmosphere cluster size 

becomes dictated by the pressure at which the event occurs.31-32 Previous studies based 

on this pressure dependence have shown that at low pressure (1 Torr) smaller sized 

clusters tend to be dominant, but as the pressure increases larger sized clusters begin to 

form within the ion plume.31-33 A Time of Flight Mass Spectrometer is currently in 

development which would allow for high resolution identification each cluster structure.  

4.5.2 Cluster Isolation using Split Rings 

Isolation of a specific cluster was accomplished using the split rings and a home 

built circuit (figure 21) to obtain the spectra in figure 23. The split ring is pulsed and the 

spectra of Cun (n= 1-4) changes as Cu3 moves away from the detector. 
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The Cu3 peak is dropped out using a pulse delay generator timed for the selected 

cluster. Figure 23 shows the overlaid spectra which consist of the square wave pulse, 

unpulsed complete spectra, and the pulsed spectra minus the selected peak. The split 

ring ion optic device at the end of the drift tube gives us a dynamic range to select 

clusters with a limitation based only on the electronic’s slew rate.     

 
Figure 23: Overlaid spectra of split-ring operation. (a) spectra of Cu clusters with split-ring voltage 
uniform with that of the drift tube (-240V). (b) Spectra with split-ring pulsed down to (-80 V) the 

spectra changesand peak 3 drops out of the spectra for the duration of the pulse. (c) Square 
pulse. 
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4.5.3 AFM Characterization of Cu Deposition  

AFM characterization of soft landed surfaces is essential as it used to validate the 

presence of soft landed clusters and/or self-assembly on the landing surface. AFM 

images 20 μm x 20 μm were taken with a Quesant Q-Scope (Ambios Technology, Santa 

Cruz, CA) operating in wave mode with a Si cantilever. Figure 24 comprised a set of four 

AFM images a blank (A) and 3 (B, C, D) of the soft landed surface.  

 
Figure 24: AFM images of the muscovite (mica surface) (a) Image of a blank mica surface showing the 
001 surface. Images (b)-(d) are images of the surface after 3h of deposition using 1064 nm Nd:YAG. 
Image B shows a 3D representationof the surface with Cu bridging a defect in the lower left corner. 

The striation pattern can be seen in this image as well. Image (c) is a high resolution image of the 
surface (600 DPI at 0.5 HZ scan) shows the striation pattern of the surface. Image(d) shows striations 

on the surface after landing and a defect on the surface that was not filled in during deposition 
emphasizing a low deposition energy of <1 eV. 
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Upon landing on the surface any charge the ion has will migrate to the surface in an 

attempt to become stable. Since the landing energy is sub eV once on the surface the 

ions have little mobility along the surface and will tend to deposit in bands of 

conductivity along the mica surface due to K, Fe, or Mg present within the lattice, but 

the exact composition of the conductivity band depends on the mica’s origin (mica 

varies from source to source). After the initial landing on the surface, subsequent ions 

will land on previously landed Cu allowing the ions to migrate their charge more readily 

through Cu than it is for the ion to find a new spot to land on the surface of the mica. 

AFM images (figure 6C) of the landing surface show a heteroepitaxial growth in a 

columnar/striation fashion from soft landing clusters on the surface.  

The blank mica AFM image (A) exhibits the 001 surface previously characterized 

by XRD meaning the deposition and assembly of the Cu in columnar fashion is due to the 

SL on the surface. Another factor may be chemical: since we are at low vacuum the 

surface of the mica may have absorbed water on the surface from the atmosphere after 

cleaving which may contribute to the deposition as well.34-35 The images in figure 24 (B, 

D) shows the bridging of a defect on the surface of the mica. In the lower left corner of 

the image we see the Cu clusters actually bridge across the defect and not fill in the 

defect as one would observe with energetic deposition such as PVD and CVD. The 

tendency with high energy species (ions, molecules) is for them to be deposited on the 

surface, move around finding and filling in the defects causing a uniform heteroepitaxial 

growth to occur as all the defects are continuously filled in. Where SL with its low 
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energy deposition (<1eV), will experience growth and assembly in a columnar fashion as 

the ions once deposited do not have the energy necessary to be mobile along the 

surface. A comparison and verification of the soft-landed deposition is required to 

ensure that SL is different from that of Physical Vapor Deposition (PVD). A freshly 

cleaved muscovite surface was taken and placed in a deposition chamber and pumped 

out to a pressure of 4 x 10-6 Torr, with a piece of 99.99% pure oxygen free Cu that is to 

be deposited. The deposition duration was timed for a period of 25 seconds with a 

thickness monitor reporting a deposition of 2.3 nm on the surface. AFM images were 

taken of the surface for a comparison between PVD and SL (figure 25). The figure on the 

left shows the SL surface while the figure on the right shows the PVD surface. 

