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Abstract 
 
ZnO nanoparticles in the size range 2.5–7 nm have been synthesised by a wet chemical 
method where ZnO particles were grown in basic zinc acetate solution. The optical band 
gap increases when the size of the particles decreases. An empirical relation between the 
optical band gap given from absorption measurements, and particle size given from XRD 
measurements has been developed and compared to other similar relations found in the 
literature.  
   Time resolved UV-Vis spectroscopy has been used to follow the growth of particles in 
situ in solution. The data show that the growth mechanism not can be described by a 
simple Oswald ripening approach and nor by an exclusive agglomeration of smaller 
clusters into larger particles. The growth mechanism is more likely a combination of the 
proposed reaction themes. The data also reveal that particle formation do not demand a 
heating step for formation of the commonly assumed initial cluster Zn4O(CH3COO)6.  
   Steady state fluorescence has been studied as a function of particle size during growth 
in solution. These measurements confirm what is found in the literature in that the visible 
fluorescence is shifted to longer wavelengths and loses in intensity as the particles grow. 
Some picosecond spectroscopy has also been done where the UV fluorescence has been 
investigated. From these measurements it is apparent that the lifetime of the fluorescence 
increases with particle size.  
   The phonon spectrum of ZnO has been studied with Raman spectroscopy for a number 
of different particle sizes. From these measurements it is clear that there is a strong 
quenching of the phonons due to confinement for the small particles, and the only clearly 
observed vibration is one at 436 cm-1 which intensity strongly increases with particle size.    
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1. Summary in Swedish  
 
Det som inte kan uträttas med det som är stort och välkänt kan måhända lättare 
åstadkommas med det som är litet och nytt. Det är ett av motiven till varför 
nanoteknologi, som är vetenskapen om det lilla och om de märkliga och skiftande 
egenskaper som kommer till uttryck genom enbart litenheten hos de aktuella systemen, 
har fått så stort genomslag de senaste decennierna.  
   Då storleken av en struktur minskas ner till i storleksordningen 10-100 nm eller ännu 
mindre börjar nya egenskaper uppträda hos materialet samtidigt som andra förändras. Det 
kan till exempel handla om optiska, elektriska och katalytiska egenskaper för att bara 
nämna några. Det här öppnar möjligheter att skräddarsy materialegenskaper genom att 
enbart ändra storleken och strukturen hos materialet, och potentialen för tekniska 
applikationer inom områden som energiförsörjning, medicin, elektronik, optik med flera 
är enorm. 
   I det här arbetet har fokus legat på den enklast möjliga strukturen, nanopartiklar, eller 
mer specifikt nanopartiklar av zinkoxid, ZnO. Även om nanopartiklar representerar den 
enklaste av geometrier är de inte utan användningsområden. Det är snarare tvärtom då 
partiklar är de enklaste strukturerna att tillverka och därmed också de vars egenskaper är 
lättast att applicera. ZnO har studerats både därför att det är ett material med många 
möjliga tillämpningar inom till exempel solceller och  katalys, men också för att det är ett 
bra modellsystem där det förhållandevis lätt går att tillverka och studera partiklar av en 
storlek där kvanteffekter uppkommer. 
   Målsättningarna för det här projektet har varit att syntetisera nanopartiklar av ZnO och 
undersöka hur deras egenskaper påverkas av partikelstorleken. Speciellt hur de optiska 
egenskaperna som bandgap och fluorescens påverkas har varit av intresse, men även 
atomvibrationer och systemets elektrokemiska egenskaper har undersökts.   
   ZnO-partiklar har syntetiserats genom en våtkemisk metod där partiklarna har fått växa 
till i en basisk etanollösning av zinkacetat. En relation mellan partiklarnas bandgap givet 
från absorbansmätningar, och deras storlek given av röntgendiffraktion har tagits fram. 
Med hjälp av den relationen och absorbansmätningar på växande partiklar direkt i lösning 
har en del hypoteser rörande mekanismen för partikeltillväxt diskuterats. De här försöken 
har till exempel visat att ett värmesteg i syntesmetoden som beskrivits i litteraturen inte är 
nödvändigt för att partiklar ska bildas, vilket kastar visst nytt ljus över de tidiga 
skeendena av partiklarnas kärnbildning och tillväxt.  
   Med hjälp av Ramanspektroskopi har partiklarnas vibrations- eller fononspektrum 
analyserats och det har där visat sig att de här fononerna i stor utsträckning undertrycks 
för mindre partiklar.  
   Fluorescensen hos partiklarna har mätts direkt på växande partiklar i lösning och har 
kunnat relateras till partikelstorlek genom samtida mätning av partiklarnas absorption. De 
här mätningarna visar att fluorescensen i det synliga området förskjuts mot längre 
våglängder då partiklarna blir större samtidigt som intensiteten på fluorescensen minskar. 
Det här är någonting som tyder på att yttillstånd är viktiga för fluorescensmekanismen 
vilket också ligger i linje med vad andra har observerat.  
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2. A short introduction to nanotechnology  
 
What not can be achieved with the big and bulky, may more easily be done with the small 
and neat. That is why nanotechnology which is the science of the tiny, and the strange 
and divers properties caused by smallness alone has gain so much interest during the last 
decades. It is a broad field connected to both chemistry, physics, medicine, material 
science as well as to applied technologies. The amount of possible applications is huge, 
and the potential benefit to technology and society are considered to be vast. Even though 
some applications built on concepts of nanotechnology have been at the market for some 
time, the field can still be considered as a young one, and a lot of things are left to be 
done, discovered, described, explained and exploited. A lot of research are therefore 
going on world wide, and the European Union consider nanotechnology as a field of 
highest priority [1
   Maybe the first question that needs to be considered while taking about nanotechnology 
is the question of what it really is. The answer to that question will actually depend on 
how you ask. A chemist may state that atoms and molecules have been nano all the time, 
but usually single atoms and molecules are not considered while discussing the nano 
concept even when they are in the size regime of nanometres. An extreme answer in the 
other end of the scale is to consider every thing that has at least one dimension smaller 
than one hundred nanometres as nanotechnology. That is actually a rather common 
definition which takes in as much as possible in the concept. The view of the writer is 
that the most suitable definition of the nano concept is that a structure could be 
considered as nanotechnology when the size is so small that the physical properties no 
longer are the same as for the bulk material, which makes the length scale somewhat 
material and system dependent.    

].       

   The possible shapes and structures of 
nano objects is vast and fascinating, 
spanning for example dots, pillars, spirals, 
flowers, cups, donut and many more 
where a small selection is displayed in 
figure 2.1, [2

   Nanoparticles have been around for a 
long time. Some of the first reported 
technical uses of nanoparticles actually 
date back to the middle age where they 
were used for their optical properties in some artwork. The knowledge was then however 
only the one of craftsmanship. One of the first record of nanoparticles in the scientific 
literature date back to the middle of the 19th century when Michael Faraday was studying 
gold colloids in the nanometre range [

]. The most simple 
nanostructure is the particle and it is that 
kind of structure, or more specifically 
nanoparticles of zinc oxide, ZnO, that this 
work is concerning.     

3]. One other milestone in the history of 
nanoscience is the rather famous speech "There's plenty of room at the bottom" held by 
Richard Feynman at the annual meeting of the American Physical Society in 1959 [4], 

Figure 2.1. Examples of nanostructures of ZnO [2] 
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where he was pointing out some of the possible benefits of doing things in the nanometer 
range.  
   When the size of a particle is decreasing into the nanometer regime the properties begin 
to change. The most obvious change is that the amount of surface atoms increases 
drastically compared to the number of bulk atoms, which means that the overall 
properties of the particle will be more and more like that of the surface. As chemical 
reactions usually are occurring at surfaces this large amount of surface increases the 
reactivity per weight substance, but there can also be some more subtle changes in the 
possible pathways for various reactions. Both mechanisms are something that is of 
interest in catalytic applications.  
   By decreasing the size the electronic behaviour will change as well, and as this change 
can be more or less continuous with particle size it opens up for fine tuning of the 
electrical characteristics in devices. As optical properties are a result of the electronic 
behaviour of a material also these can be fine tuned to fit the needs at hand. There are 
also medical applications to nanoparticles where some of the main focus is towards 
controlled drug delivery and release.  
   There is no lack of possible applications of devices relying on concepts of 
nanotechnology or ideas of where nanotechnology can come to use. To give an idea of 
the vastness of possible application Wikipedia is today listening no less than 24 different 
areas where nanotechnology applications are used today or likely will fined a use in the 
future [5

   To be able to use nanodevices they need to be manufactured, and that is still often far 
from trivial. A lot of research has therefore been done and is still being done on 
development of synthesis procedures. There is a huge amount of different synthesis routs 
towards nanostructures but they can be divided in two subclasses. One is the top down 
approach where small structures are achieved by starting from something large and 
carving out the small with for example milling or lithography. The other one is the more 
chemical bottom up approach where small structures are made by letting atoms and 
molecules self assemble into the desired form.    

], but as often with new technologies the future may show that where the impact 
becomes the greatest was where none hade thought of at the beginning.            

