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Abstract

This thesis describes experiments performed using different methods to produce
aerosol nanoparticles with control over size and composition. The process in-
cluded differential mobility analyzers (DMAs) as size-selecting instruments and
tube furnaces for particle synthesis.

A method to estimate the degradation of the DMA performance from the
ideal case for individual DMAs was proposed and tested experimentally. Using
this method, the size dependence of the DMA performance was predicted from
measurements at a single particle size.

Size- and composition controlled binary alloy aerosol nanoparticles were gen-
erated. Core particles were formed by the evaporation/condensation method, and
alloy particles were created by the subsequent condensation of another material.
The Au-Ga system was used as a test system.

Generation processes were investigated by studying deposition patterns in-
side a horizontal evaporation/condensation nanoparticle generator. Comparison
to estimates calculated from a one-dimensional monodisperse aerosol formation
model indicates the presence of non-uniform flow inside the generator.

Aerosol nanoparticles were created from the vapor emanating from the ther-
mal decomposition of iron pentacarbonyl. The size, morphology, composition
and structure of the generated iron-containing particles were investigated.

The sintering behavior of agglomerated aerosol nanoparticles was investi-
gated. When comparing the relative compaction temperature for different nano-
particles produced in different laboratories deviations in the sintering behavior
were found. These could be associated to the different particle compositions.

Individual nanoparticles were generated from monodisperse colloidal suspen-
sions by the use of an electrospray method. Deposition of single particles could
be achieved and controlled by deposition time and dilution ratio. The method
was found to be independent of particle material.





Preface

This thesis is a summary of the work I have completed as a Ph.D. student at
the Department of Physics in Lund during the years 1999 and 2004. The thesis
consists of introductory chapters presenting general aspects of the topics discussed
in detail in the six amended research papers.

Contrary to the usual case for a Ph.D. student, I have had the pleasure to ex-
perience two Divisions. I have however been loyal to aerosol science all the time.
I started out at the Division of Nuclear Physics, where I mostly performed exper-
iments on characterizing an instrument called a Differential Mobility Analyzer,
or DMA1 for short. The aim was to develop methods which could be used for
measuring atmospheric aerosols. The work resulted in the first two papers in this
thesis. In early 2001, I turned the focus towards aerosol nanoparticles and started
at the Division of Solid State Physics. Using an experimental set-up including
a similar instrumentation, I began producing nanometer-sized particles of differ-
ent materials. The aim was to develop new methods for generating particles that
could find applications in the field of nanotechnology. The results of the work
are presented in the four last papers included in this thesis. To summarize, it has
been both enjoyable and educating to work with similar instruments and similar
research problems from two different points of view!

There are a number of people who have helped in one way or another along
the way, which of course are gratefully acknowledged.

First, I would like to express my warmest gratitude to my thesis advisor Prof.
Knut Deppert, whom I regard more as a fellow Ph.D. student than a supervisor.
Working with (i.e., not for) you has always been a great joy, and your positive
spirit about science and all else that matters have encouraged me significantly.
Thanks for a great cooperation!

Also, I would like to thank Prof. Lars Samuelson who accepted me as a Ph.D.

1Get used to this TLA (three letter acronym) if you intend to read the entire thesis!



student, and has supported me by sharing his unprecedented enthusiasm for sci-
ence at certain key moments.

I want to direct a great thanks to all of my colleagues at Solid State Physics,
who have helped with me in different ways in my work. In particular, I would
like to thank the nanocrystal group, which today consists of Brent Wacaser, Kim-
berly Dick and Zsolt Geretovszky (apart from myself and Knut). First for finally
being a group—which was not the case when I started—and second for being
both supportive research companions and good friends. Thanks also to my col-
leagues at Materials Chemistry Jan-Olle Malm and Lisa Karlsson for excellent
TEM work. Mona Hammar, Lena Timby, Bengt Bengtsson and Søren Jeppesen
are all acknowledged for helping out in times of confusion, and Thord Stjernholm
for manufacturing better gadgets in the workshop than I asked for.

The Wednesday innebandy team is of course also acknowledged, especially
the most frequent members Claes Thelander, Erik Lind, Jessica Eriksson, Knut
Deppert, Linus Jensen, Martin Persson, Mats-Erik Pistol, Mikael Björk, Mikael
Johansson, Patrik Brusheim, Peter Lindström, Richard Bunk, Thomas Mårtensson,
and Vilma Zela. I have missed playing with you guys during the last weeks!

Claes Thelander is also acknowledged for being a good friend and colleague,
and for advising me to start at Solid State Physics when I was in doubt.

My sincere gratitude to the persons who helped me in turning my thesis into a
book: Brent Wacaser for valuable comments both on language and physics, Mar-
tin Ugander for shaping up the language, Henrik Ekstrand for the outstanding
cover design, and especially Jonas Persson (är du klar än?) for helping out with
LATEX. Puzzled by the many ways it can go wrong, I am amazed by how superb
the final result eventually became!

I would also like to thank Prof. Kikuo Okuyama for inviting me to his re-
search group at Hiroshima University, and Wuled Lenggoro for providing help on
a daily basis. Thanks for introducing me to the electrospray method and making
my stay in Japan during spring 2003 truly pleasant and memorable.

My supervisor at Nuclear Physics Prof. Bengt Martinsson is acknowledged for
teaching me the basics of aerosol science and guiding me to my licentiate thesis.

Last but certainly not least I thank my mother Kerstin, my father Håkan,
my brother Björn and my sister Karin. You have in different ways and perhaps
unknowingly supported me in my work, although sceptically observing from a
distance. But, without doubt you are not wise! I think . . .

Martin Karlsson
Lund, April 2004
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Chapter 1

Introduction

Producing nanometer-sized particles with sufficient control of properties, such as
size and composition, and in large enough quantities is of great interest for many
applications. This thesis explored different generation methods based on aerosol
technology. The instrumentation for measuring different particle properties is
described. Size determination is given the most attention since the size is often
the most important characteristic for nanoparticles.

The main instrument for measuring aerosol particle size on-line is called the
differential mobility analyzer (DMA). A considerable part of this thesis deals with
the performance of this instrument and especially its so-called transfer function.
Since a DMA is a classification device, it is used extensively in experimental set-
ups used for particle production. In this thesis, a generator set-up including
DMAs were used for the production of aerosol nanoparticles.

1.1 Definition of aerosol

An aerosol is defined as solid or liquid particles suspended in a gas [1]. The gas
is normally but not necessarily air. The term aerosol includes both the particles
and the surrounding gas, thus making it a system of two or even three aggregation
phases. The term particle refers both to the solid particles and the liquid parti-
cles. The latter are often referred to as droplets. The size of the particles ranges
from 1 nm to 100 mm, covering five orders of magnitude. The minimum size is
limited by the fact that a particle must be composed of a stable assembly of atoms
or molecules. The maximum size is limited by the settling velocity of the parti-
cle due to gravity. Larger particles will simply fall downwards too rapidly to be

1



2 Chapter 1. Introduction

Table 1.1: Types of particulate suspensions (after ref. [1]).

Suspending Type of suspended particles

medium Gas Liquid Solid

Gas — Fog, mist, spray Fume, smoke, dust

Liquid Foam Emulsion Colloid, slurry

Solid Sponge Gel Alloy

considered airborne. The definition of an aerosol implies that nearly all gases can
be considered to be aerosols, since there are practically always particles present.
However, in the normal case only the suspended particles are of interest and the
surrounding gas is neglected. This has unfortunately led to the reinterpretation of
the term aerosol to only include just the particles. In a popular context, the term
aerosol often refers to a pressurized can product as a whole, but it is actually the
material coming out of the can that is the aerosol.

In fact, an aerosol is just one example of a particulate suspension. The term
was coined as an analog to the term hydrosol, which refers to a stable liquid
suspension of particles. All two-component system made up of particles of one
component in a stable suspending medium of another component have unique
properties that depend on the size of the particles and the relative concentrations.
Each of these systems have names, which are listed in Table 1.1. The aerosols
listed in the table are found in the upper row. The difference between the differ-
ent terms are the size of the particles and their method of generation. For instance,
consider the listed aerosols of solid particles. A fume emanates from the conden-
sation of a vapor and consists therefore of particles less than 50 nm. Smoke arises
as a result of incomplete combustion, and the particles are usually less than 1 mm.
Lastly, dust particles are formed by mechanical disintegration such as crushing
and grinding, and consists mainly of particles larger than 100 mm.

Scientific work with aerosols is often synonymous with pollution control.
This deals with reducing particle concentrations and controlling particle emis-
sions in order to prevent humans the harmful effects of aerosols. There are of
course other specific applications which are benefited by the properties of aerosol
particles. Clean room technology is an example where the control and reduction
of aerosol particles is used to protect the products manufactured in such rooms,

Methods to Generate Size- and Composition Controlled Aerosol Nanoparticles



1.2. Aerosol nanoparticles 3

rather than the humans working there. Another example is the pressurized spray
technique, which among other things is used for applying pesticides, distributing
paint droplets or even spraying perfume. Other important and widespread uses
of aerosol particles have medical applications [2]. Apart from the control of un-
intentional exposure of aerosols to humans, e.g., during surgery, aerosol particles
can be used both for therapeutic and diagnostic purposes. Therapeutic aerosols
are often intended for inhalation, aiming to deliver a substance to the respiratory
tract. For instance, aerosol particles can be used to alter the properties of secretion
or treat infections. The aerosols can be generated from pulverized drugs, as in the
case of asthma medication intended for deposition in the lungs. They can also be
sprayed from a solution, as with medication intended for deposition in the nasal
region. Aerosols can also be used for diagnostic purposes such as assessment of the
ventilation of the lungs, e.g., using nuclear medicine techniques. Many of these
applications are often critically dependent on the properties of the aerosol being
used. This makes it important to perform precise characterizations of aerosols, as
will be discussed in depth in Chapter 2.