 
Figure 25: A SL vs PVD comparison the image on the left is the SL deposited 

surface showing surface buildup in striation/columnar fashion. The image on 
the right is that of the PVD surface. The PVD surface shows a uniform 

deposition taking place instead of an alignment in one direction like SL.  
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The PVD surface image shows a uniform deposition has taken place and beginning to 

form across the surface a cross hatch pattern is seen along the surface as well. 

Comparing the two images the alignment and direction of the Cu columns from SL 

become more apparent justifying the soft-landed deposition is different from that of 

PVD. Though the SL deposition of Cu onto the mica substrate has been shown, the exact 

mechanism of deposition and assembly of the surface requires further investigation. The 

unique columns and growth may lead to the growth of nanowires for use in micro 

electromechanical systems (MEMS). 

4.6 Future Investigations 

By incorporating different substrates (gold, highly ordered pyroltic graphite, 

silicon) as our landing surface we can begin to determine the exact deposition 

mechanism of SL. The utilization of other characterization methods will be needed as 

well. The combination of a gold or silver substrate along with Raman will allow us to 

characterize the surface more thoroughly allowing us to investigate the SL mechanism. 

The issue of identification and verification of the peaks will be accomplished through the 

use of a Time of Flight mass spectrometer to determine and verify our peak assignments 

made with the drift tube. Further ion optic development is currently in the 

characterization and forthcoming with the ability to steer in two dimensions as typified 

by a 4 plate electrode or the 4 ring electrode ion optic. This ion optic would enable the 

user to raster the ion beam as it exits the drift tube directing specific groups of ions to 

specific areas of the landing surface for characterization.    
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4.7 Conclusion 

The design and implementation of a drift tube soft-landing for the 

characterization of soft-landed metal ion clusters using laser ablation in the presence of 

helium gas has been tested, and shown as a viable source for the preparative 

production of a metal ion clusters. The application suggested in this article is but a small 

application in a wide array of uses for the instrument. The outfitting of this instrument 

with different types of ionization sources will allow it to be a versatile soft-landing 

instrument ranging from the soft-landing of biomaterials to the formation of new or 

rare materials for isolation and characterization. We have shown that drift tube soft-

landing is a novel technique for the soft-landing of ions. The emergence of new high 

pressure ion optic components and higher resolution drift tubes will allow us greater 

control and separation of the ion beam for soft-landing purposes  
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CHAPTER 5 

SOFT LANDING ION MOBILITY OF ABLATED GRAPHITE AND FULLERENES  

5.1 Background 

The use of carbon films and deposits have increased over the years. For example, 

wear resistant materials are made from amorphous, and diamond-like films can be 

coated on virtually any substrate allowing tools to be updated less frequently. Both of 

these process have saved industry millions of dollars in repairs. The differences between 

sp2 and sp3 type deposits of carbon are astounding; sp2 exhibits properties closer to 

semiconductors while sp3acts more like a dielectric. From nanotubes to buckyballs to 

soot, carbon is an essential part of technology and everyday life. Carbon studies have 

been carried out before and research was carbon heavy in the early 1990s. Groups like 

Smalley1-2, Martin3, and Bowers4-5, Milani6-7 built the foundations of carbon cluster 

research.  

Further investigation into the laser ablation of fullerene was necessary since 

initial experiments of deposition and characterization were unsuccessful. Laser 

vaporization experiments were carried out on fullerene and graphite. The goals of these 

experiments were to see the principle components from the laser vaporization of 

fullerene, and see if we could form large carbon clusters molecule through the laser 

ablation of graphite. Through the use of soft landing we were able to probe and 

investigate the surface interactions of carbon on muscovite.
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5.2 Experimentation  

Two similar experiments were planned both involving the use of a 532 nm 

Nd:YAG laser (Continuum, Santa Clara, CA ). Experiments were performed at the same, 

electric field (E), pressure (P), and laser power conditions. The only difference between 

the two experiments was sample introduction; an ultrapure graphite rod (2SPI Supplies, 

West Chester, PA) was attached to the sample, while the fullerenes were spotted onto 

the stainless steel target from a mixture. Operating parameters of the experiment were 

set to 4 Torr (helium gas) while operating voltage was set to 180 V DC, and laser power 

was set to 50% of max output ~40 mJ. Landing surfaces of muscovite were prepared and 

placed in vacuum.  