   In this study the focus lies on synthesis and characterisation of some of the size 
dependent changes in the optical and electrical properties of ZnO-nanoparticles.   
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3. Goals, background and motivation for the project  

3.1 Background and motivations for the project 
  
In this work the focus has been on the simplest possible nanostructure, the nanoparticles, 
or more specifically on ZnO quantum dots. Even if nanoparticles represent the simplest 
geometrical forms they are not without use. It is rather the opposite, and as they are the 
easiest forms to synthesis they are therefore also the ones that most easily are applied, 
and there are applications in the fields of photovoltaic’s, catalysis, medicine and optics to 
mention a few.   
   There is a distinction between nanoparticles and quantum dots in that a nanoparticle is 
any particle that is small enough to be classified as nano, whereas a quantum dot is a 
semiconductor nanoparticle that are so small that its exciton levels are confined in all 
three spatial dimensions. A quantum dot is thus a subclass of the wider concept of 
nanoparticles. Henceforth the word nanoparticle will be used for general concepts while 
quantum dot will be used wile specially referring to the quantum size effects apparent in 
the particles.     
   One area where nanoparticles find an important use is in dye-sensitized solar cells, or 
Grätzel cells, where light harvesting organic molecules are bound to nanoparticles where 
they are a crucial part of the transport of electrons in the cell [6]. Today TiO2 is used as 
nanoparticles in these cells but other materials could work as well. One of the motives to 
our interest in ZnO is actually the possibility to use ZnO instead of TiO2 in these kinds of 
solar cell. This have been demonstrated to work [7,8

25
], and may be shown to have some 

nice features, and some work has also been done towards this earlier in the group [ ]. 
An interesting possibility is to use nanoparticles both for light harvest as well as for 
charge transport. ZnO is however not a good material for light harvesting as it mainly 
absorbs in the UV region, but it can be used as a convenient model system, both for 
charge transport as well as for UV absorption. For fundamental studies of quantum 
effects ZnO is a convenient system because particles in the size regime 2-7 nm show 
quantum size effects, like a shift in the band gap, at the same time as they are large 
enough to show x-ray diffraction with commercial instruments. Particles with these sizes 
are also reasonably easy to synthesise experimentally which enables a lot of different 
measurements and experiments to be done with them. The results for ZnO may later be 
possible to apply on other systems, like nanoparticles of other materials with absorption 
in the visible region for solar cell applications, which is planed as a following study.  
 

3.2 Specific goals of the project 
 
The overall goal of the project has been to synthesise ZnO quantum dots in solution with 
different sizes and to investigate how the physical properties change with particle size. 
An easy way to follow the growth of particles in solution is to measure the absorption in 
the UV-Vis regime as the absorption onset changes with particle size. One goal of the 
project has been to correlate the absorption behaviour with the particle size that can be 
extracted from x-ray diffraction, XRD, measurements.     
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The phonon spectra of the particles may change with particle size and in small particles 
the phonons may be strongly affected as they become confined to the small volume of the 
particle. This is something that has been investigated in this study with Raman 
spectroscopy.   
    The fluorescence of nanoparticles is interesting both from a fundamental perspective 
but also from a technical perspective. A part of the project has therefore been to 
investigate the dependence of the fluorescence behaviour with particle size, both for the 
steady state fluorescence as well as the lifetimes of the fluorescence.     
   Another goal has been to see if in situ time resolved absorption measurements of 
growing particles in solution can reveal anything about the mechanism by which the 
particles nucleate and grow.  
   A rather large part of the project has been about the production of thin films of particles 
on suitable substrates for further measurements. The goal has been to be able to produce 
transparent films where the particles behaves as individual particles rather than a porous 
bulk sample, which may be the case if such a film is sintered too heavily. These films 
should be produced in such a way that the particles in each film have a rather narrow size 
distribution, but where the individual films constitute of particles from as small as 
possible up to rather large particles. The main focus has however been to make films with 
particles as small as possible, which is considerably more difficult than doing them with 
larger particles, due to the very high reactivity of the smallest particles. 
   These kinds of films should also be possible to do on conductive glass substrates, which 
enable the making of electrodes on which electrochemical measurements can be done. 
The primary goal with these electrochemical measurements has been to determine an 
effective density of state in the valence- and the conduction band as a function of particle 
size. This information could then be used to quantify the amount of energy splitting that 
is caucused when going from a large particle with band like orbital properties towards a 
smaller particle with more cluster like orbitals.    
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4. Theory  

4.1 Dependences between band gap and particle size 
 
One of the most striking aspects of 
quantum dots is the size dependence of the 
optical properties. When the size of a 
semiconductor nanoparticle decreases the 
absorption edge is shifted to shorter 
wavelengths, which means that the band 
gap is increasing. If the band gap of the 
semiconductor is within the energy range 
of the visible light the particles will then 
change colours as the size of the particles 
decreases. The same holds for 
fluorescence if the particles fluoresce in 
the visible light, which is illustrated in figure 4.1 [9
   As with so much else, the explanation to this behaviour lies in the electronic structure 
of the particles. On a qualitative level this can be understood with a rather simple 
molecular orbital reasoning, where the simplest example is an alkali metal, like 
potassium. For a single potassium atom the highest occupied orbital is the 4s-orbital with 
one electron, and the lowest unoccupied one is the 4p-orbitals. The energy difference 
between the two states corresponds to the first excitation energy. When two atoms are 
connected there will no longer be individual orbitals for the two atoms but they will mix 
and form molecular orbitals. A postulate in molecular orbital theory is that if n atomic 
orbitals are mixed it will generate n molecular orbitals. In the case of potassium the s 
orbitals of the two atoms will form two s-like molecular orbitals, with one having energy 
higher than a single s orbital and one having a lower energy. The same will hold for the 
p-orbitals with the difference that there are 
six instead of two. An effect of this is that 
the energy difference between the highest 
occupied and the lowest unoccupied 
orbital will decrees, which is illustrated in 
figure 4.2 [

]. 

10
   For ZnO the picture is slightly more 
complex as for each ZnO unit the oxygen 
will contribute one 2s-orbitals and three 2-
p orbitals with a total of six electrons, and 
the zinc will contribute with one 4s, ten 3d 
and three 4p orbitals with a total of twelve 
valence electrons. The result will however 
be pretty much the same with the system 
going from atomic orbitals to molecular 
orbitals and then to cluster like orbitals 
and finally to bands as the size of the 
particles increase. A sketch of this 

].  

Figure 4.1 Fluorescence from CdSe quantum dots 
of different sizes [9].  
 

Figure 4.2 A simple molecular orbital approach to 
the decrees of the band gap when additional 
atoms are added [10].  
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behaviour is shown in figure 4.3.  
   To go beyond this rather simplistic 
picture and to get a more quantitative one 
is far from trivial. One of the first that 
theoretically considered the problem was 
L. E. Brus [11

    

]. The approach of Brus was 
to solve the Schrödinger equation for the 
first exited state using an effective mass 
approximation for the kinetic energy, and 
a higher frequency dielectric solvation 
approach to the potential energy. There is 
however no need to go into details here 
and the results will simply be state. In the 
first approximation the expression for the 
energy, Eg, of the lowest exited state is 
given by equation 4.1.1, where d is 
particle diameter, me effective mass of the 
electron, mh the effective mass of the hole, 
e the elementary charge, ε2 the dielectric constant, α the polarisability and S the spatial 
position.  
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The numerical values for Brus analysis is given in equation 4.1.2 [12], but these numbers 
do not work particularly well for ZnO particles when the size gets smaller than 5-6 nm 
[13

 

]. The most useful results from this analysis is that there is a physical motivation for a 
functional dependence between the band gap, Eg, and the particle size, d, as in equation 
4.1.3, where C1, C2, and C3 are coefficients to be determined.  

2

47.835.137.3
dd

Eg +−=         (4.1.2) 

 

2
32

1 d
C

d
CCEg ++=          (4.1.3) 

 
Later on Viswanatha et al [13] showed that Brus model did not give satisfactory results 
for ZnO particles smaller than 5-6 nm but tend to overestimate the size. They therefore 
attempted another theoretical approach to the problem. They used a tight binding model 
to calculate the shift of the band gap with particle size, which they also relate to 
experimental data where they determined the particles size from XRD-data. Their 
calculations show a fairly good correlation to experimental data, but they did not manage 
to get an analytical expression for the relation between band gap and particle size. They 
have however fitted numerical expressions to the calculated data. In one attempt they 
have tried to resemble the functional dependence of Brus, but where they have varied the 

Figure 4.3 Illustration of the change of the density 
and position of energy levels when going from 
atomic like orbitas, to cluster orbitals to bands 
when the particle size increases [33]. 
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exponents and they get the best fit with equation 4.1.4, which actually more looks like the 
cluster size equations from Jorner [14

 

]. They also do what they state is a best possible fit 
to the data which are given in equation 4.1.5, where the functional form just is the one 
that give the best fit and not one with any particularly physical motivation.  

4.1

67.135.3
d

Eg +=          (4.1.4) 

 

8.04.411.18
10035.3 2 −+

+=
dd

Eg        (4.1.5) 

 
Still one other approach to the problem is the one of Meulenkamp which is purely 
experimental [15

 

], where he have determined the particle size from XRD-data and related 
that sizes to the wavelength at half the absorption of the first absorption maximum when 
going from longer wavelengths. This is a value that is slightly different from the band gap 
but that has fairly similar functional dependence of the particle size. The relation he gets 
has the same functional form as Brus relation and is given in equation 4.1.6. 