1.2 Aerosol nanoparticles

The field of aerosol technology has drawn increasing attention from nanotechnol-
ogists, in particular the possibility for accurate size measurements and controlled
generation. Nanotechnology is a discipline dealing with fabrication, physics and
manipulation of nanostructures, which includes nanoparticles. Particles smaller
than 100 nm are normally considered to be nanoparticles. Just by their small size
they may have electrical, optical, magnetic, and/or chemical properties which dif-
fer from that of the corresponding bulk material. As a result, the novel properties
of nanoparticles makes them interesting for a variety of new uses [3]. For example,
nanoparticles can be used as quantum dots in studies making use of quantum con-
finement effects [4, 5], in luminescent materials for integration in optoelectronic
devices [6], as part of gas sensors for converting microscopic chemical interac-
tions into measurable electrical signals [7], and as UV blocking pigments in solar
protection creams or films preventing color degradation of plastics [8].

The different particle properties are highly dependent on the size of the parti-
cle. Nanoparticles are typically larger than molecules but smaller than bulk solid-
state structures. This means that the preparation process must be highly accurate.
Important preparation qualities include good control of particle size and shape,
and monodispersivity within a few percent. Processes involving aerosols can re-

Martin Karlsson



4 Chapter 1. Introduction

20 nm1 µm

Figure 1.1: (Left) An SEM overview image of GaAs whiskers. (Right) A TEM image of
a 40 nm whisker with an InAs/GaAs interface, indicated by an arrow. From Ref. [9]

spond well to these demands since the processes take place in the gas phase. This
makes for instance particle size control easy. Gas phase production has several
advantages including the potential to create particles that are metal, binary alloy
or even more complex chemical structures. Aerosol nanoparticles are essentially
formed by condensing individual atoms into small solid building blocks. Control
of the gas flows leads to high purity production of nanoparticles and offers a pos-
sibility to have continuous production. Major disadvantages are limited yield of
the generation, problems associated with storage and costly experimental equip-
ment. Colloidal nanoparticles is an alternative particle technology which can
overcome these disadvantages. Producing particles in a solution can be done in
large amounts at a low cost, and the particles can easily be stored and transported.
However, size selection is more difficult to achieve for colloidal suspensions, and
the particle purity is often lower than compared to aerosol particles.

As a specific application, aerosol nanoparticles can act as seeds for epitaxial
growth of semiconductor nanowhiskers, one-dimensional nanostructures [10].
To grow whiskers, size-selected particles of for instance Au are first deposited
onto a substrate. The substrate is then transferred to a growth chamber, e.g.,
a chemical beam epitaxy chamber, and heated while exposed to gaseous growth
species. These are dissolved in the catalysts and whiskers start to grow in the
catalyst-semiconductor interface due to supersaturation in the metal droplet. Het-
erostructures can be fabricated by changing the gaseous species. Fig. 1.1 shows
an scanning electron microscope (SEM) image of GaAs whiskers approximately
500 nm in length, and a transmission electron microscope (TEM) image of a
heterostructure whisker. The gold aerosol nanoparticle is clearly seen at the top.

Methods to Generate Size- and Composition Controlled Aerosol Nanoparticles



Chapter 2

Aerosol nanoparticle
measurement

The most important parameter for nanoparticle characterization is size. All other
aerosol properties depend upon size, some very strongly. For instance, all forces
acting on particles depend upon size. In some cases the governing laws themselves
may change with particle size. Aerosol nanoparticles, having sizes which are close
to the surrounding gas molecules, react differently with the suspending gas than
larger particles, for which the gas can be treated as a continuum. Therefore, it is
always important to measure size with great accuracy. Most of the size measure-
ment techniques infer particle size indirectly from an observation of some particle
behavior. In order to minimize ambiguity, size measurements are often reported
in terms of equivalent diameters.

The main instrument for making size measurements of aerosol particles, es-
pecially in the nanometer size range, is the differential mobility analyzer. This
instrument is described in detail in section 2.2. Other aerosol instruments that
measure size distributions and number concentrations of particles are described
in section 2.3.

2.1 Equivalent diameters

In the development of the theory of aerosol properties it is often assumed that the
particles are all spherical, since this makes the theories more simple. However,
in reality aerosol particles are often highly non-spherical, which makes it rather
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6 Chapter 2. Aerosol nanoparticle measurement

difficult to define a diameter. In order to extend the aerosol theories to encompass
non-spherical particles, the concept of equivalent diameter has been introduced.
An equivalent diameter is the diameter of a sphere that has the same value of a
particular physical property. For instance, the equivalent volume diameter is the
diameter of a sphere having the same volume as that of the irregular particle. The
equivalent volume diameter can be thought of as the diameter of the sphere that
would result if the irregular particle would melt to form a droplet. Another, and
more important equivalent diameter, is the aerodynamic diameter. The aerody-
namic diameter standardizes both shape and density. It is defined as the diameter
of a spherical particle with a density of 1000 kg/m3 that has the same settling
velocity as the irregular particle. The settling velocity is the terminal velocity of
a particle settling in still gas. It is a condition of constant velocity wherein the
drag force of the gas on the particle is exactly balanced by the force of gravity. In
this context, the particle property mobility can be defined as the ratio between
the terminal velocity and the steady force producing that velocity. If the force
is gravitational, the mobility is called the mechanical mobility, B. Further, for
charged particles moving in an electric field, the electrical mobility, Z , can be de-
fined as the ratio between the terminal velocity caused by the electric field and the
electric field. The electrical mobility diameter is now defined as the diameter of
the spherical particle having the same electrical mobility as the particle of inter-
est. The electrical mobility diameter for a spherical, singly charged particle is the
same as the geometric diameter. The concept of electrical mobility will be further
discussed in section 2.2.

Equivalent diameters can also be defined for the geometry of the particle sil-
houette, such as Martin’s or Feret’s diameter. These are useful for microscopic
measurements of particle sizes. The most commonly used equivalent diameter is
however the projected area diameter, which is defined as the diameter of the circle
having the same projected area as the particle of interest.

2.2 The differential mobility analyzer

A differential mobility analyzer (DMA) is an instrument which classifies particles
according to their electrical mobility. It was introduced by Knutson and Whitby
in 1975 [11] and has ever since become a standard tool in aerosol science, appear-
ing in a variety of applications. The great advantage with a DMA is its possibility
to act as a gate by extracting aerosol particles with a narrow mobility range from
a distribution of particles with different mobilities. This range can thereafter be

Methods to Generate Size- and Composition Controlled Aerosol Nanoparticles



2.2. The differential mobility analyzer 7

treated in different ways according to the purpose of the application. There are
two main applications for a DMA. It can be used both as a part of a particle size
measuring system and as a part of a particle generation system.

One common system for measuring particle size distributions is the differ-
ential mobility particle spectrometer (DMPS) [12]. The particles in the selected
range are counted either by a CPC or by an electrometer. A size distribution
is then obtained by varying the voltage of the DMA. The DMPS provides pre-
cise measurements of particle size distributions with high resolution in the sub-
micrometer size range. It can, for example, be used to measure atmospheric par-
ticle size distributions [13].

An example of a more complex measurement system including two DMAs is
the tandem DMA (TDMA). A TDMA employs two DMAs in series. The par-
ticles with a mobility range selected by the first DMA are exposed to a region
of controlled conditions. Subsequently, the second DMA is used to measure the
change in mobility, hence making it possible to study processes that change parti-
cle size. For instance, if the particles pass a region of controlled relative humidity
between the DMAs, the hygroscopic particle growth can be studied [14]. In anal-
ogy to spectroscopy, the first DMA held at a fixed voltage could be compared to a
monochromator. The second DMA which scans over the distribution produced
by the first is analogous to a spectrometer. There are also more sophisticated mea-
surement system, which includes several DMAs, such as a droplet aerosol analyzer
(DAA) [15]. A DAA is used to perform correlated measurements of cloud droplet
size and droplet residual particle size [16].

The other main use of a DMA is as part of a monodisperse aerosol generator
to produce particles with a narrow mobility range. An aerosol with a certain
particle size distribution is first created. This can be done by using a constant
output atomizer [17] or by rapid cooling of a supersaturated vapor, called the
evaporation/condensation method [18]. The aerosol is then passed through a
DMA operated at a fixed voltage, generating the monodisperse particles. This
use of a DMA for particle generation was the most important method used in
the experiments in this thesis. This method will therefore be described further in
Chapter 3.