5.3 Fullerene Ablation 

Ablation of the fullerene target was challenging as the sample had to be carefully 

monitored. Even though multiple layers were spotted on the surface the ablation event 

managed to strip the fullerene from the sample surface.  The laser could only be set to a 

certain spot for a short time, approximately 6 shots or 3 seconds operating at 2 Hz. 

Figure 26 is the mobility spectrum of fullerene the resolution is not optimal but multiple 

peaks were observed corresponding to the clusters of carbon and carbon containing 

compounds.  
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Peaks observed within the spectra are that of C+, Cn

+ clusters and graphitic type 

compounds. We know this because upon depositing these peaks along the substrate 

two types of formations were exhibited. One was that of graphitic like structure formed 

along the surface of the muscovite and was visible through an objective microscope. The 

second was a crystalline structure and looked to similar to diamond. Raman 

spectroscopy was done on a T64000 (HORIBA Jobin Yvon Inc. Edison, NJ), utilizing a 488 

nm wavelength. Figure 27 is the Raman spectra for the two types of carbon deposited as 

well as the micrographs of the carbon deposition. Identification of the carbon was 

indeed a graphitic type of carbon while the crystalline structure could not certainly be 

 
Figure 26: Mobility Spectrum of laser ablated fullerene. Peaks within the spectra correspond to 

C+, Carbon clusters graphitic in nature, fullerene . 
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called ta-C it is a form of amorphous carbon. The graphitic carbon deposit exhibited 

strong D and G bands but was broad possibly due the formation of mixture of 

amorphous and sp2 hybirdized carbon. Further investigation is necessary if full 

characterization of these compounds is to be obtained, though we were able to find and 

separate multiple components from the ablation of fullerene. 

 
 

 
Figure 27: Raman spectra of three deposits a: graphitic b: 

fullerene, c: amorphous carbon. 
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5.4 Graphite Ablation 

Laser ablation of the graphite substrate exhibited multiple peaks corresponding 

to small carbon clusters and a large graphitic conformational structure. Figure 28 is the 

mobility spectrum of graphite at the same conditions as fullerene. Peaks within the 

spectrum are similar in nature to the fullerene spectra except this spectrum was more 

resolved but lower in signal intensity. 

The small carbon clusters labeled 2 and 3 were selected for deposition, after 1 hour 

deposition AFM images were taken using tapping mode, based on the surface roughness 

in the image suggesting a nanostructured film was deposited on the surface. Figure 29 

 
Figure 28: Mobility Spectrum of Laser ablated Graphite, small C+

n clusters are 
observed as well as a conformational cyclic structure. 
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are the AFM images taken of the film deposited on the muscovite surface. Images in 

Figure 29 show a roughening of the surface morphology as a 3 nm film was deposited 

onto the substrate. There are areas of the film that have an increased density of 

deposition. These areas protrude from the surface and will remain as high density areas 

until the surrounding areas can coalesce. Based on the cluster deposition of this source 

it can be shown that film growth is possible with soft landing ion mobility. The second 

image is a graphitic type deposition, it can be seen in the actual structures along the 

surface of the substrate. In order to determine the size of depositing clusters a 

muscovite disc was vapor deposited with copper, placed in vacuum, and deposited on 

for 1 hour. Scanning electron Microscopy (SEM) was used to characterize the substrate, 

and the resulting SEM images can be seen in Figure 30. Before and after images were 

taken with the SEM to show that the substrate had no surface morphology from the 

vapor deposition. As seen in the figure, a multitude of small cluster ranging in size from 

10’s of nm to 1 µm. Further characterization is needed and necessary in order to 

determine various components of the thin film deposition.  
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Figure 29: AFM images of C film on muscovite Top AFM of 3 nm film deposited 
by C cluster beam on the surface of muscovite . Bottom left: Enhancedment of 

top left showing aggregation into nm sized structures.Bottom right: 3D 
rendering of surface RMS.  

 

Figure 30: SEM of Carbon deposited on a Cu coated Muscovite disc. 
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CHAPTER 6 

SLIM SILVER NANOPARTICLES FOR USE AS MATRICIES 

6.1 Introduction 

Since the inception of matrix assisted laser desorption ionization (MALDI) a great 

number of molecules have been characterized with speed and efficiency.1-6 MALDI has 

become an important technique in the analysis of biomolecules, but it is not without 

disadvantages. 7 8 9 Problems arising from traditional matrices have led to the 

development of alternative matrices.10-16 Nanoparticle matrices serve as reservoirs of 

photon energy and at diameters > 500 nm nanoparticles appear to be independent of 

the irradiating wavelength and can act as a matrix from UV- to near IR wavelengths. 