2

0.29409.1301.3
dd

Eg ++=         (4.1.6) 

 

4.2 Determination of Eg from absorption measurements 
 
The amount of absorption in a material depends on both the energy of the incoming light, 
the density of electrons in the valence band and the density of empty states in the 
conduction band. For a direct band gap semiconductor, like ZnO, a rather good 
approximation is to describe both the valence- and the conduction band close to the band 
edges as parabolic. In such a case the absorption coefficient, α, will be proportional to the 
square root of the energy difference between the band gap, Eg, and the incoming photon 
according the equation 4.2.1, where h is Planks constant and Eλ is the energy of light with 
wavelength λ [16
 

]. 

( ) ( )gEEE −∝ λλα          (4.2.1) 
  
Lambert-Beers law is given in equation 4.2.2, where A is the absorption, ε the molar 
absortivity, c the concentration, l the path length of the cuvette and lmean is the path length 
of solid ZnO.    
 

meanlclA αε ==          (4.2.2) 
 
Combining equation 4.2.1 and 4.2.2 gives equation 4.2.3, and by taking the square also 
equation 4.2.4, which relates the easily measurably quantity A with the band gap which is 
a fundamental property of interest.    
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( ) ( )gEEEA −∝ λλ          (4.2.3) 
 

gEEA −∝ λ
2           (4.2.4) 

 
λEE

A
g

02
lim
→

=           (4.2.5) 

 
By plotting the square of the absorption 
against the energy of the incoming light 
the band gap is ideally given by equation 
4.2.5. In reality the absorption does not go 
down to zero as sharply as equation 4.2.5 
suggest and for photon energies close to 
the band gap there is a so called band 
tailing, expressing itself in the form of a 
slow decline in absorption due to non 
idealities like traps, dopands and phonon 
enchant absorption. To account for this in 
a relation between band gap and particle 
size, like in section 4.1, a smaller intrinsic 
band gap should be used. In practise this 
intrinsic band gap is given as the intercept 
with the energy axis of a linear fit to the square of the absorption data in a energy interval 
slightly above the band gap, where the data is linear. An illustration of this procedure is 
shown in figure 4.4. 
           

4.3 Determination of the amount of ZnO particles 
 
For a solid substance the absorption, A, is given by equation 4.3.1 where α is the 
absorption coefficient and l is the path length in the solid material.  
 

lA α=            (4.3.1)  
 
If the adsorption coefficient is known and the absorption is measured, it is possible to get 
a measure of an effective path length, lmean, for solid ZnO in a colloidal solution of ZnO 
particles according to equation 4.3.2. 
 

  
α
Almean =           (4.3.2) 

 
The volume fraction of particles in the solution is then give by equation 4.3.3 where Vtot 
is the total volume of the solution, VZnO is the volume solid ZnO and l is the cuvette 
length.  
 

Figure 4.4. Determination of Eg from absorption 
measurements done with the procedure outlined 
in the text.  
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l
A

l
l

V
V mean

tot

ZnO

α
==           (4.3.3) 

 
The total mass, mZnO, of the ZnO particles in the solution is then given by equation 4.3.4, 
where ρZnO is the density of ZnO. 
 

d
AVVm totZnO

ZnOZnOZnO α
ρρ ==         (4.3.4) 

 
One way to state how far the reaction has gone towards completion, R, is to state how 
large part of the zinc that initially where added to the solution that is in the form of ZnO. 
This is expressed in equation 4.3.5 where mzn is the mass of the zinc initially added, and 
where the factor 0.8 come from that this is the mass percent zinc in ZnO. 
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To be able to apply the equations above 
the absorption coefficient needs to be 
known. The wavelength dependence of the 
absorption coefficient for bulk ZnO is 
readily available in the literature, and is 
also given in figure 4.5 [17
   There is a very pronounced quantum size 
effect of the absorption as the particle size 
changes, which express it self as a blue 
shift of the absorption edge as the particle 
size decreases. The easiest way to 
compensate for this in 4.3.1-4.3.5 is to 
simply shift the bulk absorption coefficient 
with particle size so that the absorption 
onset correlates to experimental data. 
There is however a possibility that their will not only be a red shift of the absorption 
coefficient while the particle size is increasing, but that the shape and absolute values will 
change as well,  and to get a more accurate result this may need to be taken under 
consideration. To my knowledge there is however no data in the literature of a size 
dependence of the shape of the absorption coefficient except that of the red shift. The 
approximation that there is no such change has therefore been applied in this work. There 
is one rather new article [

]. 

18

   If the shape of the absorption versus wavelength change in more ways than the red 
shift, a reasonable hypothesis is that the value of the absorption coefficient should 
decrease as the particles get smaller as the energy levels are splitting up and the density 
of state becomes lower. If that is correct the method outlined above would slightly 
overestimate the amount of particles.       

] that is using this approximation as well, and they seem to 
get rather reasonable results.     

Figure 4.5. The absorption coefficient as a 
function of wavelength for bulk ZnO.  
Data are from reference [17].  
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If the particle size distribution not is monodisperse, the method would on the other hand 
underestimate the amount of particles if the absorption data used is the value of the first 
maximum going from low photon energies. This is because the absorption contribution 
from smaller particles then are neglected. It is possible to correct for this [18] but it is 
rather tricky and the error made in not doing so are probably within the other error limits 
wherefore this not has been done.  
   A technical detail to notice is that when the measured absorption begins to reach values 
of around two and above, the absolute value of the absorption are no longer to be trusted, 
as the absorption begin to show non linear response the signal at the same time A THE 
detection in the spectrophotometer begins to be in the same order of magnitude as the 
noise. Another to bear in mind is that chemists and physicists tend to define absorption 
and the absorption coefficient somewhat different. The chemical definition (4.3.6) use the 
common logarithm whereas the physical one (4.3.7) uses the natural logarithm. The 
absorption data from the literature used [17] are on the form 4.3.7 whereas the 
spectrophotometer gives the absorption on the form 4.3.6, which means that a correction 
factor of ln(10) needs to be used in expression 4.3.5. 
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4.4 Determination of particle size from x-ray diffraction 
 
The size of small particles can be estimated by using the peak broadening of the peaks in 
the XRD-pattern. This has been done according to the method of Scherrer [19

 

], which is 
considered a standard method. The particle mean size, τ, which is a volume average, is 
given by equation 4.4.1, where K is a shape factor, λ the wavelength of the x-rays,  β the 
full with at half maximum in radians, and θ the angle between the x-ray source and the 
detector. The value of K depend on the shape of the particles and here the value 0.9 have 
been used which is a standard value for spherical particles.  

θβ
λτ

cos
K

=           (4.4.1) 

 
The full with at half maximum, FWHM or β, needs to be corrected for the instrumental 
broadening which is done according to equation 4.4.2, where βmeasured is the measured 
FWHM and where βinstrument is the peak broadening due to the instrument which is the 
measured FWHM for a bulk sample.  
 
 

22
instrumentmeasured βββ −=          (4.4.2) 
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4.5 Raman spectroscopy and phonon confinement 
 
Raman spectroscopy is a technique where 
the sample under investigation is radiated 
with laser, which excites electrons into 
higher energy states. Some of these energy 
states are called virtual states where the 
electrons spend a rather short time before 
they relax back. The most probable 
relaxation pathway for the exited electrons 
is back to the same energy state from 
which they where exited. This signal is 
denoted Rayleigh scattering and are 
blocked by filters. What is measured is 
instead the energy of the light emitted 
when electrons relax back to a different 
vibration level, which give information of 
the vibrational spectra of the sample. This gives similar but often complementary 
information to that of IR measurements. A sketch of energy levels involved is given in 
figure 4.6.     
   The spectrum obtained from a Raman measurement can be used in a number of ways, 
where the most simple one is to use it as a fingerprint for identification of species and 
crystal phases. It is however possible to extract a lot more information as the Raman 
spectra contains information of the vibration spectra of the entire molecule or crystal 
under study. In crystals the vibrations are usually referred to as phonons which are 
quantum of energies caused by the collective vibration of the atoms in the lattice, and 
they have large impact on properties like transport of heat, electricity and sound. 
   When the size of a crystalline particle decreases some of the phonons or vibrational 
modes can be restricted due to confinement in the small volume of the particle. This can 
express itself in various ways like vibrations that shift to different energies, changes in 
the symmetry of the vibration peaks and peaks can be extinct or even enhanced. It is thus 
possible to get a lot of information of the system under study by analysing the spectra, 
but the information may sometimes be rather tricky to get and will need some theoretical 
modelling to be achieved.    
   When talking about phonons it is often referred to an irreducible representation, 
describing the basic ways the atoms in the lattice can vibrate in relation to each other. 
The observed optical vibrations, Γopt, in a crystal can then be described in the terms of 
this irreducible representation, which in the case for ZnO of wurtzite structure are given 
by 4.5.1 [20

20
]. Of these ground modes the A1 and the E1 are polar modes where the atoms 

move parallel and perpendicular to the c-axis respectively [ ], and where both split into 
one transverse optical (TO) and one longitudinal optical (LO) mode. The B1 mode is not 
Raman active, but the two polar modes E2

(1) and E2
(2) are, and they are associated to the 

vibration of the Zn and the oxygen sublattice respectively [21
 

].   