2.2.1 The physical principle

The DMA classifies individual aerosol particles according to their electrical mobil-
ity Zp. The electrical mobility can be defined as the ability for a charged particle

Martin Karlsson



8 Chapter 2. Aerosol nanoparticle measurement

to move in an electrical field [1]. Zp depends on the charge ne, where n is an
integer and e is the elementary charge of an electron, and the diameter dp of the
particle. The electrical mobility can be expressed as the ratio between the terminal
electrostatic velocity VTE and the electrical field strength E

Z =
VTE

E
=

neCc

3phdp
(2.1)

Here, h is the viscosity of the surrounding gas and Cc is the so called Cunningham
factor. The viscosity depends on temperature according to

h = h0

(
T
T0

)1/2

(2.2)

where h0 = 1.83 × 10−5 kg/m·s and T0 = 293 K. The Cunningham factor Cc

is also called the slip correction. It accounts for the fact that the surrounding gas
cannot be regarded as a continuum for small particles, i.e., when the particles are
of the same order of magnitude in size as the mean free path. It is given by

Cc = 1 +
l
dp

[
2.34 + 1.05 exp

(
−0.39

dp

l

)]
(2.3)

where l is the mean free path. This in turn is a function of the temperature T
and pressure p of the gas, and is given by

l = l0

(
T
T0

)(
p0

p

)
(2.4)

where l0 = 6.53 × 10−8 m and p0 = 1013 hPa. For a particle with a diameter
of 1 mm, the Cunningham factor becomes 1.15 (at standard temperature and
pressure, i.e., T0 and p0), and the factor increases with decreasing particle size. In
total, the electrical mobility of a particle depends primarily on its diameter and
charge, and implicitly on the temperature and the pressure of the surrounding
gas, through the viscosity and the Cunningham factor. Thus, by measuring the
electrical mobility of particles of a known charge distribution, and knowing the
gas temperature and pressure, the diameter of the particles can be derived.

In a DMA, charged aerosol particles pass through a parallel plate capacitor
in which particle penetration is controlled by an electric field. The two most
common DMA types have radial or cylindrical design, respectively. In a radial
DMA, an electrical field is generated between two parallel circular discs [19, 20].
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2.2. The differential mobility analyzer 9
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Figure 2.1: Schematic cross section diagram of a cylindrical DMA.

The aerosol enters the space between the discs at the periphery and travels towards
the center. This DMA design has not been investigated in the work presented in
this thesis.

In a cylindrical DMA, a radial electric field is generated between a tube and
a central electrode rod. The tube is grounded and the voltage of the central rod
can be varied between approximately 10 V and 10 kV. Fig. 2.1 shows a schematic
cross-sectional view of a cylindrical DMA (see also Fig. A.1). The polydisperse
aerosol flow (Qa) is introduced axially through a fine slit in the outer annulus. In
contrast, the laminar and particle-free sheath gas flow (Qsh) enters the DMA in
the center. Before entering, the sheath gas flow passes a woven wire mesh which
induces a pressure drop. This drop distributes the flow evenly over the DMA cross
section. As the two flows travel axially between the coaxial tube and the central
rod, the charged aerosol particles having the appropriate polarity are deflected
towards the central rod. Only those particles with a narrow range of electrical
mobility will be carried out by the minor, nearly monodisperse sampling flow
(Qs) through the narrow exit slit. Smaller and multiply charged particles have
greater mobility and will therefore migrate to the central rod before reaching the
exit slit. Larger, uncharged, and oppositely charged particles on the other hand
have lower mobility, and will therefore follow the excess flow (Qe) out of the
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Table 2.1: Bipolar equilibrium charge distribution as calculated with the model presented
by Wiedensohler [21]. The table gives the percentage of particles carrying the indicated
number of charges.

dp (nm) –3 –2 –1 0 +1 +2 +3

10 0 0 5.1 91.2 4.1 0 0

20 0 0 11.0 79.3 8.5 0 0

50 0 1.1 22.3 58.1 17.0 0.7 0

100 0.4 5.6 27.9 42.6 21.4 3.2 0.2

instrument. However, not all particles in the selected mobility range will leave the
DMA with the sampling flow. This will be adressed in section 2.2.3.

2.2.2 Charging

Most of the aerosol particles in ambient air are naturally charged. This can be a
result of either their generation process or the adhesion of ions. However, natural
charging of particles are seldom in the well-ordered manner required for making
mobility measurements. Instead, bipolar chargers are frequently used to charge
aerosol particles. Bipolar chargers give the aerosol a known charge distribution, a
process sometimes called neutralization. The charger used in the work presented
here makes use of the ionizing radiation from a radioactive source, e.g., b-emitting
63Ni, to ionize the gas in a confined region. When the aerosol passes this ionized
volume, ions of both polarities will collide randomly with the aerosol particles.
As they attract oppositely charged ions, this charges the particles that are neutral
and neutralize the particles that are charged. After a sufficient amount of time,
typically about one second, the aerosol reaches an equilibrium charge state. The
equilibrium can be described as the statistical probability that some aerosol parti-
cles will have no charge and others will have one or more charges. Wiedensohler
[21] derived by polynomial fitting an approximate and asymmetric distribution,
which is shown in Table 2.1. Since the equilibrium charge distribution is well
defined, inversion techniques can be used to convert measurements of electrical
mobility into particle size.
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2.2.3 The transfer function

The DMA transfer function is defined as the particle penetration as a function of
the electrical mobility for a given voltage and flow setting. In other words, it is the
probability that a charged aerosol particle entering the instrument via the aerosol
inlet will leave it via the sampling flow. The transfer function for cylindrical
DMAs can be derived by considering the two perpendicular forces experienced
by particles entering the DMA. These are the axial force caused by the gas flow
and the radial force caused by the electric field. This derivation is performed in
the Appendix.

Particles selected by a DMA have a narrow electrical mobility distribution.
The mean electrical mobility, Z∗p , of the particles leaving the DMA with the sam-
pling flow can be derived by realizing that the axial and radial traveling times for
those particles are equal. For a DMA operated with symmetrical flows, which is
the normal case, Z∗p becomes

Z∗p =
Qshln(r2/r1)

2pUL
. (2.5)

where r1 and r2 are the radii of the electrode rod and the outer cylinder, respec-
tively, U the applied voltage and L the length of the DMA classifier column (cf.
Fig. A.1). The relative full width of the mobility range is the full width, DZp,
divided by Z∗p . It becomes

DZp

Z∗p
= 2

Qa

Qsh
(2.6)

and the transfer function becomes symmetrical and triangular, as depicted in
Fig. 2.2. In the ideal case, the shape of the transfer function is determined only
by the applied flow rates. The ideal full width of half maximum, or resolution,
thus becomes Qa/Qsh. The transfer function shape can however be degraded
and become non-ideal due to several factors. Factors contributing to degradation
include flow rate maladjustments, imperfections in the design of the DMA and
presence of an unwanted electric field at the DMA outlet. The first two of these
factors can cause a formation of a non-laminar flow field in the DMA, especially
in the region where the aerosol flow and the sheath gas flow meet. Particle losses
are most likely to occur at the inlet and outlet of the DMA.

In addition to DMA imperfections, the shape of the transfer function is af-
fected by diffusion. Diffusion is the random collisions between particles and the
molecules in the gas. This randomness causes particles inside a DMA to deviate
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Figure 2.2: The ideal (solid line) and diffusionally broadened (dashed line) differential
mobility analyzer transfer function as a function of the ratio of the mobility Zp to the
mean mobility Z∗p . Both functions are calculated with Qa/Qsh = 0.15. The diffusion-
ally broadened transfer function is calculated by using a derived analytical function [22]
together with DMA parameters Qsh = 6 l/min, Qa = 0.9 l/min, L = 0.28 m, and dp = 13
nm.

from the theoretical trajectories determined by the axial gas flow and the radial
electric field. Effectively, this broadens the transfer function as compared to the
ideal case. This diffusional broadening makes it difficult to obtain narrow size
distributions. Stolzenburg [22] derived analytical expressions describing the in-
fluence of diffusion on the DMA transfer function. On the basis of DMA prop-
erties such as aerosol and sheath gas flow rates, applied voltage, length, radii, and
the diffusion coefficient, it is possible to estimate the diffusion broadened transfer
function. In Fig. 2.2, the ideal and the diffusion corrected size distribution is
plotted for an aerosol-to-sheath gas flow-rate ratio of 0.15. The diffusional trans-
fer function is clearly broadened compared to the ideal case. Further, it should
be noted that the diffusional transfer function is not symmetric. This is because
diffusion is dependent on particle size, in that smaller particles are more effected
by diffusion than larger.

The transfer function shape is also affected by losses due to DMA imperfec-
tions, as previous mentioned. These losses cause measurements of particle size
distributions to become non-quantitative when not accounted for. For example,
this can be a problem when performing measurements with a DMPS since there
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will be fewer counts in each size channel.
It is not realistic to construct perfect DMAs with ideal transfer functions.

Therefore one is forced to measure the transfer functions and correct the exper-
imental data. Size dependencies of the diffusion and the losses due to DMA
imperfections are instrument-specific and constant for all measurements. These
constants can, if they are known, then be used to correct the experimental data.

In Paper I, a method to estimate the non-ideal features of the DMA transfer
function is presented and experimentally tested. In Paper II, investigations of the
size dependence of the transfer function using this method are reported. The
work presented in these papers could thus be useful for DMA users and perhaps
also for DMA constructors.

2.3 Methods for sizing and counting

Size and number concentrations are important properties for particle characteri-
zation. There are therefore a variety of instruments based on different principles
measuring these properties. In this section, some of these instruments will be
described. Not all of them are relevant to the field of nanoparticles, but are nev-
ertheless described since they are used frequently in aerosol science.

2.3.1 Impactor

An impactor is an instrument which separates particles according to their inertia
by selective collection, or impaction. An illustrative example of a collector is the
windshield of a car. Large insects impact with the windshield, as they fail to follow
the air streamlines of the moving car. On the other hand, snowflakes easily escape
impaction due to their smaller size, unless the speed of the car is high.