Nanoparticles also have the tendency to be more flexible in terms of sample 

preparation (pH, solvents, salts, etc.).10 Additionally, the application of graphite, silicon 

films, silicon nitrate, self-assembled germanium nanodots, and titanium oxide have 

been found to significantly reduce background noise in the low molecular weight region 

(<1000 m/z) when compared to standard organic matrices.12, 17-21 Silver and gold 

nanoparticles have been found to be suitable matrices for MALDI, Laser Desorption 

Ionization (LDI), and surface assisted laser desorption ionization (SALDI). 10, 16, 22-25 Figure 

31 is a schematic representation of soft landing ion mobility (SLIM) deposition coupled 

to MALDI-TOF.  
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Deposition of silver nanoparticles is accomplished using SLIM instrumentation 

developed in our group.26 Soft-landing is a technique whereby ionized molecules or 

clusters are deposited intact onto a surface with low kinetic energy (<10 eV). This 

technique is used in the isolation, purification and characterization of new materials.27-31 

This ion mobility instrument utilizes the drift tube to thermalize the ions to < 1eV 

kinetic energy (KE).  Sub-eV deposition enables SLIM to deposit ions onto unmodified 

 
Figure 31: Schematic representation of SLIM-MALDI deposition and 

analysis process. 
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substrates with little to no translational motion across the surface. The KE of the ion  is 

calculated using Eq. 1 where ion mass (m), mass of buffer gas (M), charge of ion (z), 

elementary charge (e), Boltzmann’s constant (kb), buffer gas temperature (T), field 

strength (E), pressure (P), number density (NA), collision cross-section (Ω), and field 

strength (E0).32-37 We can then solve for the translational energy of the ion using Eq. 1. 26 

       (25) 

Calculations for nanoparticles sized 100 -500 nm are in the sub eV range indicating that 

the ions are under the influence of thermal motion.   By exclusively incorporating core 

foundation principles of ion mobility to SLIM coupled with laser ablation it is possible to 

produce and deposit nanoparticles intact. Post landing analyses are completed using 

MALDI TOF-MS with the goal of developing a quick, low preparation SLIM-MALDI 

source. 

6.2 Experimental 

Peptides were obtained from our collaborator on coated beads and prepared 

using a simple, rapid, and solvent-free technique which incorporates ammonia (NH3) gas 

at high-pressure in a Parr reactor to cleave the peptide from a solid support based of 4-

hydroxymethyl benzoic acid (HMBA) linker and terminates the peptide with an amide 

group (peptide synthesis and chain protection is described in greater detail 

elsewhere).38 Tyrosine (Y), Tryptophan (W), and Histidine (H), were used in the synthesis 

of the following peptides YH and YHW and were readily available. A bulk extraction of 
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coated beads was carried out by placing 1 mg of the desired peptide coated bead into a 

1 mL solution of 1:1(v:v) MeOH/ H2O containing 0.1% TFA (chemicals were obtained 

from Fisher Scientific Fairlawn, NJ). The solution is vortexed for 30 seconds to affect 

dissolution and then centrifuged for 10 minutes. A gold coated MALDI plate is spotted 

with 1 µL droplets of peptide solution and allowed to dry (10 minutes). After the solvent 

has evaporated, the plate is placed into the SLIM chamber for Ag deposition.  

6.3 Ag Nanoparticle Deposition 

Ag nanoparticle deposition begins by rough vacuuming the SLIM chamber until 

the pressure is below 20 mTorr. A series of experiments to find optimum nanoparticle 

size on the surface were conducted with preparation procedures the same as above, 

except that deposition time varied at 5, 10, 30 and 60 minute intervals for each of the 

plates. Additional experiments were performed to determine whether the nanoparticles 

formed from ionized or neutral species. Voltages to the drift tube were shunted 

allowing neutral particles to be deposited on the surface. Another experiment involved 

biasing the backing plate to -200 V DC and leaving the drift region in positive mode 

creating a positive and negative region surrounding the ablation area would allow only 

neutral particles to be deposited. The results of the experiment are presented below 

with a nominal deposition time of 10 -15 minutes.  