2111 2121 EEBAopt +++=Γ         (4.5.1) 
 

Figure 4.6. An illustration of the energy levels 
involved in Raman spectroscopy.  
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In the literature there is some works on Raman spectroscopy for ZnO in form of both 
bulk samples, films and quantum dots. In table 4.1 some literature data of the peak 
positions for Raman measurements on ZnO are given, and it is apparent that the data as 
well as the conclusions have a marked degree of scatter.  
 
Table 4.1 Some Raman data from the literature concerning ZnO. 
QD stands for quantum dot.  
 Bulk sample QD 20 nm QD 4 nm 
Optical 
phonon 

ω0 [cm-1] 
ref [20] 

ω0 [cm-1] 
ref [23] 

ω0[cm-1]  
ref [21] 

ω0[cm-1]  
ref [21] 

ω0[cm-1]  
ref [23] 

E2
(1) 102 98    

A1-TO 380 392 379   
E1-TO 409 436 410   
E2

(2) 438 465 439 436 464 
A1-LO - 570    
E1-LO 587 585  582 584 

 
Peak shifts can be due to at least two different mechanisms; spatial confinement within 
the dot boundary, and phonon localisation by defects [21]. One of the more ambitious 
way to use the Raman spectra was developed by Campbell et al [22], and later used by. 
Rajalakshmi et al [23

 

]. They develop an expression for the shape of the Raman curve for 
each phonon which is given in equation 4.5.2.  
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In equation 4.5.2 I is intensity of the Raman scattering, ω the vibration frequency, d the 
diameter of the particles, A an intensity prefactor, ω(0) the zone center phonon 
frequency, Δω the difference between the zone centre and the zone boundary frequency, 
ω(q) the phonon dispersion curve, Γ0 the natural full width at half maximum, q the wave 
vector, a the lattice parameter. The integration is done over the entire Brillouin zone. If 
the integral is evaluated for a set of different particle sizes and the results are compared to 
experimental data it is possible to in a least square sense determine the size of the 
particles from the Raman spectra alone. Rajalakshmi et al [23] uses this method and they 
obtain a rather good correlation between particle size and theory. The method is however 
rather cumbersome and demand both some knowledge about material parameters, which 
may be hard to get without doing some rough estimates and even more so for 
nanoparticles, as well as rather good Raman data.  
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4.6 Electrochemical measurement of the density of state 
 
According to the theory in section 4.1 
there is not only an increase in the band 
gap when the particles size decrees, but 
there is also an increased splitting of the 
energy levels. This is the same as saying 
that the density of state close to the band 
edges is less for a small particle than for a 
large particle, which is illustrating in 
figure 4.7. 
   Electrochemical measurements can be a 
way to quantify this splitting of energy 
levels. What is needed is a setup with a 
film of particles on a conductive substrate, 
like indium tin oxide which besides being 
conductive also is transparent, a 
potentiostat with counter and reference electrodes and 
a suitable electrolyte with a large stability widow.  
   For an undisturbed particle film of ZnO the Fermi 
level will be somewhere in the middle of the band gap 
like in figure 4.8 and there will be relatively few 
electrons in the conduction band and rather few holes 
in the valence band. If a negative potential is applied to 
such a film the Fermi level will rise and if the applied 
potential is high enough the Fermi level will end up 
lying higher than the edge of the conduction band in 
the ZnO. There will then be a flow of electrons from 
the potentiostat into the particle film.  
   If the electrolyte is stable in the actual potential range 
and if there are no reducible species in the solution, all 
the electrons that flow into the particle film will be 
stored there under open circuit conditions. This will go 
on until all the energy levels below the Fermi level is 
filled, and the current will then decrease down to an 
equilibrium value representing losses from the system 
out to the electrolyte. If the potential then is dropped back to zero and the current flowing 
into the film (electrons going from film to potentiostat) is measured and integrated over 
time that will give a measure of the particles possibility to store charge at that potential. 
This can then be repeated for several different voltages. If this integrated charge is 
normalized with the number of particles in the film it gives the electron storage capacity 
as a function of potential, or distance from the undisturbed Fermi level. That value is in 
turn closely related to an effective density of state of the particle at that potential interval. 
It will not be the true density of states which refers to empty states, but in this case the 
states are filled with electrons causing a coulomb repulsion and thereby separating the 
energy levels. The measured density of state will then underestimate the true one, but 

Figure 4.7 Sketch of how the density of states 
changes with particles size in the conduction 
band as a function of particle size. 

Figure 4.8. Sketch of the potential 
scale for an electrode setup with a 
film of particles on a substrate of 
conducting glass. 
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from a practical perspective the effective density of state may be as useful as the true one. 
If this is done for films with different particle sizes it should be possible to relate the 
measured density of state to the particle size, and it should also be possible to say 
something about in which extent the valence respective the conduction band is moving 
most when the band gap changes.  
   To relate the measured quantity above with the density of state the reasoning goes like 
this. The first approximation done is that the Fermi Dirac statistics (4.6.1) is a good 
description, where εf is the Fermi energy, kB Boltzmann’s constant, T absolute 
temperature and f(ε) the probability of an energy state with energy ε to be occupied.   
 

( ) 1
1)(

+
= − TkBfe

f εεε          (4.6.1) 

 
The applied potential and energy relative to the Fermi level at zero potential will here be 
interchangeable variables, which are indicated in figure 4.8. Further notice that the Fermi 
level at the undisturbed system is chosen to be at zero potential. The Fermi Dirac function 
will then turn out to be a function of only of the energy and the applied potential as in 
equation 4.6.2. 
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The number of electrons, n, found in an energy interval, Δε, around the energy ε at the 
applied potential εapp are simply the product of the probability of an electron to occupy a 
state at that level and the number of states at in that energy interval. This is given in 
equation 4.6.3 where D(ε) is the density of states at the energy ε. 
 

εεεε ∆= )(),( Dfn app          (4.6.3) 
 
The number of electrons in the conduction band at an applied potential is then given by 
equation 4.6.4. The lower integration limit can be chosen either as zero or as the 
conduction band edge, and the upper limit could with little error be chosen as infinity. As 
the energy scale is chosen in such a way that more negative energies is pointing upwards, 
the integration limits should rather be minus infinity to zero which will introduce a minus 
sign in front of the integral. 
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In the proposed experiment a negative potential is applied. This will raise the Fermi 
energy with the result that electrons will populate empty states in the conduction band. 
After a time long enough for equilibrium to occur the applied potential is reduced to zero 
where after the flow of electrons from the electrode into the potentiostat is measured as a 
function of time. The current is then integrated which gives an effective number of 
electrons, neff, the particles can hold in the conduction band at the applied potential. That 
number will be the number of electrons in the conduction band at the applied potential 
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minus the number of electrons in the conduction band at zero potential minus losses 
which is illustrated in equation 4.6.5. 
 

lossesdDfdDfn appappeff −−= ∫∫
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For a high voltage the second term will be much smaller than the first one, and as a first 
approximation that one can be ignored. For the moment there is no good estimate of the 
order of magnitude of the losses, but as a first order approximation they can be set to 
zero, and will be accounted for by normalizing the measurement towards a blank sample.    
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The property of interest here are D(ε), and in equation 4.6.6 that is technically the only 
unknown term, as neff(ε) is a measurable quantity and f(ε, εapp) is computable.  
   One way to solve 4.6.6 for D(ε) would be to discretize the integral into a finite sum 
with m terms, and then do this for m values of neff. This would give a linear system of m 
equations with m unknowns. The left side would then be neff(Vapp1, … , Vappm). The 
coefficient matrix would consist of f(ε1, εapp1, … , ε1, εappm; … ; εm, εapp1, … , εm, εappm), 
and the unknowns would be D(ε1, … , εm). 
   One obvious problem here is that it will be some pretty tuff numeric’s as f(ε, εapp) 
change around 15 orders of magnitude per volt, and I am afraid that this therefore not is a 
good solution to the problem. 
   An approximation that solves this problem is to approximate T with zero degree Kelvin 
which turns f(ε, εapp) into a step function which is zero for ε > εapp and 1 for ε < εapp. 
Equation 4.6.6 is then simplified to equation 4.6.7. 
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Both sides of equation 4.6.7 can then be differentiated which gives D(ε) as equation 4.6.8 
which gives an approximation to the effective density of states as a simple mathematical 
manipulation of measured data.  
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5. Synthesis  

5.1 Synthesis of ZnO particles in solution 
 
In the last decades there have been hundreds of papers published dealing with the 
synthesis and properties of ZnO nanoparticles, and there are several possible routes for 
the preparation of particles. The synthesis route used in this work is a sol-gel like 
synthesis method where particle growth has been induced by adding a base to an ethanol-
zinc acetate solution.  This method was first developed by Spanhel et al [24

15
] and later 

refined by Meulenkamp [ ]. The synthesis that here have been done is to a large extent 
based on the route of Meulenkamp even doe some developments and simplification have 
been made. 
   For most of the experiments, 0.55 g Zn(OAc)2 · 2 H2O (2.5 mmol) has been dissolved 
in 25 ml of boiling ethanol under vigorous stirring. OAc is short notation for the acetate 
group CH3COO-. The boiling time has been somewhere between one and two minutes, 
and after that the solution have been cooled in an ice bath for a wile, ~15 min. During 
that time 0.145 g LiOH ·H2O (3.5 mmol) has been dissolved in ethanol under gentle 
stirring. The two solutions have then been mixed whereupon ZnO particles begin to 
grow. The growth of the particles can bee followed in situ with UV-Vis measurements, 
and stopped when the particles are found to have reached the desired size. This procedure 
is hereafter referred to as the standard procedure, and if not stated otherwise that is the 
one that have been used.  
 