In an impactor, the aerosol of interest is passed through a nozzle, forming a
jet of particles, which is directed against a flat impaction plate perpendicular to
the flow. Particles whose inertia exceeds a certain value will collide with the plate,
or impact. Only those particles able to follow the gas streamlines will remain
airborne and leave the instrument. Thus, the particles will be divided into two
size ranges, with the limit at a certain cutoff aerodynamic diameter. By changing
the distances involved, and especially the diameter of the nozzle, this limit can be
altered. The two determining factors whether particles will impact or not is the
gas flow rate and the particle size.

In its simplest form, the impactor only consists of a single step, but there are
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also so called cascade impactors, with several stages of impactors in series. The
cutoff size is reduced at each stage by decreasing the nozzle size. The impaction
plates can for instance be analyzed gravimetrically in order to deduce a particle size
distribution. A so called virtual impactor has been developed in order to overcome
problems such as resuspension of impacted particles and plate overloading. The
impaction plate is in this case replaced by a minor collection flow, hence the term
virtual. The collection flow separates the impacted particles according to a certain
aerodynamic cutoff diameter through a nozzle pointing in the opposite direction
as the contraction nozzle.

Impactors have the advantage of being simple, both in construction and op-
eration, and have therefore become a standard tool in aerosol science. However,
it is difficult to sample small particles, since the smaller the particles, the higher
the gas flow rate, which in turn leads to higher probability of particle bounce.
Conventional impactors are limited to measure particles with sizes larger than ap-
proximately 0.5 mm, which makes them unsuited for nanoparticle measurements.
However, a nanoparticle virtual impactor able to collect particles with sizes rang-
ing from 15 to 60 nm with a collection efficiency of 50% was presented in a
recent study [23].

2.3.2 Time-of-flight instruments

A time-of-flight instrument is a real-time method used to measure aerodynamic
particle size and size distribution with high resolution and over a wide range of
particle sizes. Such an instrument first uses a sharp contraction, which forces the
aerosol particles to accelerate. The time interval for a particle to move between
two narrowly focused laser beams is then recorded. Since larger particles have a
higher inertia they accelerate more slowly. Therefore, the recorded time inter-
vals can be used to calculate aerodynamic diameter once the instrument has been
calibrated. Calibration is performed using monodisperse particles of known aero-
dynamic diameters. However, both agglomerated particles and particles with a
density vastly different from 1000 kg/m3 are not suited for measurements using
such an instrument. In both cases the drag can differ significantly from that of cal-
ibrated particles with the same aerodynamic diameter, making the measurement
unreliable. Also, coincidence errors occur if a second particle arrives between the
laser beams before the first has left. This source of error increases when measuring
higher particle concentrations. Lastly, commercially available time-of-flight in-
struments have a range of operation of particles between 0.5 and 20 mm, making
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them unsuitable for measurements of nanoparticles.

2.3.3 Optical instruments

An optical particle counter (OPC) is an instrument that relies on the interaction
between a particle and light to make non-invasive, real-time and in situ mea-
surements. It is a pure optical instrument since it measures the intensity of the
scattered light to deduce the particle size. The recorded signal is converted to
particle size by the use of calibration curves from monodisperse, spherical parti-
cles with a known size and refractive index. Known limitations of optical particle
counters are that the recorded signal is different for particles of different materials,
and that it is not a monotonous function of particle size. As in the time-of-flight
instrument, only one particle at a time can be present in the sensitive measuring
volume in order to perform correct measurements. This may have to be achieved
by diluting the aerosol. The particle size range covered is about the same as for
time-of-flight instruments.

A condensation particle (or nucleus) counter (CPC) is simpler optical instru-
ment that measures the number concentration of submicrometer aerosol particles
[24]. In such an instrument, the aerosol continuously flows through a volume
with supersaturated alcohol vapor, normally butanol. The aerosol is subsequently
cooled either by adiabatic expansion or by passing through a chilled tube. The
aerosol particles will thus grow in size due to heterogeneous nucleation, i.e., vapor
condensing upon them. All particles are exposed to same level of supersaturation,
which makes them grow to droplets of about 10 mm in diameter. The droplets
can be counted by letting them pass a focused laser beam whereby it is possible
to detect a change in transmitted light. The signal is easily converted to particle
number concentration since each particle grows to one droplet. A CPC is suited
for concentrations between 10−4 – 107 cm−3 and particle sizes down to approx-
imately 3 nm. A CPC is however only a counting instrument, and it requires a
condensing vapor, normally alcohol, to function.

2.3.4 Electron imaging

Electron microscopy is a powerful tool for imaging aerosol nanoparticles. It makes
use of a beam of electrons for precise measurements of the size and shape of indi-
vidual particles. Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) are two principally different types. Since both types make use
of an electron beam to create images, a high-vacuum environment must be used
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Figure 2.3: An XEDS spectrum taken of the particle shown in Fig. 2.4(a). Peaks ema-
nating from Cu, Au, and Ga are identified.

in order to prevent scattering of the electron beam by gas molecules. Investiga-
tions are therefore limited to particles that can withstand the possible heating of
the electron beam and do not evaporate in the high vacuum.

An X-ray induced energy dispersive spectrometer (XEDS) is usually mounted
to an electron microscope, and can be used for elemental analysis of individual
particles. This is performed by detecting the characteristic photons emitted from
the particle upon electron beam irradiation. In Fig. 2.3, an example of a spectrum
recorded by an XEDS is shown, here for the particle shown in Fig. 2.4. The
detected peaks are identified in the spectrum as emanating from Au, Ga, and Cu,
respectively. Au and Ga comes from the particle, and Cu comes from the copper
grid.

Transmission electron microscopy

TEM images are created by letting a beam of electrons be transmitted through
the sample thereby projecting a two-dimensional silhouette image, much like in
a transmission light microscope. Thin samples are required in order to suppress
electron beam attenuation . TEM is therefore best suited for particles smaller
than 500 nm in diameter. Relevant to this thesis work, particles were deposited
onto fine mesh copper grids with a thin carbon film covering the screen openings.
High resolution TEM has atomic resolution, offering the possibility to study the
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Figure 2.4: Examples of TEM images. (a) A nanoparticle composed of Au and Ga, as
analyzed by XEDS shown in Fig. 2.3. The particle is created with the method presented
in Paper III. The core consists mainly of Au, and the smaller particles attached to the
core consists of pure Ga. (b) An iron-containing nanoparticle created with the method
presented in Paper V.

morphology and crystalline phase of individual nanoparticles. Two examples of
TEM images of nanoparticles are shown in Fig. 2.4. The method for producing
compound nanoparticles of Au and Ga is presented in Paper III. The method for
producing iron-containing nanoparticles is presented in Paper V.

Scanning electron microscopy

In an SEM, images are created by detecting the secondary electrons created as
a focused electron beam is scanned over the surface of the sample. Different
materials will result in different amounts of secondary electrons. It is therefore
possible to distinguish for instance particles of one material from the substrate
due to difference in contrast. The resulting images will have a three-dimensional
appearance, since higher points on the sample are closer to the detector and more
secondary electrons are collected from these points than the lower ones. This
can be enhanced by tilting the sample in relation to the electron beam source,
thereby creating realistic shadows. SEM is suitable for accurate measurements of
substrate surface characteristics such as particle coverage, since it can image the
sample surface well. Measurements of size and shape of individual nanoparticles
is better performed by a TEM due to its higher resolution. Examples of SEM
images are presented in Fig. 3.2.
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2.4 Particle deposition

The most important deposition processes for nanoparticles are by diffusion, ther-
mophoresis and electrostatic forces. The forces involved in these processes are all
stronger than the gravitational force, which otherwise causes larger particles to
deposit by sedimentation. Furthermore, the smaller the particle, the lower the
inertia. This makes deposition via impaction less likely for nanoparticles.

2.4.1 Deposition by diffusion

Diffusive deposition occurs as a result of the randomness in the path traveled by
nanoparticles, caused by collisions with the gas molecules. When close enough to
a surface, the particle will adhere to it. At the surface, the number concentration
of particles in the gas-phase is zero. This creates a concentration gradient out to
the bulk aerosol, which drives a continuous diffusion of particles to the surface.
For example, particles passing through a tube are lost to the walls due to diffusion.
In the case of fully developed laminar flow, the penetration P (i.e., the fraction
of entering particles that exit) can be calculated by the use of the dimensionless
deposition parameter, m,

m =
DL
Q

(2.7)

where D is the particle diffusion coefficient, L is the length of the tube, and Q
is the volumetric flow rate through it. The penetration is then given by simple
analytical functions of m. In Paper II this concept is adapted for calculating the
diffusional losses inside a DMA.

A special case of diffusion is thermophoresis, a phenomenon which appears as
a result of a temperature gradient in a gas. This gradient will cause an aerosol par-
ticle to move in the direction of decreasing temperature. Particles are transported
as a result of a greater transfer of momentum from the colliding gas molecules
on the hot side of the particles than on the cold one. Instruments that exploit
this phenomenon to collect particles are called thermal precipitators. In Paper III,
thermophoretic deposition was used to collect particles onto TEM grids placed at
the outlet of a tube furnace.
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2.4.2 Deposition by electrostatic forces

The work in this thesis primarily used deposition of charged particles by elec-
trostatic forces as the method for collecting nanoparticles. This was a logical
choice to make use of these forces since all of the particles selected by a DMA are
charged. Particles were deposited with a so called electrostatic precipitator (ESP),
which uses an electric field to attract the particles. The instrument consists of a
grounded deposition chamber with a collector plate inside it connected to high
voltage. The flow of charged particles enters the chamber via an inlet and is then
directed towards the plate, which is placed perpendicular to the flow direction.
Substrates (e.g., intended for electron microscope analysis of particles) can be
placed on the conductive plate. Particle deposition occurs when the high voltage
is applied. All particles charged with polarity opposite to the collector plate are
deposited. Any other particles will simply follow the gas stream lines out of the
chamber. Particles are collected inside a circular deposition spot. The spot size is
determined by the electrical mobility of the particles. Larger particles, having a
lower electrical mobility, will be deposited in a larger spot than smaller particles.
In a well constructed ESP the particle surface density is uniform within the spot,
and zero elsewhere [25].