6.3.1 MALDI-TOF 

After deposition of the silver nanoparticles the prepared peptides are loaded 

into the MALDI-TOF (Vestec RBT2, Vestec, Houston, TX). Positive ion MALDI-TOF spectra 
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were acquired using a 20 kV pulse, with a 500 laser shot acquisition using a UV nitrogen 

laser (VSL-337ND, LSI, Franklin, MA).  In order to compare the soft-landed Ag 

nanoparticle matrix with a standard MALDI matrix, the amino acid and peptide solutions 

were mixed in a 1:20 ratio with a 1 mL solution of α-cyano-4-hydroxycinnamic acid 

(CHCA, Acros Organics, Geel, Belgium 10 mg/mL solution CHCA (1:1, (v:v) ACN/0.1% TFA 

in H2O) and analyzed using the same MALDI-TOF parameters described above. In order 

to test to the ionization efficiency of the peptides solutions of Y and YH (1:1, (v:v) 

MeOH/0.1% TFA in H2O) were prepared on a MALDI plate without the addition of a 

matrix. All spectra were gathered under the same conditions in order to compare them.  

6.4 Results and Discussion 

6.4.1 Nanoparticles 

Time-dependent deposition studies were completed by imaging the surface 

using SEM (FEI Quanta, Hillsboro, OR) for the deposition intervals of 5, 10, 30 and 60 

minutes. Figure 32 are the electron micrographs taken of the MALDI plate at 30 and 60 

minute deposition intervals (Figures 2 A,B) as well as a close up of an Ag nanoparticle 

(Figure 2D). Counting the nanoparticles present in the micrograph an average 

nanoparticle distribution of 34 ± 3 nanoparticles per 100 μm X 100 μm area at 5 

minutes, range in size between 200 – 300 nm.  

As the deposition time increases nanoparticle coverage also increases, as does 

the average size of the particles. At 30 min the range increases from 200 -500 nm, with 

larger size particles occurring more frequently and coverage increasing to 51 ± 5 
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particles per 100 μm X 100 μm area. No neutral cluster or nanoparticle formations were 

noted on the sample surface for experiments in which voltage was not applied to the 

drift tube. Similarly when positive and negative voltages were applied around the 

ablation region there was no Ag deposition. Adjustments to the field, pressure or laser 

intensity can affect the size and distribution of the Ag clusters allowing for better 

control of the desired particle size.39-40 

 

 

Figure 32: SEM image of the plate surface showing particle distribution 
increasing with time.  A: SL deposition time of 30 minutes. B: SL 
deposition time of 60 minutes. C:  SEM image of the plate surface 
showing particle A: Surface image of Ag nanoparticles. D: Close up of Ag 
nanoparticle 300 nm. 
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6.4.2 Ion Mobility 

A calculated reduced mobility value of 19 ± 1 cm2/Vs for the Ag+ ion peak is in 

agreement with previously reported reduced mobility values in the literature.41-43 Based 

on nanoparticle diameters of 200-500 nm, it is clear that the predominant species will 

have a smaller diameter (~200 nm) at shorter deposition times while longer deposition 

times will provide a greater incidence of larger nanoparticles (~500 nm). Surface 

aggregation of small nanoparticles formed in the ablation region is believed to be the 

major contributor of increased nanoparticle sized. Due to the use of 532 nm YAG, times 

are longer due to poor cluster formation at this wavelength. Previous experiments have 

shown that prolonged deposition leads to increased aggregation and larger 

nanoparticles.26  

6.4.3 MALDI-TOF 

The MALDI-TOF spectra of the soft-landed Ag nanoparticle matrix for Y (m/z = 

180), YH (m/z = 317), and YHW (m/z = 503) are shown in Figures 33(A, B) – 34(A, B), 35B. 

A 1 mass unit shift is seen in the spectra due to the NH2 termination of the peptide 

chain. Upon further expansion of the spectra we can view the isotope distribution of the 

Agn
+

 clusters with 3 peaks at m/z 214, 216, 218 belonging to the n = 2 cluster of Agn
+, 

along with  m/z 321, 323, 325, 327 forming the isotope combinations for Ag3
+ Figures 

33(B), 34(B), 35B. These cluster peaks may act as markers for calibration in the low mass 

range.  
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The peaks marked in Figures 33(A, B), 34(A, B), 35B correspond to those of the peptide 

that has either undergone protonation [Y+H]+ (m/z = 181), experienced loss of H2O [YH- 

H2O] + (m/z = 302), or has adducted to a silver atom [YHW + Ag]+   (m/z = 610, 612). A 

few possibilities for this interaction may be based on the amount of analyte placed on 

the surface, as small amounts of analyte (<2 μL droplets) may have interactions with the 

 
Figure 33: MALDI-TOF spectra of Y using soft-landed Ag 

nanoparticles (A, B), CHCA (C, D), and no Matrix (E). 
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Ag nanoparticles through their π systems. The TOF spectra of these soft-landed 

nanoparticle matrices show no low mass interference, which is in distinct contrast to 

typical organic matrices (CHCA) are used. Figures 33(C, D), 34 (C, D), and 35A show the 

MALDI-TOF spectra of the analytes prepared with CHCA.  