5.2 Comments and some clarifications concerning the synthesis 
 
In the synthesis the Zn(OAc)2 · 2 H2O salt was dissolved in boiling ethanol. This is 
because the concentration of Zn(OAc)2 · 2 H2O used does not dissolve in cold ethanol, 
even if it is left under stirring over night.   
   It is however possible to dissolve this amount of Zn(OAc)2 · 2 H2O in the basic LiOH 
solution. The main reason to why this not have been done is that it take some minutes 
before the salt dissolves and during that time the solution is turbid which prevents UV-
Vis measurements.  
  Dissolving LiOH · H2O in ethanol takes somewhere between 15 to 30 min. If the 
stirring is vigorously the solution will be turbid which prevents the UV-Vis 
measurements. One possible explanation to this could be that the LiOH react with the 
CO2 dissolved in the water forming Li2CO3 which is only slightly soluble in ethanol and 
can be present in more or less polymeric form. 
   The cooling of the Zn(OAc)2 solution in the ice bath is not necessary for the synthesis 
to succeed. The reaction does however proceed somewhat slower when the starting 
temperature is lower which has been a benefit in this study. If the Zn(OAc)2 is left for 
longer time a white precipitate will stick to the glass walls of the reaction vessel, but if 
the solution is used within half an hour that will not be a problem.         
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5.3 Differences compare to similar synthesis procedures 
 
In the synthesis recipe developed by Spanhel et al [24] the Zn(OAc)2 · 2 H2O was 
dissolved in ethanol where it was boiled and refluxed for three hours in such a way that 
60 percent of the ethanol was evaporated. The remaining Zn containing slurry was then 
diluted and cooled to 0oC, whereupon LiOH · H2O powder was added and the solution 
was placed in an ultrasonic bath for 10 minutes. The solution was then finally 
concentrated by rotary evaporation.    
   Later on Meulencamp [15] simplified this recipe. In his approach Zn(OAc)2 · 2 H2O is 
dissolved in boiling ethanol and directly after solvation cooled to 0oC. He then gets a 
white precipitate of anhydrous zinc acetate. That precipitate is washed with ethanol, dried 
and then dissolved in ethanol again. This solution is then mixed with LiOH dissolved in 
ethanol at 0oC, whereupon particles begin to grow.      
   In my approach one additional simplification is done in that the anhydrous zinc acetate 
precipitate not is filter out the the Zn(OAc)2 · 2 H2O is used as it is. This makes it 
possible to quick and easy, within half an hour to go from dry chemicals to a solution of 
growing ZnO nanoparticles.  
 

5.4 Washing of particles 
 
To get particles with a greater range of uses there is a need to be able to remove them 
from solution and to clean them from unreacted species and acetate salt. One way to do 
this is to add a solvent that is miscible in ethanol but which decreases the solubility of the 
particles [15]. The solvent used in this work is heptane, and if heptane is added to a 
particle solution in a suitable amount, the particles will begin to agglomerate whereupon 
the solution becomes turbid. A rather large amount of heptan is needed for agglomeration 
to occur, typically three times the volume of the particle solution. The turbid solution has 
then been centrifuged at 5000 rpm for a few minutes whereupon a white precipitate is 
found at the bottom of the test tube. That precipitate is easily redissolved in ethanol 
whereupon a second agglomeration upon addition of heptane is possible. After the second 
centrifugation it is still possible to redisperse the precipitate in ethanol although it is 
trickier this time.  
   One other alternative to precipitate particles is to add a few drops of water to the 
particle solution, whereupon it becomes turbid and can be centrifuged. The appearance of 
this precipitate is rather different from the one obtained when washed with heptane. It is 
more like a gel, and much harder to redissolve. The method with precipitation with 
heptane is therefore preferred in this work. In addition there is a potential risk that the 
addition of water will affect the particles in a more direct way as water most likely is 
important for the growth of the particles.   
 

5.5 Preparing films of ZnO particles 
 
In several of the experiments done in this work there have been a desire to directly 
combine absorption measurements with other properties measured on thin films of 
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particles. One of the major problems in this project has been to find a method for 
deposition of transparent films of small particles on glass substrates. Several different 
methods have been tried, where most of them have turned out to fail in one way or the 
other. A short summary of the methods that have been tried will here be given as well as 
some comments of how they worked and what the main problems where.  
 

5.5.1 A short review of some less suitable methods  
Probably the simplest method possible for film deposition is drop coating, where a drop 
of the solution is placed directly on the substrate where it slowly is evaporated. The 
biggest problem with this method has been that the produced films not have been very 
transparent, but rather white or with white strings and islands which unable direct 
absorption measurements. The most likely reason for this is either too much acetate salt 
left in the solution or agglomeration of the particles. If it is the first reason a possible 
solution to the problem could be to wash the particles more times than the one or two 
times that have been done. One other problem with this method is that when the solvent 
evaporates and the solution becomes more concentrated the particles will have time to 
grow, which is a problem when really small particles are desired.  
   Doctor blading is one other possible method, where two tape stripes are attached with 
some distance from each other on the substrate. The washed solution is carefully dropped 
between the tape stripes were it is smeared out. The major problem with this method is 
that that the solution needs to be far more viscous for making good films than it is after 
the simple washing procedure. There are several possible approaches to make the 
solution more viscous where the most obvious one is to concentrate the solution. That 
does however demand either time, heat or reduced pressure, and during the concentration 
procedure the particles will have time to grow. This is not a problem if larger particles 
like 15 nm [25
   One other way to increase the viscosity is to add a polymer, like polyethyleneglycol, 
PEG to the particle solution. A major problem here is that PEG in the amounts needed to 
make the solution viscous enough not dissolves in cold ethanol. Heating or the use of 
prolonged time is possible, but then particles will have to much time to grow. PEG is 
very soluble in water so it is possible to add a small amount of highly viscous PEG-water 
solution to the particle solution, but the problem here is that the water will lead to 
condensation and agglomeration of the particles in such an extent that the transparence of 
the films is lost.   

] are desired, but for the small ones used in this work it is a large obstacle.   

   Spin coating is one other commonly used method for film deposition. Spin coating does 
however have the same problem as doctor blading in that it demands a solution that is 
more viscose than the solution a hand after the first washing procedure.    
    

5.5.2 Deposition on hot glass substrates 
One method that has worked reasonably well for particle sizes above 4 nm is dropping of 
a washed particle solution on a heated substrate. The solutions have been washed two 
times in heptane and the second time the redispersion has been in as small amount of 
ethanol as possible. This means around 0.5 ml which corresponds to a volume 
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concentration of the original solution with a factor 5. The particle concentration is 
however somewhat lower as there are some losses in the washing procedure.  
   The glass substrate was placed on a heating plate until it reached a temperature slightly 
above the boiling point of ethanol, and the solution is then placed on the substrate with a 
pipette. The solution should not boil because then the film become uneven, gets a bad 
adhesion and become slightly white. The solution should instead be just below the boiling 
point so that the evaporation is fast. If the pipette or a glass staff is held in contact with 
the liquid film on the substrate, it is possible with the aid of surface tension control the 
evaporation of the film in such a way that the film forms as the drop is evaporated from 
one corner of the substrate to the other. This is good because some impurities like acetate 
salts are concentrated in the last drop that is evaporated in one of the corners. The film 
quality of that corner will be bad but the rest of the film will be of pretty good quality.  
   This method gives rather nice films for particle sizes above 4 nm. One drawback is that 
it is hard to control the particle size in the film, and that some growth is occurring during 
deposition. If the particles are 2.5 nm before washing they will be around 3.5-4 nm when 
the film is deposited. Other drawbacks are that the films become somewhat uneven, and 
that there are quite a bit of handicraft involved in the making of the films.    
 

5.5.3 Modified drop coating from solid precipitate  
A method that has turned out to work reasonable well is to dissolve the precipitate after 
washing directly on the substrate. In that method the particle solution has been washed 
once with heptane and centrifuged. The precipitate has then been taken with a spatula 
from the test tube on to the glass substrate, where the precipitate has been dissolved in 
just one drop of ethanol. That is all that is needed from a 2.5 ml washed particle solution. 
When that drop evaporates a transparent, reasonably smooth film is formed, and the 
problems apparent in the simple drop coating approach do not seem to be present. With 
this method it has been possible to do films with particles with a diameter down to 2.5 nm 
in a reproducible way.     
 