The two main adhesive forces for nanoparticles are van der Waals force and
electrostatic force. The stronger of these two is van der Waals force, which arises
as a consequence of fluctuating electric dipole moments. The random movement
of electrons in an electrically neutral material creates instantaneous areas of con-
centrated charge, or dipoles. These dipoles fluctuate over time and may induce
complementary mirror dipoles in a neighboring material. This produces a strong
attractive force, extending over very short distances in comparison to particle di-
mensions.

Charged particles induce an equal and opposite charge in the surface, which
give rise to an attractive electrostatic force. For two charged particles (point
charges), this force is inversely proportional to the square of the charge separation
distance, as described by Coulomb’s law. After initial contact between a particle
and a surface by either or both of the above forces, a gradual deformation of the
two contact areas occurs, leading to a decreasing separation distance. This process
is halted when the attractive forces balance the forces resisting deformation. Once
a particle is stuck to a surface, it does not move unless acted on by a much stronger
force, e.g., mechanical manipulation with an atomic force microscope [26].
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2.4.3 Electrometer

An aerosol electrometer offers a simple and accurate method to measure the num-
ber concentration of charged nanoparticles on-line. The sample aerosol flow is
passed through a filter, in which the particles are collected. The filter is insulated
and connected to an ampere meter. The measured current, which is by definition
the number of charges per unit time, can be converted to charges per unit volume
since the sample flow rate is known. For nanoparticles with a Boltzmann equi-
librium charge distribution, this charge concentration is in practice the particle
number concentration, since almost all these nanoparticles are singly charged (cf.
Table 2.1). Compared to a CPC, an electrometer is simpler in both construction
and operation, especially since it does not consume alcohol [27].
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Aerosol nanoparticle
formation

Aerosol nanoparticle formation routes in material synthesis can be categorized in
two ways depending on the method of formation. In the first formation method,
droplet-to-particle, a liquid is sprayed to form droplets, which dry to form parti-
cles. In section 3.1, different droplet-to-particle techniques relevant to this thesis
work will be described. In the second formation method, gas-to-particle, the par-
ticles are formed from individual atoms or molecules in a gas colliding to form
small clusters, a process known as homogeneous nucleation. In section 3.2, rele-
vant gas-to-particle processes will be presented in detail.

What characteristics would an ideal aerosol generator have? Most important,
it would have a constant and reproducible output of aerosol particles whose size
and concentration is easily controlled. The particles should be monodisperse, i.e.,
with a size distribution having a geometric standard deviation of less than 1.2.
Further, they should be spherical, stable and uncharged. Since perfectly ideal
generators do not exist, there is always a trade-off between these different charac-
teristics. The choice of generator among the available ones therefore depends on
the intended application, and its specifications. For instance, in almost all appli-
cations the most important feature is to have a constant output of particles over
time, but less important that they are uncharged.
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3.1 Droplet-to-particle methods

One of the simplest way to generate aerosol particles is by different spraying meth-
ods, a few of them will be described in this section. The general principle for all
of them is the continuous break-up of a liquid into droplets suspended in a gas,
a process known as atomization. The liquid can either be a solution (e.g., salt
dissolved in water) or a colloid suspension. The solid aerosol particles are created
as the droplets evaporate, leaving a dry residue.

An important calibration technique for different sizing instruments is to at-
omize monodisperse polystyrene latex (PSL) spheres, commercially available in a
size range from 0.01 to 30 mm.

Common to all droplet-to-particle methods described here are that the drop-
lets (and thus the particles) produced are likely to be moderately charged, for
which neutralization might be needed. The charging comes from the fact that
there are almost always charges present on the surface of the liquid to be atomized,
which are transferred to the droplets. The charge remains on the particles after
drying. In the case of electrospray however, this charging ability is exploited to
enhance the droplet production.

3.1.1 Atomizers

Atomizers are instruments that generate particles via atomization of a liquid. The
simplest type is the pressure atomizer, which uses pressurized gas to convert the
liquid into droplets. The droplets, and hence the particles, produced by an at-
omizer are coarse, thus making it only interesting for those applications where
producing small particles is not important, e.g., spraying paint, perfumes or pes-
ticides. When smaller particles are wanted, a nebulizer can be used instead, which
is a type of atomizer from which only the smallest droplets are allowed to es-
cape. In a nebulizer, the pressurized gas enters via an orifice at a high velocity
past the liquid inlet. The pressure drop formed at the exit nozzle draws a thin
liquid filament, which is accelerated into the exiting gas flow until it breaks into
droplets. The larger spray droplets are removed by impaction within the device,
and drained back to the liquid reservoir. This causes only the smallest droplets to
escape, but it also makes the solution used more concentrated. The consequence
of this is that the sizes of the produced particles will increase with time. The
resulting size distribution from a nebulizer is broad. By changing the flow rates
involved, the distribution can be shifted. In Paper I and II, a nebulizer containing
sodium chloride solution was used to generate particles between 13 and 100 nm.

Methods to Generate Size- and Composition Controlled Aerosol Nanoparticles



3.1. Droplet-to-particle methods 23

Monodisperse droplets can be produced with an instrument called vibrating
orifice aerosol generator (VOAG). In such an instrument, the liquid is driven
through an orifice coupled to a piezoelectric crystal, which is used to make the
orifice oscillate along its axis. The oscillations causes the liquid to break into
equally sized droplets, and the size can be calculated directly from the liquid feed
rate and the frequency of the oscillations. The diameter of the generated droplets
range from 15 to 100 mm. This aerosol generator was not used during the course
of this thesis work.

3.1.2 Electrospray principles

An electrospray refers to the atomization of a conductive liquid through the
Coulombic interaction of charges on the liquid surface and the applied electric
field [28]. This interaction results in both the acceleration of the liquid and
the subsequent disruption into droplets. This type of atomization is termed as
electrohydrodynamic since it involves electrical forces exerted on a liquid that is
moving during the atomization. The method has been used for electrospraying
different colloidal solutions in combination with a DMA [29] or a chemical vapor
deposition reactor [30].

The principle of operation of an electrospray is schematically shown in Fig.
3.1. A liquid is fed slowly through a hollow needle, or capillary. The feed is main-
tained either by a stable differential pressure that causes the solution to be pushed
through the capillary or by means of a constant output syringe pump. The needle
is connected to a high-voltage supply, which is used to establish an electric poten-
tial between the needle and a grounded coaxial ring placed a few centimeters away
from it. A strong electrostatic field can thereby be exerted at the capillary exit,
pulling the charged solution out of the capillary. As the liquid reaches the end of
the capillary, the electric field induces a surface charge, which produces forces that
cause the liquid to disperse into a fine spray of highly charged primary droplets
from the needle tip. This jet of generated droplets is transported by a sheath gas
flow, normally a mixture of air and CO2, surrounding the needle. CO2 is used for
its ability to suppress electrical breakdown. To reduce the charge on each primary
droplet, a radioactive ionizer is used. It is important that this neutralization is
performed quickly after the droplet generation, since the droplets start to evap-
orate, leading to a decrease in surface area, hence an increase in surface charge
density. If the surface charge density becomes too large, the Coulombic repulsive
forces on the droplet will cause Rayleigh disintegration. Since this creates a large
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Figure 3.1: Schematic diagram of the electrospray with magnifications of the capillary
needle tip showing two different spraying modes.

number of smaller droplets, it results in a less monodisperse aerosol. After neutral-
ization, particle generation occurs as the liquid in the droplets evaporate leaving
an aerosol particle. For instance, if a salt solution is used to generate an aerosol,
the salt concentration can be varied to generate different particle diameters.

By balancing the liquid feed rate, the applied voltage and the involved gas
flow rates, it is possible to get a dynamic equilibrium, creating a jet of droplets
due to continuous break-up of the liquid at the tip. The most frequently used
mode is the cone-jet mode, in which a stable so called Taylor cone is formed of
the liquid meniscus at the capillary exit, cf. Fig. 3.1. This is the mode most
efficient to produce a large number of droplets at a high rate. Multi-jet mode is
also shown in Fig. 3.1. This mode is achieved when the applied voltage is too
high, causing several droplet jets to be formed.

3.1.3 Electrospray experiments

An Electrospray Aerosol Generator (EAG, model 3480, TSI Inc.) was used to
investigate the possibility to generate an aerosol by electrospraying a monodisperse
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colloid suspension. The idea was to capture at the most one colloid particle per
generated droplet.

Experimental

The EAG was operated with a N2/CO2 gas mixture. During the experiments, the
EAG was run with a N2 gas flow of 1.0 l/min, a CO2 gas flow of 0.1 l/min, a high-
voltage of 2.70 kV, and a capillary pressure drop of 25.5 kPa. A stable Taylor cone
was achieved for these parameter values. With an inner diameter of 30 mm of the
capillary, the liquid flow rate was calculated to 0.14 ml/min [31]. The generated
particles were collected onto Si substrates using an electrostatic precipitator, with
collection voltage of –6 kV. The ESP was placed horizontally at the outlet of the
EAG, and substrates were fixed using conductive carbon tape.