 
Figure 34: MALDI-TOF spectra of YH using soft-landed Ag 

nanoparticles (A, B), CHCA (C, D), and no Matrix (E). 
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TOF spectra of the peptides prepared with CHCA exhibit multiple peaks and significant 

matrix/analyte interference in the mass ranges (between m/z 150 – 250), as one of the 

amino acids [Y+ H]+ is buried within the matrix at m/z 181. 

6.4.4 Ag Nanoparticles vs. CHCA 

Comparisons of peptide spectra based on soft-landed Ag nanoparticles vs. 

standard MALDI matrix (CHCA) show significant decrease in matrix/analyte interference, 

as well as an overall increase in the S/N ratio for the soft-landed nanoparticles. Another 

limitation of traditional MALDI matrices is the inability to complete analysis in the low 

mass regime (between m/z 200 – 800) with standard matrices. However SLIM-MALDI 

increases the viability of  low mass analysis.44 Figures 33 - 35 clearly show the difference 

between Ag soft-landed nanoparticles and CHCA.  

The two recognizable peaks in the soft-landed nanoparticle spectra have almost 

no interference in the low mass range except with compounds in the m/z range of Agn
+ 

clusters peaks of n= 2-3. The other masses present in the spectra (33(A, B), 34(A, B), 

35B) are those of the amino acids [Y-H2O] + (m/z = 163), [Y+H]+ (33A),  [YH-H2O] + (34A, 

B), and  [YHW + Ag]+ (35B). In figure 33A, [Y+H]+ was assigned to m/z 181 due to the 

increased S/N even though the signal is clearly not within 3σ of the baseline. The signal 

is identifiable and present within the Ag nanoparticle matrix spectra. The same could 

not be said of the CHCA spectra which shows significant interference from matrix 

causing the [Y+H] + (m/z 181) and [YHW+H]+ peptide peak (m/z 504) to be 

indistinguishable from the remaining masses. TOF data shows that SLIM-MALDI is viable 
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as a technique and source for the creation of low mass MALDI matrices. These 

experiments resulted in useful spectra exhibiting the viability of deposited Ag 

nanoparticles for MALDI matrices. 

 
6.5 Conclusion 

Using SLIM, of Ag nanoparticles combined with MALDI is a novel technique that 

is still currently under development. The data presented here highlights the benefits of 

SLIM-MALDI matrix deposition with quick and simple sample preparation, the capability 

to investigate the low molecular weight region without matrix interference and 

increased S/N ratio. The soft-landing of Ag clusters as a MALDI matrix is viable and a 

 

Figure 35: MALDI-TOF Spectra of YHW using soft-landed Ag nanoparticles (A, B) and 
CHCA (C, D). 
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novel approach to the deposition of nanoparticles is achievable through SLIM. Through 

continued development, characterization and manipulation of nanoparticle sizes we can 

determine the optimum particle size and composition to fully utilize SLIM as a MALDI 

preparation source not just for low mass, but for high mass compounds as well.  
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CHAPTER 7 

A RAPID AG NANOPARTICLE DEPOSITION TECHNIQUE UTILIZING SOFT LANDING ION 

MOBILITY FOR SURFACE ENHANCED RAMAN SCATTERING OF PEPTIDES  

7.1 Introduction 

Surface-enhanced Raman scattering (SERS) is a technique that was developed 

over three decades ago and is still an area of intense research.1-3 Recent developments 

of different nanoparticle and nanostructured substrates consist of Au, Ag, TiO2, Si or 

other inorganic complexes that are being used for SERS enhancement.4-8 The use of 

SERS particles and substrates has become a common place occurrence in trace Raman 

analysis with Ag garnering much of the attention by being the most effective and widely 

used metal for SERS analysis. The most commonly used methods for Ag nanoparticle 

production were developed by Lee and Miesel, or Leopold and Lendl.5, 7 Alternative 

nanoparticle production methods involve the use of lasers to either ablate a piece of Ag 

foil placed in triply distilled water, or to photoreduce a solution containing Ag nitrate. 

Methods mentioned above require time to prepare and in some cases up to an hour to 

prepare nanoparticles for use in SERS.  The method used in the following study involved 

the use of soft-landing (a preparative technique) to deposit ions onto a substrate at 

kinetic energies < 10 eV. 9-11 A previously developed soft landing ion mobility (SLIM) 

instrument developed in our lab allows us to rapidly prepare samples for SERS analysis 

by depositing nanoparticles formed via laser ablation of a metal target (figure 2A) in the 
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presence of He gas onto a peptide coated substrate at energies < 1 eV.12 Total sample 

preparation utilizing SLIM deposited takes less than 45 minutes starting only with the 

analyte of interest.     