5.5.4 Post treatment 
A question that needs to be addressed is whatever or not the films need some kind of post 
treatment. A heat treatment will evaporate more of the remaining solvent, and if the 
temperature is high enough, remaining acetate ions will decompose and evaporate. The 
heat treatment may however lead to a partial sintering of the particles, and it is seen that 
they grew somewhat during the process. A heat treatment can therefore be both beneficial 
and not, depending of the purpose of the experiment. The benefits with not doing a heat 
treatment is that there is less sintering and particle growth, which means that the particles 
optical and electrical properties will be less affected. The main drawback is that there 
may be so much solvent left that the contact between individual particles are so small that 
the film more get the appearance of a very viscous liquid than of a solid film, which can 
affect the collective electrical properties of the film. In this work most films have not 
gone through a heat treatment and that is the case if not otherwise is stated. 
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6. Experimental procedure 

6.1 Absorption measurements 
 
The absorption measurements have been performed on an Ocean Optics 
spectrophotometer HR-2000 γ with one deuterium and one halogen lamp. This is a very 
convenient little instrument that is both fast and easy to handle. In all measurements a full 
spectrum from 190 to 1100 nm with 2048 evenly distributed points has been measured. 
To take such a spectrum with the above setup takes 3 ms, and to get good statistics an 
average have been done over 100 consecutive spectra, as well as for each four 
consecutive measurement points.  
   For all measurements in solution pure ethanol have been used as a blank. Most 
measurements of particles in solution were done in 0.5 cm wide plastic cuvettes which 
begin to absorb strongly only for wavelengths shorter than 300 nm, which increases the 
noise level for those wavelengths. Some measurements have also been done in a 0.1 cm 
wide quarts cuvette. All measurements have been performed at room temperature. When 
the absorption reaches values above somewhere between 1.5 and 2 the non linear 
absorption response together with the background noise level means that the value of the 
absorption no longer can be used as a way to determine the particle concentration.  
   The absorption measurements have been used both as a tool to follow the particle 
growth in situ, as well as a way to correlate the band gap of particles in films with size 
data from XRD peak broadening.   
 

6.2 Absorption as a function of surrounding solvent 
 
The particles under study are rather small which means that a large portion of the outer 
orbitals should be affected by the condition at the surface. It could therefore be assumed 
that the surrounding environment to the particles like the polarity and coordination of the 
surrounding solvent could affect properties like the absorption behavior.  
   One attempt has been made to investigate the effect of the solvent for the absorption 
behavior of the particles. In that experiment one particle film was prepared by first 
synthesizing particles according to the standard procedure, then washing them once in 
ethanol and finally deposit the film by dissolving the precipitate on the substrate in one 
drop of ethanol. Four different solvents have been used in the experiment; ethanol, 
heptane, acetonitrile and water.  
   The absorption has been measured on one spot on the film. One drop of a solvent has 
then been applied and a cover glass attached whereupon the absorption has been 
measured. The cover glass has then been removed, the solvent have evaporated and the 
absorption has been measured on the same spot again. This has been repeated for the 
different solvents in the order of ethanol, heptane, acetonitrile and finally water. 
   There are a couple of obstacles that need to be mentioned. The first is whatever or not 
the absorption is measured on the same spot for all the measurements. The answer to that 
question is pretty much yes as the film is deposited on a full slide which is pretty easy to 
fixate in the sample holder. Second is whatever or not the same spot on the film has the 
same thickness in all the measurements. The answer to that question is trickier and more 
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likely to be no. The particle film is not sintered so the bonding between the individual 
particles is most likely rather weak which means that the solvent can dissolve part of the 
film and redistribute the film thickness slightly when it evaporates. This is the reason to 
why the absorption has been measured both before the solvents are applied as well as 
after they have evaporated. If the absorption maximum not has changed between the 
before- and the after-measurement the film thickness has not changed.         
   The polarity gradient between the solvents with the least polar one first is heptane, 
acetonitrile, ethanol and finally water.  
 

6.3 X-ray diffraction 
 
To get the phase and the also the size of the particles X-ray diffraction, XRD, have been 
used. The measurements have been done on a Siemens D5000 Diffractometer using 
parallel beam geometry with x-ray mirror and a parallel plate collimator of 0.4o. All 
measurements have been done on films on glass substrates in order to be able to directly 
correlate optical properties with XRD-data. The angle of incidence has been 0.5o and the 
scan has been performed from 10o to 90o. For a first set of samples the step size has been 
0.02o and the integration time 11 seconds, and for a later set of samples the step size has 
been 0.1o and the integration time 54 seconds. This means that the sampling time 
typically is around 12 hours for each sample, which is necessary to get good statistics.  
 

6.4 Steady state fluorescence  
 
Steady state fluorescence has been measured on particles in solution. This has been done 
over an extended period of time simultaneous as absorption has been measured. It has in 
that way been possible to relate the fluorescence behavior to the size of the particles 
which is get from the relation between absorption measurements and XRD-size. The 
change of the fluorescence behavior as the particles grow has in that way been followed.   
   The excitation wavelength has been 320 nm and the fluorescence has been measured 
from 330 to 720 nm. A filter has been used that attenuate a large part of the signal for 
wavelengths longer than 660 nm.   
   Particle solutions have been done according to the standard procedure and thereafter 
diluted a factor 20 after two minutes. The measurements have been started within 5 
minutes after the preparation of the undiluted particle solution. 
 

6.5 Raman spectroscopy 
 
Raman has been measured with a Renishaw system 2000 micro Raman with 2 cm-1 
resolution, and a 25 mW 514 nm argon ion laser. In a first attempt Raman measurements 
where tried on the same films that XRD was measured on. That did however not turn out 
very well as the signal was to low compared to the noise, probably because there was 
quite little material in the films. To get more material to measure on the goal to get a 
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direct connection to optical data was abandon in this case, and the measurements where 
instead done on particle powder. 
   Particle solutions have been done according to the standard procedure, and the band 
gap of the particles in solution have continuous been recorded with UV-Vis spectroscopy. 
At some different times UV-Vis spectra was stored and 2.5 ml of solution was washed 
with ethanol and centrifuged. Raman was then measured directly on the precipitate. The 
assumption made in the following data treatment is that the growth during the washing 
procedure is small, which is reasonable to assume.  
   The laser power of the instrument is 25 mW, and 50 percent of that effect was used in 
the measurements. An objective with 50 times magnification was used. The samples 
where rather uneven which means that it was rather tricky to get focus over the entire 
laser illuminated spot of the sample hence the area in focus differ somewhat between the 
different samples, but are all in the order of a few square µm. Seven samples have been 
measured in total and each sample have been measured for 100 cycles between 200 and 
1200 cm-1.          
 

6.6 Electrochemical measurements 
 
Some films have been made on the conductive glass coated with indium doped tin oxide. 
For these films particles have been prepared by the standard procedure. They have been 
washed with ethanol once, and the films have been made with the method of solvation of 
precipitate in one drop of ethanol directly on the substrate. The total are of the glass 
substrates have varied between 1.6 and 1.8 cm2, but a part of the substrate have been 
masked with tape so that the area of the deposited films has been 1.0 cm2 for each 
sample.  
   For the measurements a CH instrument potentiostat model 760 has been used. A three 
electrode setup have been used with the particle film as working electrode, a 0.1 M 
Ag/AgNO3 in CH3CN as reference electrode and platina as counter electrode. The 
reference electrode is positioned 0.593 V above NHE [26]. All the presented data is 
compared to the reference electrode used if nothing else is stated. The electrolyte used is 
a 0.1 M TBAF6P solution in acetonitrile, and the reason for using this is because of the 
large stability window, which is around -2.4 to 2.7 V compared to NHE (-3 to 2.1 V vs 
0.1 M Ag/AgNO3) [27
   The particle film has been immersed in the electrolyte in such a way that the surface 
level of the electrolyte is in line with the borderline between the particle film and the bare 
conducting glass.  

]. 

   Measurements have been done for some different particle sizes as well as on a sample 
of conducting glass with no particle film. Cyclic voltammetry have been done in the 
potential interval -3 to 3 V with the scan rate 10 mV/s. Chronoamperometric 
measurements have been done where a negative potential have been applied for 30 
seconds, where after it have been returned to zero and the current measured as a function 
of time. This have been done for potential from -0.1 to -3 V in steps of 0.1V Some 
chrono potentiometric measurements have also been done where a constant potential has 
been applied and the current measured as a function of time.  
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For each sample all the measurements have been done in sequence using a macro 
command which means that the order of measurements and the time between them are 
identical for the different particle films. 
 

6.7 Picosecond spectroscopy  
 
In cooperation with the department of Photochemistry and Molecular Science some fast 
spectroscopy measurements on the synthesized particles have been done in order to 
investigate the decay dynamics of the fluorescence. This has been done with a picosecond 
laser system. These measurements are not yet finished, and the main part of the methods 
and results will hopefully be discussed and publish elsewhere. A short presentation of 
some of the preliminary findings will however be discussed in the result section.    
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7. Results and discussion 

7.1 X-ray diffraction measurements 

7.1.1 Absorption measurements 
 
X-ray diffraction, XRD, where measured on 12 samples in total. All these samples are in 
form of particle films deposited on transparent amorphous glass substrates which have 
been used to be able to directly compare absorption properties with XRD data. 
Absorption has been measured for all these samples and the absorption curves are 
displayed in figure 7.1 and the corresponding band gaps have been determined as 
described in section 4.2 and are given in figure 7.2. The sample numbers are in order of 
decreasing band gap.   
   For sample 1, 2, 3, 5 the particle films have been deposited with the method of applying 
the twice washed solution to a heated substrate as described in section 5.5.2. The 
remaining samples have been prepared with the method of dissolving the centrifuged 
precipitate in a drop of ethanol directly at the glass substrate as described in section 5.5.3.   
 