Suspensions with Au colloid particles of two different sizes were used, 20 nm
and 60 nm (purchased from British Biocell International), and Ag colloid particles
of 80 nm (prepared by H. Xu [32]). The effects of deposition time and solution
dilution ratio were both investigated, and two samples were prepared for 60 nm
Au and 20 nm Au, respectively. For 60 nm, an undiluted colloid solution was
used for generating particles under 1.5 h (case A) and 16 h (case B), respectively.
For 20 nm Au, particles were deposited for 1 hour, one with a undiluted colloid
solution (case C ) and one with a 1:1 mixture with ultra pure H2O (case D). Ag
colloid particles were collected for 1 h.

A small droplet of undiluted colloid solution of 60 nm Au particles were put
on a silicon substrate and blow-dried with N2 gas. The sample was imaged by
SEM and used as a reference to the samples of electrosprayed particles.

Results and discussion

Representative SEM images of the four cases of electrosprayed Au colloids are
presented in Fig. 3.2, all of same magnification. The Au particles are visible as
bright spots, and correspond well with the expected values of 20 nm and 60 nm,
respectively. It should however be stated, that 20 nm is close to the resolution
limit of the SEM. In the case of Ag, SEM images showed single particles well
separated and in sizes corresponding to the as prepared colloid solution, 80 nm.

From all of the images it is clearly visible that it is possible to generate single
particles. However, there is also a huge amount of other, smaller particles present
in all of the images, unfortunately not clearly visible in Fig. 3.2. These particles
are believed to emanate from droplets not containing any colloid particle(s). A
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(a) (b)

(c) (d)1 µm 1 µm

1 µm1 µm

Figure 3.2: Examples of representative SEM images of electrosprayed Au colloid particles,
(a) and (b) showing 60 nm Au, and (c) and (d) showing 20 nm Au. See text for a detailed
discussion.

dry residue is left upon drying, probably consisting of salts or other dissolved
matter in the solution. Imaging these particles individually with the SEM was
not possible, since they were degraded by the electron beam.

Comparing Fig. 3.2(a) and (b), longer deposition time leads to a higher sur-
face density. The multiple particles present in Fig. 3.2(b) are most probably a
result of droplets containing more than one particle rather than particles deposit-
ing close to each other, since only particles with positive polarity were deposited.
No multiple particles were found in the case represented by Fig. 3.2(a). The sur-
face densities for case A and B were measured to be 0.10 mm−2 and 1.4 mm−2,
respectively (multiple particles were counted as emanating from one generated
droplet). This corresponds well to the expected factor of 11, calculated from the
different deposition times.

Comparing Fig. 3.2(c) and (d), a diluted colloid solution apparently leads to
a lower surface density. The surface densities for case C and D were measured
(from an ensemble of images) to be 2.5 mm−2 and 0.6 mm−2, respectively. The
factor 4 (and not the expected 2) in surface density between these two cases could
be explained by different, non-comparable, electrospray modes. Taylor cones
were achieved in both of the cases, but the cone in case D was probably creat-
ing droplets in a rate lower than half of the rate produced by the cone in case
C. Solutions with higher water-to-colloid dilutions were tested, but stable Taylor
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1 µm

Figure 3.3: SEM image of the colloid reference sample. A droplet of undiluted solution
of 60 nm Au colloid particles was put on a substrate for drying.

cones could not be accomplished.
Shown in Fig. 3.3 is the reference sample of 60 nm Au colloid particles.

Single particles are present, although agglomerates are dominating. In comparison
to Fig. 3.2, it can thus be concluded that it is possible to achieve controlled
deposition of colloid particles using an electrospray.

Conclusions

To summarize, these experiments showed it possible to generate single aerosol
particles from a colloidal suspension by the use of an electrospray method. The
particle surface density could be controlled by varying the deposition time and/or
the dilution ratio, respectively. Multiple particles are only present at very long
deposition times. The method appears to be independent of colloid particle ma-
terial. This result is very important, since it implies that a method once developed
for generating aerosol particles of one kind is easily adapted to particles of a dif-
ferent kind.

3.2 Gas-to-particle methods

There are a variety of different nanoparticle generation methods that are based on
the concept of evaporation and condensation. This type of generation process is
an example of a gas-to-particle conversion. In common, a supersaturated vapor
is first created by evaporation, which then initiate the formation of small nuclei,
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or primary particles, by condensation. The main difference between different
evaporation/condensation production methods is the way to evaporate the mate-
rial. In this section, common basic concepts for the different generation methods
are described. The method used throughout this thesis work, which includes the
evaporation from a metal, is presented in detail in the next section, 4.1.

We follow here the basic definitions found in different aerosol standard text-
books [1, 2, 33]. The term nucleation is used to describe the initial formation
of stable, chemically homogeneous metal clusters from a supersaturated vapor.
Condensation is the process of cluster growth via collisions with vapor phase metal
atoms (monomers). Coagulation is the process of cluster growth via collisions
between metal clusters, followed by coalescence (sintering) of the clusters (coag-
ulation was originally referring to hydrosols, but is now also valid for aerosols).
Coagulation occurs without requiring a supersaturation, and is a one-way growth
process resulting in an increase in particle size and a decrease in aerosol number
concentration. For solid particles, coagulation is often called agglomeration, and
the resulting, unsintered, particles are phrased as agglomerates. The partial pres-
sure of a vapor in a mixture of gases is defined as the pressure that would be exerted
by that vapor if it were to occupy all by itself the entire volume that is occupied
by the gas mixture. Expressed as a fraction of the total pressure, this pressure is
describing the fractional concentration of vapor.

3.2.1 Particle generation

With an evaporation/condensation method, primary particles are formed by ho-
mogeneous nucleation, a process in which critical clusters are formed without
the assistance of a condensation nuclei of a different material and/or phase, as in
heterogeneous nucleation. Evaporation/condensation methods are therefore well
suited for production of single-component particles, since the level of purity can
be chosen arbitrarily. However, to form particles via homogeneous nucleation a
high level of supersaturation is needed, due to the so called Kelvin effect.

The Kelvin effect describes the increase in saturation vapor for pure materi-
als due to decreasing droplet diameter. The saturation vapor pressure (or simply:
vapor pressure), ps, is defined as the partial pressure required to maintain mass
equilibrium—that is, no net evaporation or condensation—for a flat liquid sur-
face (mathematically, this is a droplet with an infinite diameter). However, for
a liquid droplet having a sharply curved surface, the partial pressure required to
maintain mass equilibrium, pd , is greater than over a flat surface for a given tem-
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perature T . The curvature causes molecules to easily leave the droplet, hence a
greater partial pressure is needed to maintain mass equilibrium. This is the Kelvin
effect, and is described by in terms of the saturation ratio, SR

SR =
pd

ps
= exp

(
4gM
rRTd∗

)
(3.1)

Here, R is the gas constant, g, M , and r are, respectively, the surface tension,
molecular weight, and density of the liquid droplet with the diameter d∗. In Fig.
3.4, Eq. 3.1 is plotted for Au at 1850◦C. A droplet with diameter d∗ will nei-
ther grow nor evaporate at a constant pressure pd , hence Eq. 3.1 describes the
boundary between evaporation and condensation. The region above the curve in
Fig. 3.4 is a growth region and that below, an evaporation region. As can be seen,
SR increases dramatically for very small particles. The implication of this would
be that an infinite SR would be required to nucleate primary particles from a gas!
Fortunately, molecular clusters are always present even in an unsaturated vapor as
a result of collisions among the atoms. The attractive interatomic forces are weak,
which means that the clusters are highly instable, making them to continuously
break apart. In a supersaturated vapor, however, these clusters increase in number
concentration and pass through the critical size d∗ by attachment of single atoms.
The critical clusters can be regarded as a form of condensation nuclei, which grow
into primary particles via subsequent condensation. These in turn will increase
in size by further condensation, and particle agglomeration. As a result, the su-
persaturation in the gas will decrease, unless there is a continuous flux of atoms
maintaining the supersaturation.

The particle formation rate, I , is expressed as particles per unit volume of gas
per unit time. Assuming I is independent of cluster size, it can be described by
the following expression [33]:

I = 2

[
p1

(2pm1kBT )1/2

]
(n1v2/3

1 )

[
gv2/3

1

kBT

]1/2

exp

[
− 16pg3v2

1

3(kBT )3(ln S)2

]
(3.2)

where p1 is the partial pressure of condensing monomers of mass m1, number
concentration n1, and volume v1. The first term in brackets is the monomer flux
(atoms per unit area per unit time) and the second is proportional to the monomer

surface area per unit volume of gas. The term gv2/3
m /kBT is dimensionless. In

Fig. 3.5, the particle formation rate is plotted for Au vapor at 1550◦C, 1700◦C
and 1850◦C as a function of saturation ratio. Necessary data are taken from Refs.
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Figure 3.4: Saturation ratio as a function of particle diameter for pure gold at 1850◦C.
The region above the curve is a growth region and that below, an evaporation region.

[34] and [35]. p1 is taken as ps(T ), m1 is calculated by dividing the molecular
weight of Au with Avogadro’s number, NA, and v1 is calculated by dividing m1

with the bulk density of Au. The monomer number concentration is calculated
from the ideal gas law

n1 =
ps

kBT
(3.3)

As seen in Fig. 3.5, the particle formation rate is strongly dependent on temper-
ature. Also, homogeneous nucleation is nearly an all-or-nothing phenomenon; a
small change in SR results in a huge difference in I . The critical saturation ratio,
S∗, is defined as when particle formation rate equals unity. S∗ is approximately 13
for 1750◦C, and 8 for 1850◦C. For 1064◦C (melting point of Au [34]), S∗ equals
approximately 360, implying that particle formation by homogeneous nucleation
at that temperature is practically impossible.