 

7.2 Materials 

Peptide coated beads of Y and YH were obtained from Dr. Robby Petros at the 

University of North Texas using a simple, rapid, and solvent-free technique which 

 

Figure 36: Schematic representation of SLIM SERS analysis. 
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incorporates ammonia (NH3) gas at high-pressure in a Parr reactor (peptide synthesis 

and chain protection is described in greater detail elsewhere).13 Tyrosine (Y) and 

Histidine (H), were used in the synthesis of YH. A bulk extraction of the coated beads 

was carried out by placing 1 mg of the desired peptide coated bead into a 1 mL solution 

of 1:1(v:v) MeOH/ H2O with a final concentration of 0.26 mM (chemicals obtained from 

Fisher Scientific Fairlawn, NJ). The solution is vortexed for 30 seconds to affect 

dissolution and then centrifuged for 10 minutes. A gold coated plate is spotted with 1 µL 

droplets of solution and allowed to dry (10 minutes). After the solvent has evaporated, 

the plate is placed into the SLIM chamber for Ag nanoparticle deposition. 

7.3 Instrumentation 

Scanning electron microscopy (SEM) micrographs were taken using an FEI 

Quanta (Hillsboro, OR). Peptide coated beads of Y and YH were obtained from Dr. Robby 

Petros at the University of North Texas using a simple, rapid, and solvent-free technique 

which incorporates ammonia (NH3) gas at high-pressure in a Parr reactor (peptide 

synthesis and chain protection is described in greater detail elsewhere).13 Tyrosine (Y) 

and Histidine (H), were used in the synthesis of YH. A bulk extraction of the coated 

beads was carried out by placing 1 mg of the desired peptide coated bead into a 1 mL 

solution of 1:1(v:v) MeOH/ H2O with a final concentration of 0.26 mM (chemicals 

obtained from Fisher Scientific Fairlawn, NJ). The solution is vortexed for 30 seconds to 

affect dissolution and then centrifuged for 10 minutes. A gold coated plate is spotted 
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with 1 µL droplets of solution and allowed to dry (10 minutes). After the solvent has 

evaporated, the plate is placed into the SLIM chamber for Ag nanoparticle deposition. 

Nanoparticle deposition was carried out in a lab built SLIM utilizing a Nd:YAG 

(Continuum, Santa Clara, CA) laser ablation source for nanoparticle generation.12 Raman 

SERS spectra were produced on a T64000 (HORIBA  Jobin Yvon Inc. Edison, NJ) triple 

grating Raman instrument, using a series of filters and optical components to focus the 

laser beam through  a 100 X microscope objective to the sample (Figure 36B). Excitation 

wavelengths of 488 and 532 nm were rendered with an Ar+ ion laser (488 nm at ~330 

mW, Coherent, Santa Clara, CA) and a diode pumped solid state laser (532 nm ~ 60 mW 

QED Lasers). Back scattered light was captured through the objective and transmitted 

into the spectrometer where an LN2 cooled CCD is used for detection of Raman signal. 

7.4 Ag Nanoparticle Deposition 

Ag nanoparticle deposition begins by rough vacuuming the SLIM chamber until 

the pressure is below 20 mTorr. The chamber is back filled with helium gas and voltages 

set to values that correspond to the desired deposition KE.12 Silver clusters and small 

nanoparticles are formed via laser ablation of a 3N silver rod (99.999% purity, ESPI 

Supplies, Ashland, OR), with a 532 nm Nd:YAG operating at 2 Hz in the presence of 

helium. Collisions between the buffer gas (helium) and ion allow the ion to thermalize to 

kinetic energy values influenced only by the thermal energy. The drift tube is operated 

with a field (E) of 30 V/cm at 2 Torr for 15 min. The driving force behind this deposition 

technique is the drift tube/region. The drift region of the instrument allows the formed 
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ionized clusters and nanoparticles to be separated based on their mobility (specifically a 

charge to size ratio) and then deposited onto the peptide coated substrate. 

Counting the nanoparticles present in figure 37, an average distribution of 38 ± 3 

nanoparticles per 100 μm X 100 μm area can be seen in the SEM micrographs with 

nanoparticle size ranging between 200 – 300 nm for a deposition time of 5 minutes. 