 
Figure 7.1 to the left and 7.2 to the right. Figure 7.1 show the absorption spectra for the analyzed samples, 
and figure 7.2 shows the computed band gaps as a function of sample number. 
 

7.1.2 Phase determination 
 
When measuring XRD there is a tradeoff between angular resolution and sampling time 
at each data point. Sample 1, 3 and 5 have been measured with a step size of 0.02o and an 
integration time of 11 s. For the remaining samples the step size has been reduced to 0.1o 
while the integration time has been increased to 54 s in order to get better statistics.  
   In figure 7.3 the XRD raw data for sample 2, 4 and 6-12 are displayed. The 
corresponding data for sample 1, 3 and 5 are displayed in figure 7.4  
   For sample 1 which is the one with the largest particles, and therefore the one with least 
peak broadening nine distinct peaks can be seen, even if some of them have some degree 
of overlap. Besides these peaks there are a few other distinct features of the 
diffractogram, where the clearest ones is a large diffuse signal between 20 and 30o and 
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the high background due to the amorphous glass substrate used, especially at low angles. 
All the observed peaks correspond very well to the literature data [28

 

] of the wurtzite 
structure of ZnO (figure 7.5), which are given in table 7.1. 

 
Figure 7.3 to the left and 7.4 to the right. Figure 7.3 display XRD data for samples 2, 4, and 6-12. The 
curves are shifted in the y direction so that the curve for the smallest particles is the lowest one. In figure 
7.4 the corresponding data for sample 1, 2, 3 are displayed.  The color setting is the same as in figure 7.1 
and 7.2. To ease the reading of the data the curves have been shifted in y-direction in such a way that the 
curve for the smallest particles is the lowest one, and the color settings are the same as in figure 7.1. 
 
For the smaller particles the peak broadening are larger and some of the peaks begin to 
overlap to a rather large extend. As the particles become smaller the signal also gets 
weaker, which makes the measurement more sensitive to noise and the signal form the 
background. In some measurements some additional small peaks are present which may 
be due to some remaining crystalline acetate species. The data does however beyond 
doubt show that the films contain particles of crystalline ZnO of wurtzite structure, and 
that there are no large amounts of any other crystalline substances present. The cell 
parameters, a. b and c for the ZnO wurtzite structure is 3.250 Å, 3.250 Å and 5.207 Å 
respectively [28]  
       
Table 7.1  
XRD reference data for ZnO wurtzite [28]. 
2θ Peak  

number 
d(Å) Normalized 

Intensity 
h k l 

31.7694 1 2.814300 57 1 0 0 
34.4211 2 2.603320 44 0 0 2 
36.2521 3 2.475920 100 1 0 1 
47.5376 4 1.911140 23 1 0 2 
56.6015 5 1.624720 32 1 1 0 
62.8626 6 1.477120 29 1 0 3 
66.3783 7 1.407150 4 2 0 0 
67.9608 8 1.378180 23 1 1 2 
69.0981 9 1.358250 11 2 0 1 

 
 

Figure 7.5. Unite cell of wurtzite. 
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7.1.3 Determination of particle size 
 
In order to determine the size of the 
particles with Scherer’s approach the full 
width at half maximum for the different 
peaks are needed. In order to get these 
there is a need to compensate for the 
background, which is rather high as 
amorphous glass substrates are used. It is 
not a trivial thing to determine where the 
borderline between signal and background 
goes, but as the goal is to with high 
accuracy analyze the peaks from ZnO, all 
points on the XRD curve that can not be 
attributed to one of the first nine reflexes 
in table 7.1 have been set to zero in a 
baseline removal procedure. The result for this procedure is illustrated for sample 1 in 
figure 7.6.       
   The peaks are assumed to be Gaussian in shape. A nonlinear least square fit with nine 
Gaussian functions are made to the XRD data with the background removed, and the 
result of such a fit is shown in figure 7.7. There both the individual peaks as well as the 
sum of them are displayed. In figure 7.8 the removed background has been added to the 
fitted curve and the results are compared to the raw data.   

 
 
Figure 7.7 to the left and 7.8 to the right. In figure 7.7 the fitted peaks for sample 1 is displayed, as well as 
the entire simulated curve. The sum of all the fitted peaks represents the entire spectra, and for reasons of 
readability that curve is shifted in height compared to the other curves. In figure 7.8 the background has 
been added to the fitted curve and the result is compared to the raw data. 
 
The particle size is determined from Sherrer’s equation (4.4.1), and the full with at half 
maximum, β, is corrected for the instrumental broadening according to equation 4.4.2, 
which has been measured to 0.3o. The x-rays used are Cukα with a wavelength of 1.54 Å.  
 
 

Figure 7.6 XRD spectra from sample 1 with the 
background removed. 
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θβ
λτ

cos
K

=           (4.4.1) 

 
22
instrumentmeasured βββ −=          (4.4.2) 

 
All peaks are not well suited for this procedure. Peak 1 (31.7°) and 3 (36.3°) are the 
largest ones and should therefore normally be the ones to use. They do however overlap 
to quite a large extent and the background is there rather high and tilted. Because of that 
it has been hard to get a reliable fit to data for these peaks for several of the samples. 
Peak 4 (47.5°) is the one where the removal of the background is the biggest problem 
because of its sloop which clearly is seen in figure 7.3. Peak 7-9 (66.4°-69.14°) are rather 
weak reflexes and they overlap to a large extend which makes the fit to them less reliable. 
Left is then peak 5 (56.6°) and 6 (62.9°) which both could be used. Peak 5 is larger than 
peak 6 and overlap with the other peaks to a lesser extent, wherefore the data from peak 5 
should be most reliable. A size determination with equation 4.4.1 has then been done 
with peak 5 and also for peak 6. The results are displayed in table 7.2 and in figure 7.9-
10.  

 
Figure 7.9 to the left and figure 7.10 to the right. Band gap from absorption measurements against particle 
diameter determined from the XRD reflex at 56.6o or peak 5 for figure 7.9 and at the reflex at 62.9o or peak 
6 for figure 7.10 
 

Table 7.2 
Eg against particle diameter for peak 5 and 6.  
Numbers according to table 7.1. 

 
 
 
 
 
 
 
 
 
 
 
 

Eg [eV] Size peak 5 [Å] Size peak 6 [Å] 
3,80 32 28 
3,73 32 29 
3,72 39 33 
3,70 35 31 
3,68 39 35 
3,61 41 51 
3,52 44 52 
3,50 58 71 
3,48 54 61 
3,48 63 79 
3,45 46 39 
3,29 139 133 
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7.1.4 Peak shifts 
 
Another question of interest is if there is a shift of the peaks when the size of the particles 
is changing. To see if this is the case the peak position as a function of particle size has 
been plotted in figure 7.10 and in figure 7.11 there is a zoom of the peak position for peak 
5.  

 
Figure 7.10 to the left and figure 7.11 to the right. Figure 7.10 displays the peak position as a function of 
particle size for peak 1 to 9, whereas figure 7.11 just show the values for peak 5 which are the one used for 
the size determination. 
 
From figure 7.10 and 7.11 there seems to be a rather small difference of peak position 
with particle size. For peak five in figure 7.11 there seems to be a trend of smaller angles 
for smaller particles, even do there is some substantial noise in the data.  
   Braggs law is stated in equation 7.1.1, where d is the distance between two diffracting 
lattice planes, λ is the x-ray wavelength; θ is the angle between the x-ray source and the 
detector and n is the order of the diffraction. It is there seen that a smaller angel means a 
larger spacing between the lattice planes. This is reasonable for a small particle, where a 
large part of the atoms are located close to the surface where there can be some relaxation 
in the bonding as the surface atoms have fewer neighbors to bind to than the 
corresponding bulk atoms. This relaxation can go on for several atomic planes, and for a 
3 nm large particle most of the atoms are located only a few atom layers from the surface.  
 

λθ nd =)sin(2          (7.1.1) 
 
It is thus worth to attempt to quantize this effect. For a hexagonal system, like wurtzite 
the relation between the lattice spacing, d and the miller indices h, k, l and the cell axis a 
and c are given by equation 7.1.2 [29
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The resolution for the measurements with the present sample preparations is in the order 
of 0.1o wherefore a detailed description of the change in cell dimension not is possible. 
Although there is seen a clear increase of the diffraction angle with decreasing particle 
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size, only a comparison between the smallest and the largest particles would be relevant 
here. For 5 five the spread in angles between the smallest and the larges particle is from 
56.3o to 56.65o. That corresponds to a difference of 1.5 · 10-12 m or a 4 ‰ elongation of 
the a-axis when decreasing the particle diameter from 14 nm to 3 nm. This is a rather 
small difference, but the conclusion should be that there is a small cell enlargement when 
the particle size decreases.  
   Peak broadening may not only come from the size effect, but can also be due to strain 
in the particles. One way to sepparate the stress due to particle size from that due to stress 
is by the Williamson-Hall expression (7.1.3), where η is the strain in the particles which 
is a dimensionless quantity. 
 