If a fine mesh grid made of Au is used instead of a flat surface, particle forma-
tion is possible at a much lower temperature [36]. In this case, atoms are probably
more easily evaporated due to the small curvature of the thin mesh wires, and the
larger surface area of the mesh as compared to a flat surface.
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Figure 3.5: Particle formation rate by homogeneous nucleation for Au at three different
temperatures as a function of saturation ratio.

3.2.2 Sintering

Particles formed by evaporation/condensation methods grow by condensation
driven by the vapor supersaturation. As the vapor gets consumed and super-
saturation ceases, the particles will start to grow by coagulation processes. This
growth caused by collisions leads to fractal-like particles, or agglomerates, which
are composed of primary particles bonded together. In most applications, parti-
cles of spherical shape are preferred. Therefore, a compacting step is frequently
performed to reshape the particles. This is normally done by sintering, in which
the particles are fused together at a temperature below the particle melting point.
Sintering is a irreversible thermodynamic process, which changes unstable ag-
glomerates into stable compact particles.

Sintering occurs as a consequence of material transport in the form of atomic
diffusion, leading to stronger bonding between the particles as the pores are grad-
ually eliminated between them. The rate of sintering is determined by the rate
of diffusion, which is dependent on the temperature and the path of diffusion.
For nanoparticles, three different diffusion paths are important: diffusion on the
particle surface, along grain boundaries, and volume (or bulk) diffusion. Sur-
face diffusion is the quickest due to minimum constraints of the diffusing atoms,
whereas volume diffusion is the slowest since it involves the movement of atoms
from one lattice position to another. The relative importance of these diffusion
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paths is dependent on material and varies with temperature. However, the net
diffusion rate includes contributions from all three processes.

Depending on the bond strength between neighboring primary particles in an
agglomerate, the process of sintering will be different. For strongly bonded par-
ticles, the main mechanism is coalescence, which causes the particles to become
fused together [37]. This mechanism is understood by the aforementioned dis-
cussion of diffusion, and is initiated by a neck formation between two particles.
On the other hand, if the primary particles are loosely bonded, particle rearrange-
ment are more likely to occur [38]. The particles tend to collapse and become
more compact as the temperature is increased, as in the case of Ag [39].

3.2.3 Alloying

Alloy aerosol nanoparticles, or nanoalloys, are compound particles with a specific
composition of two (or more) elements. These can be produced via a two-step
evaporation process. The first step includes formation of nanoparticles of one
material via evaporation/condensation, size classification using a DMA, and sin-
tering of the produced particles. The second step involves controlled conden-
sation of another material upon the sintered particles. Compound particles are
formed by heterogenous nucleation with the first particles acting as condensation
nuclei when passing through a region of supersaturated vapor of the other mate-
rial. The level of supersaturation required is lower as compared to homogeneous
nucleation. A second sintering step is not needed for particles reshaping, since the
compound particles are not agglomerates. However, sintering can be necessary
for internal rearrangement purposes.

3.2.4 Precursor thermal decomposition

A supersaturated vapor of a material can also be accomplished by pyrolysis of a
gas-phase precursor. Pyrolysis is defined as the decomposition of a compound as
a result of subjection to very high temperatures [40]. The process is also known
as thermal decomposition, or simply cracking. In such a method, a precursor
containing the material of interest is exposed to a temperature for which it de-
composes, yielding a condensable material. The vapor pressure is often low at
the cracking temperature, resulting in a high level of supersaturation. Particles
are formed according to the processes described in section 3.2.1. This method is
suitable for materials that require high temperatures for creating supersaturation
in an ordinary evaporation/condensation method.
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The precursor can be cracked inside a hot-wall tubular reactor, in which the
carrier gas containing the precursor is heated. This method has been employed
for the production of W nanoparticles from W(CO)6 [41], TiO2 from titanium
tetraisopropoxide [42], and copper oxide nanoparticles from copper acetylacet-
onate [43]. The precursor can also be dissociated by laser pyrolysis, a method
described in the next section.

3.2.5 Alternative supersaturation techniques

In the previous sections, methods to produce a supersaturated vapor for particle
formation most relevant to this thesis work have been described. There are of
course a variety of other, complementary methods, which utilize different tech-
niques for establishing vapor supersaturation. Some of them will be briefly de-
scribed in the following.

Laser techniques

Laser can be used to initiate chemical reactions that result in nanoparticle forma-
tion. Three major types can be identified: ablation, pyrolysis, and photolysis.

In ablation, the energy of a pulsed laser beam can be used to locally heat a
target sample, which undergo vaporization due to the energetic plasma formed
above it. A large amount of atoms are released per pulse, which can form particles
by homogeneous nucleation. However, fragments of solid or liquid material are
also released, or ablated, hence the method is referred to as laser ablation [44].
This method has been used for production of, e.g., Si nanoparticles by ablation of
crystalline silicon substrates [45, 46] and nanoparticles by ablation of micrometer-
sized metal particles [47].

In laser pyrolysis, a precursor is heated rapidly with an IR laser, e.g., a continu-
ous-wave (cw) CO2 laser [48]. By absorption of the laser beam energy the precur-
sor molecules are heated selectively, and the carrier gas is only heated indirectly
via collisions of reactant molecules. For example, the method has been used for
formation of Fe nanoparticles from Fe(CO)5 [49, 50], Si nanoparticles from SiH4

[48, 51], and carbon-based nanoparticles from hydrocarbons [52].
In laser photolysis, the laser radiation is used to induce photochemical decom-

position of the precursor. The wavelength of the laser light is chosen to correspond
with the energy of the bond to be dissociated. For example, photolytic dissocia-
tion of ferrocene has been used for the formation of iron-containing nanoparticles
[53], and UF5 nanoparticles produced from laser photolysis of gaseous UF6 [54].
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The method is advantageous in that the size distribution of the particles formed
can be controlled by the laser parameters, such as repetition rate, pulse energy,
and beam diameter [55].

Arc evaporation

Evaporation of a metal for nanoparticle formation can be achieved by establishing
a d.c. spark discharge between two electrodes. The spark creates a plasma, and
the the source metal is evaporated and/or ablated due to the rapid increase in
temperature. Particles are formed at high rates, for instance Si nanoparticles [56]
and metal nanoparticles [57].

Closely related is the exploding wire technique, in which the wire material
is completely evaporated in a chamber filled with an inert gas. The technique
has for instance been used for synthesizing crystalline GaAs nanoparticles from a
GaAs wire [58].

Flame and plasma reactors

Condensable monomers for particle formation can also be generated by chemi-
cal reactions of precursors in diffusion or premixed flames [59]. Flame reactors
provide a simple and inexpensive particle generation method easy to scale up,
however it yields agglomerated oxide particles with broad size distributions. As
examples TiO2, SnO2, and SiO2 nanoparticles have been produced by oxidation
of their halide vapors in electrically assisted hydrocarbon flames [60] and in pre-
mixed flat flames [61]. The precursor can also be delivered in the form of droplet,
a method known as flame spray pyrolysis [62].

In a plasma reactor, the reactive components are ionized and dissociated in a
plasma. The plasma can be thermal, of which there are different generation types
[63], or it can be microwave-generated [64, 65].
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Aerosol nanoparticle
generator

For the production of aerosol nanoparticles during this thesis work, a versatile
generator1 set-up based on the concept of evaporation/condensation was em-
ployed. It includes tubular furnaces and DMAs, as schematically depicted in Fig.
4.1. The generator consists of (i) a first tube reactor used for particle formation,
(ii) a first DMA, (iii) a second furnace used for sintering, (iv) a third furnace for
optional condensation, (v) a second DMA, and (vi) an electrostatic precipitator
and an electrometer. The system is interconnected with 1/4” stainless steel tub-
ing, with Swagelok connections. During a run, the system is held at atmospheric
pressure, balanced by the high pressure source of ultra-pure nitrogen gas and the
low pressure sink in the form of a rotary vacuum pump. Normally, a volumet-
ric flow of 1.68 `/min ultra-pure particle-free nitrogen gas was continuously fed
through the system, and the DMAs were run with a sheath nitrogen gas flow of
10 `/min.

Particle formation

The first tube furnace was used for the creation of nanoparticles. Two types of
resistively heated, hot-wall tube furnaces were employed, depending on creation
method.

For the production of Au nanoparticles [66], a high-temperature furnace ca-
pable of reaching 1950◦C was used. This is a well-established generation method,

1The term generator refers here to the total experimental set-up.
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Figure 4.1: Schematic diagram of the aerosol nanoparticle generator.

and was first proposed by Scheibel and Porstendörfer for the production of Ag and
NaCl nanoparticles [18]. A small crucible made of pyrolytic boron nitride (PBN)
containing pieces of Au is put inside the graphite inner tube of the furnace. The
tube is encompassed by a graphite meander, resistively heating the tube. The fur-
nace temperature is controlled by a thermocouple mounted close to the graphite
meander. The tube is surrounded by graphite insulation, which is covered by
a metal housing. The interior of the furnace housing is purged with N2 gas,
whereas the outside is water-cooled. The ultra-pure N2 carrier gas is flowed at a
constant rate through the inner tube, carrying the evaporated material out of the
hot region. As the gas cools down, the vapor becomes supersaturated and particles
are formed according to the nucleation processes described in section 3.2.1. It is
possible to shift the size distribution of the produced nanoparticles by changing
the temperature of the furnace [66]. In Paper III, this furnace was used for the
production of Au core particles.