Prolonged deposition leads to an increase in nanoparticle coverage and the average size 

of the particles. At 30 min the range increases from 200 -500 nm, with larger size 

 

Figure 37: SEM images showing distribution of nanoparticles on top of peptide. 
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particles occurring more frequently and coverage increasing to 51 ± 5 particles per 100 

μm X 100 μm area.  

7.5 Results and Discussion 

Pre and post nanoparticle deposition analyses were completed for each peptide. 

Raman spectra were based on the residual peptide left behind after evaporation of the 

solvent. Raman spectra in figure 38 compare pre and post Raman analysis of the YH 

peptide. Significant Raman signal enhancement of the peptide signal can be seen in the 

upper trace, whereas the lower trace is Raman taken of the peptide without Ag 

nanoparticle deposition. There is no sign of SERS enhancement even though samples 

were spotted on a gold coated surface. However when Ag nanoparticles are soft-landed 

on the surface a noticeable SERS enhancement is observed (figure 37A). This significant 

signal increase is clearly seen in the finger print region (1000 – 2000 cm-1) of the 

peptide, and also of the CHCA matrix.14 In all, preparation time for these experiments 

was less than 45 min. This rapid SERS deposition setup can comb through various sized 

nanoparticles for rapid screening and preparation of samples. 

7.6 Conclusion 

A novel technique for the deposition of Ag nanoparticles utilizing SLIM has been 

demonstrated to be a viable nanoparticle source for SERS analysis. This approach is 

different from solvent-based nanoparticle generation in that nanoparticles were formed 

solvent-free through laser ablation and then soft-landed onto a peptide coated 

substrate using SLIM. Raman analysis of the surface showed significant Raman 
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enhancement due to the presence of the soft-landed Ag nanoparticles. Utilizing SLIM we 

can begin to rapidly deposit various sized and shaped metal nanoparticles onto the 

peptide coated substrates combing and investigating SERS properties to find an 

optimum sized and shaped SERS nanoparticle. This instrument can be set up for 

automation, removing the laborious preparation time for a large range of SERS 

techniques and varying chemistries. 

 

 
Figure 38: SERS spectra of YH (Top) and CHCA (bottom) 
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CHAPTER 8 

FUTURE WORK 

Soft landing ion mobility (SLIM) as a preparative material instrument has proved 

that it is capable of discriminating ions based on mobility through a neutral buffer gas. 

Though it lacks the resolution of a mass spectrometer it is capable of depositing in the 

thermal energy regime. Future studies using this instrument should be a revisiting of the 

nanostructured carbon films on mica, as well as molecular modeling of surface ion 

interaction in order to formulate and discern the actual deposition mechanism on 

muscovite. As well as the cluster formation of bimetal compounds either through the 

laser ablation between the two interfaces or through an arc discharge between two 

different rod, would allow us to create mixed metal clusters.   

Another aspect of this work includes a radial diffusional study of ions through 

the drift tube. By soft landing ions onto a metal substrate ions should immediately 

neutralize essentially leaving them where they have landed. Characterization of the 

surface could allow us to solve radial diffusion for all mobility instruments. An 

alternative method would be the development of a multi-faraday detector consisting of 

10-40 depending on the manufacturing capabilities available. By moving the detector 
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axially within the drift region one could detect an ions position based on the channel 

selected. Continuing this procedure would allow you to plot the ions diffusion through 

the mobility cell. Based on the work accomplished here SLIM is a viable deposition 

technique through the use of high resolution imaging techniques (STM, TEM, Aueger 

Spectrosctroscopy, XPS) need to be incorporated into routine characterization analysis. 
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APPENDIX 

BILL OF MATERIALS CHAMBER CONSTRUCTION
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Vacuum Components:  

1 6” CF cross  

1 6” to 2.75” CF reducing cross  

2 6” to 2.75” CF zero length reducers 

1 6” CF Quick Door 

1 6” CF Quartz View Ports 

1 2.75” to 1.33” CF zero length reducer 

1 KF 25 to 2.75” CF right angle shut off valve 

1 2.75” CF 4 pin HV electrical feedthrough 

1 2.75” CF to .25” swagelock adaptor 

1 1.33” CF tee  

1 1.33” CF to .25 swagelock adaptor 

1 1.33” CF Linear/Rotational Manipulator 

1 .375” swage lock Needle valve 

Materials  

1 12”length 2” diameter stainless Steel 304  

1 6” length 3” diameter Teflon Rod  

66 .125” diameter sapphire balls 

22 5 MΩ Resistors 

3 .25”-20 Nylon Cap head screws 

1 36” length .5” hexagonal stock  

1 12”length .25“ diameter Macor rod  
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