The second furnace type is based on the same principle, but consists instead of
a ceramic (Al2O3) inner tube. The tube is heated by a resistance coil and insulated
by ceramic material. The furnace temperature is controlled by a thermocouple.
This type of low-temperature furnace is capable of reaching 1200◦C, making it
suitable for materials that require lower temperatures to reach the high vapor pres-
sures needed for nanoparticle formation. The material to be evaporated is put in
a small PBN crucible inside the tube, and particles are formed in a similar way
as for the high-temperature furnace. Previous studies have made use of this for
formation of Ag [67], Ga [68], and In [69] particles. In Paper IV, nanoparticles
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of Ag, Ga, In, and Pb were formed with this type of furnace. The study aimed
at investigating the flow pattern in the tube, and how the particle formation is
affected. To allow for visual inspection of the depositions on the inside, quartz
tubes were used.

Another method for creating gas supersaturation for particle formation is the
thermal decomposition of a precursor, as described in the previous chapter. In
Paper V, iron-containing nanoparticles were formed by thermal cracking of iron
pentacarbonyl, Fe(CO)5, in a low-temperature furnace. The Fe(CO)5 was placed
in a small evaporation cell connected to the carrier gas at a location upstream of
the cracking furnace.

Size selection

Before entering the first DMA, the aerosol particles were brought to a known
charge equilibrium by passing a bipolar charger containing a b-emitting radioac-
tive source, 63Ni. Since the probability of double charges is low for particles in
the nanometer size range (cf. Table 2.1), the majority of particles selected by the
DMA were singly charged. The particles often retained their charge throughout
the process. Negative charging was normally chosen due to the higher charging
probability (see Table 2.1), which effectively increases the particle yield through
the DMA.

The aerosol flow (i.e., the carrier gas flow) was 1.68 `/min and the sheath flow
in the DMA was 10 `/min. This gives a theoretical full width at half maximum,
or resolution, of the selected mobility distribution of 1/6 (cf. Eq. 2.6). After
DMA 1, the selected particles could be transported directly to the electrometer,
via route nr. 1 in Fig. 4.1. By stepwise scanning the DMA 1 voltage and measur-
ing the concentration with the electrometer, a size distribution of the produced
particles in furnace 1 could be obtained.

Sintering

The particles selected in DMA 1 could also be directed towards a second furnace
used for in-flight sintering. The furnace is of the same type as the low-temperature
furnace described earlier. After the sintering furnace, the particles could be di-
rected towards the second DMA (route nr. 2), allowing a measurement of the
size distribution of the sintered particles to be obtained. The particle size was de-
termined from the position of the peak in the mobility distribution. By making
correlated measurements of the particle size as determined by DMA 2 as a func-
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tion of sintering furnace temperature, a value of the compaction temperature,
Tc, could be deduced. The compaction temperature represents the limit between
agglomerated particles and fully sintered ones, in that particles exposed to tem-
peratures greater than Tc will not compact further. For complete sintering of for
example Au, the furnace had to be kept at 600◦C [66], which is approximately
2/3 of the bulk melting point. In Paper VI, the sintering behavior of agglom-
erated aerosol nanoparticles of different materials are examined in relation to the
compaction temperature.

Condensation

The sintered particles could also be directed towards a third low-temperature fur-
nace, route nr. 3 in Fig. 4.1. This route offers the possibility for subsequent
condensation of another material onto sintered core particles. For this purpose, a
small crucible containing the material of interest is placed inside the tube of fur-
nace 3. By heating the furnace, the vapor pressure over the surface of the material
could be increased. Compound particles could be formed via heterogenous nu-
cleation by letting the passing core particles act as condensation nuclei. In Paper
III, this method was used to produce such binary nanoalloy particles composed
of Au and Ga, and Au and In, respectively. Furthermore, nanoparticles of In and
Se were also produced during the course of this thesis work [70].

Deposition

Independent on route, the particles could be transported to the electrostatic pre-
cipitator (ESP) for deposition onto substrates. By placing the substrates on the
ESP collector plate and applying a high voltage, normally ±6 kV, charged parti-
cles were deposited within a spot. Examples of typical deposition spot diameters
are 5 mm for 10 nm particles and 20 mm for 30 nm ones. The deposition time
to reach a certain surface concentration is calculated from the aerosol particle
number concentration.

A home-built aerosol electrometer was use to measure the number concentra-
tion of the charged particles. A typical current as measured by the electrometer
was 500 fA, which corresponds to a number concentration of about 105 particles
per cubic centimeter. This concentration corresponds to a deposition time of 1
min to achieve a substrate surface number concentration of 1 mm−2.

The detection limit of the electrometer used in all of the experiments reported
in this thesis was approximately 1 fA, corresponding to 104 singly charged parti-
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cles per second. With a flow of 1.68 `/min, this corresponds to a concentration
of 300 particles per cubic centimeter, which is less than 1 % of the typical con-
centration of particles produced in the experiments.
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Appendix

Derivation of transfer
function for cylindrical DMA

The DMA transfer function is defined as the particle penetration as a function
of the electrical mobility for a given voltage and flow setting. For a cylindrical
DMA, the transfer function can be derived by considering the two perpendicular
forces the particles entering the DMA will be affected by, the radial caused by
the electric field and the axial caused by the gas flow. In Fig. A.1, the relevant
parameters are defined (see also Fig. 2.1). Qsh is the sheath gas flow rate, Qa the
inlet aerosol flow rate, Qe the excess flow, Qs is the sample flow leaving the DMA.
The large arrow indicates the general gas flow in the DMA, defining the positive
z-direction, and the r-direction is defined as positive from the center axis and
outwards. The two perpendicular motions can be considered separately, resulting
in two different expressions for the particle traveling times. The mean mobility
of the particles leaving the DMA with the sample flow can thus be calculated by
setting these two times equal.

Neglecting end effects, the radial electric field E(r) as a function of the radius
r for concentric cylinders (as the DMA classifier column) is given by

E(r) =
U

r ln(r2/r1)
(A.1)

where U is the applied voltage on the central electrode, r1 and r2 are the radii of
the electrode rod and the outer cylinder, respectively (cf. Fig. A.1). Following the
definition of the electrical mobility in Eq. 2.1, the (terminal) radial velocity vr(r)
of a particle with mobility Zp due to the electric field is
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vr(r) = −E(r)Zp =
dr
dt
⇔ dt = − dr

E(r)Zp
. (A.2)

Those particles traveling from rA to rD will have the mean mobility Z∗p (note
that the dashed line from A to D in Fig. A.1 is not representing a true particle
trajectory, but acts as an eye guide-line). Combining Eqs. A.1 and A.2, the
average radial traveling time t∗r will be given by

t∗r = −
∫ rD

rA

dr
E(r)Zp

=
ln(r2/r1)

2UZp

(
r2
A − r2

D

)
. (A.3)

Assuming the gas flow is fully laminar in the z-direction, the average axial velocity
v∗z is described by the particles traveling from rA to rD, and becomes

v∗z =
dz
dt

=
Q∗

p
(
r2
A − r2

D

) (A.4)

where Q∗ is the average volumetric flow rate. This flow can be given as an expres-
sion of the appropriate flows (cf. Fig. A.1),

Q∗ = Qsh + 1
2 Qa − 1

2 Qs. (A.5)

The average axial traveling time t∗z is given by

tz =
L
v∗z

(A.6)

which combined with Eq. A.4 becomes

t∗z =
p

(
r2
A − r2

D

)

Qsh + 1
2 (Qa − Qs)

. (A.7)

Since the two traveling times given by Eqs. A.3 and A.7 must be equal for the
particles in the exiting flow, the mean mobility becomes

Z∗p =
ln(r2/r1)

2pUL

[
Qsh + 1

2 (Qa − Qs)
]
. (A.8)

There is of course a mobility range of the particles in the exiting flow due to
the finite width of the exit slit. This range can be calculated in relation to the
maximum (Zp,max) and minimum (Zp,min) mobility, which can both be derived in
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an analogous way as described above. Particles traveling from r2 to r1 will have
the maximum mobility and those traveling from rB to rC will have the minimum
mobility. From Eq. A.8 it can be noted that the first factor is constant, and only
the flow terms inside the brackets will change, hence the mobilities become

Zp,max =
ln(r2/r1)

2pUL
(Qsh + Qa) (A.9)

Zp,min =
ln(r2/r1)

2pUL
(Qsh − Qs) (A.10)

The total width of the mobility range DZp becomes

DZp =
ln(r2/r1)

2pUL
(Qa + Qs) . (A.11)

Normally, a DMA is operated with symmetrical flows, i.e., Qsh = Qe and Qa =
Qs, thus the mean mobility can be calculated from Eq. A.8 using only the sheath
gas flow rate Qsh. The relative width then becomes

DZp

Z∗p
= 2

Qa

Qsh
. (A.12)

and the transfer function becomes symmetric and triangular, as depicted in Fig. 2.2.

Qe Qs

QshQa

C D

BA

r1

r2

L

Figure A.1: Parameters of the cylindrical differential mobility analyzer relevant for the
derivation of its transfer function. The dash dotted line represents the DMA center axis.
Letters A – D refer to the text (the dashed line from A to D acts as an eye guide-line), and
the large arrow indicates the direction of the general gas flow.
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[20] H. Fissan, A. Pöcher, S. Neumann, D. Boulaud, and M. Pourpix, Analytical and
empirical transfer functions of a simplified spectromètre de mobilité electrique circulaire
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