( ) ( )θηλθβ sincos +=
d
k         (7.1.3) 

 
If sin(θ) are plotted against βcos(θ) the stress is then given as the slope of the curve. This 
method demand good data for both high and low angle reflexes. As described in section 
7.1.3 it is difficult to get reliably data for the full width at half maximum for both the 
peaks at low and high angles. It has therefore not been possible to get any information 
about the strain in the particles.   
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7.2 Relating the band gap to particle size 

7.2.1 Literature data 
 
The best XRD data are for peak five as described above, and these are therefore the data 
that primarily have been used for investigating the relation between XRD-size and the 
optical band gap. There are a number of such relations in the literature as stated in section 
4.1, and for reasons of convenience the expressions used for the analysis will be repeated 
here. In all the expressions below the diameter, d should be given in nm. The theoretical 
expression from Brus [11,12] based on the effective mass approximation are given in 
equation 7.2.1. The empirical expression of Viswanatha et al [13] based on the cluster 
equation is given in equation 7.2.2 and are referred to as R. Viswanatha 1. His best fit 
expression is given in 7.2.3 and is referred to as R. Viswanatha 2. Meulenkaps [15] 
empirical relation based on the effective mass approximation are finally given in equation 
7.2.4. 
  

2

47.835.137.3
dd

Eg +−=         (7.2.1) 

 

4.1

67.135.3
d

Eg +=          (7.2.2) 

 

8.04.411.18
10035.3 2 −+

+=
dd

Eg        (7.2.3) 
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94.2109.0301.3
dd

Eg ++=         (7.2.4) 

 

7.2.2 Size to band gap correlation for peak five 
 
One expression with the same functional dependence as Brus effective mass 
approximation has been fitted to the experimental data for peak five and the result is 
given in equation 7.2.5. A fitted has also been made on the form of the cluster like 
equation and that result is given in equation 7.2.5. 
 

2

86.2896.022.3
dd

Eg ++=         (7.2.5) 

 

54.1

19.325.3
d

Eg +=          (7.2.6) 

 
The expressions from the literature, 7.2.1-7.2.4 together with the experimental data are 
plotted in figure 7.12. In figure 7.13 the two expressions 7.2.5 and 7.2.6 are plotted 
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together with the experimental data. There are a couple of things that are worth to 
mention. One is that the two curves 7.2.5 and 7.2.6 are more or less identical in the 
experimental range and that they give a better description to the experimental data than 
any of the other expressions. This may not be that surprising as they are fitted to different 
experimental data which probably are subjected to slightly different experimental errors. 
For extrapolated values my expressions is somewhere between the ones of Viswanatha 
and that of Brus. In the limit of bulk particles both 7.2.5 and 7.2.6 gives lager error than 
all of the expressions 7.2.1-7.2.4, which illustrates the importance of carefulness when 
extrapolating from the region of size where the expression is fitted. This is maybe not that 
surprising as the idea of really capture the phenomenon behind the size dependence of the 
band gap with only a second degree equation may be a somewhat naïve, but never the 
less a useful approach. A thing to notice is that it seems like all the expressions 7.2.1-
7.2.4 starts with a bulk value for Eg, ~3.35 eV and then adds a correction which not is the 
case for 7.2.5 and 7.2.6. This gives a better fit while extrapolating to large particles, but 
there may be no direct physical reason to why the bulk value of the band gap should be 
used as a starting value, as there not are any bands that have been built up for a small 
particle.   
   Another thing to bear in mind when looking at Meulencamps approximation is that he 
does not use the band gap but rather the energy at the wavelength that give half the 
absorption compared to the first absorption maximum when going from lower energy, 
which gives slightly different values.       
 

 
Figure 7.12 to the left and 7.13 to the right. Figure 7.12 displays the experimentally determined particle 
sizes from peak five together with expressions from the literature. Figure 7.13 shows the expression that 
has been done in this work with the same experimental data. 
 
When the particle size decreases below three nm the change of the band gap is rather 
dramatic, this means that extrapolating into this regime is rather hard and bound to have a 
large degree of uncertainty. For really small particles there have been some attempts to 
do calculation of the band gap, and for the assumed precursor molecule, basic zinc 
acetate, with a diameter around 0.32 nm there is a report in the literature [30

12

] which state 
that they have made first principles calculations that give the energy difference between 
HOMO and LUMO to 5.74 eV. Further on Spanhel [ ] suggests values of the first 
excitation energy for some smaller particles which are given in table 7.3. There may very 
well be reasons to doubt these values, but never the less none of the expressions in figure 
7.12 and 7.13 really capture this behavior.    
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Table 7.3 
Suggested values of the first excitation  
Energy for some small size particles 
Diameter [nm] Eg [eV] 
0.32 5.74 [30] 
0.64 5.39 [12] 
1.28 4.51 [12] 
2.56 3.87 [12] 

 

7.2.3 Size to band gap correlation for peak six 
 
Even though peak five represents the most trustworthy piece of the experimental XRD-
data it has one pronounced drawback. The reflex that causes the peak at 56.6o is the [1 1 
0] reflex and that does not contain any information about the size in the c-direction. If the 
particles are spherical it does not make a difference, but if the particles are elongated in 
the c-direction that reflex will not capture that. This is not something that can be excluded 
as the c-axis usually is the most energetically favorable axis to grow along as the surface 
energy is highest perpendicular to this axis.  
 

 
Figure 7.14 to the left and 7.15 to the right. Figure 7.14 displays the experimentally determined particle 
sizes from peak six together with expressions from the literature. Figure 7.15 shows the expression that has 
been done in this work with the same experimental data. 
 
 
In an attempt to investigate if this is the case the same analysis as above has been made 
for the peak six data which comes from the [1 0 3] reflex. The result of that is displayed 
in figure 7.14 and 7.15, and the fitted expressions corresponding to equation 7.2.5 and 
7.2.6 are given in equation 7.2.7 and 7.2.8 
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7.2.4 Conclusions 
 
In figure 7.16 and 7.17 the experimental data for peak five and six respectively are 
plotted together with the fitted expressions in the region that is most interesting from an 
experimental point of view.  
   From figure 7.16 and 7.17 it seems that the particles not are really spherical. It rather 
looks like they should be slightly elongated along the a-axis for particle size below 4 nm 
and elongated along the c-axis for particle sizes larger than 4 nm. These data indicate that 
the particles may not be spherical, but it also indicates that the deviation not is very large, 
and there are not rods but fairly round particles. Normally the surface tension is highest 
along the c-axis which then makes growth along that axis energetically favorable. The 
date does however give an indication that for the really small particles that the opposite 
may be the case. This is an indication that the thermodynamic and the kinetic driving 
force for the particle growth are in the same order of magnitude in this size regime.To 
really clear this out more information is needed, which could be given by transmission 
electron microscopy data.  
 

 
Figure 7.16 to the left and 7.17 to the right. Figure 7.16 displays the experimentally determined particle 
sizes from peak five together with the fitted expressions 7.2.5 and 7.2.6. Figure 7.17 shows the 
corresponding data for peak six together with expression 7.2.7 and 7.2.8. 
 
The expressions for peak six does give a poorer description in the limit of both large and 
small particles, wherefore the expressions for the peak five data seems more reliable. As 
expression 7.2.5 and 7.2.6 give almost identical results it does not really matter which 
one that is chosen. Hence after when the particle size are given in the report as computed 
from absorption data they are calculated with expression 7.2.5.  
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7.3 The absorption behavior of surrounding solvent 
 
The absorption curves for the experiment where different solvents have been applied on a 
particle film, which where described in section 6.2, are displayed in figure 7.18 and 7.19. 
In figure 7.18 absorption as a function of wavelength are shown for both the untreated 
sample and for each of the four solvents, which have been applied in the order ethanol, 
heptane, acetonitrile and finally water. In figure 7.19 the corresponding absorption curves 
are displayed, measured after the removal of one solvent and before the addition of the 
next. The size of the particles in the film is 4 nm. 

 
Figure 7.18 to the left and 7.19 to the right. Figure 7.18 displays absorption curves when different solvents 
have been applied to the film. Figure 7.19 displays the corresponding curves when the respective solvent 
has been evaporated but before the next one is applied.  
 
One thing that can bee seen from the figures is that there is hardly any change in the 
absorption onset around 340 nm when the solvent is changed. Another thing that is seen 
is that water really stands out compared to the other solvents. When water is added the 
film becomes much whiter and more light scattering which indicates that the water leads 
to particle agglomeration. It also seems that the water removed a part of the particles on 
the part of the film that was measured. The measured absorption onset at higher energies, 
around 290 nm seems to be shifted to lower energies when solvent is added and this 
effect seems to be independent of the nature of the solvent. If the effect is real it could be 
attributed to stabilization of surface states with energies in the conduction band. The 
effects is however most likely an artifact in the measurement, caused by the facts that the 
absorption in the substrate glass slide is so high for wavelength below 290 nm that the 
signal from the measurements become in the same order of magnitude as the noise level. 
This observed effect can then be a result of that the absorption onset for the cover glass is 
slightly different from that of the glass slide which is seen in figure 7.21.           
   In order to see if the solvents removed any of the particles, the maximum of the 
absorption curves are displayed in figure 7.20 
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Figure 7.20 to the left and 7.21 to the right. Figure 7.20 displays the maximum of the absorption curve for 
each measurement. Figure 7.21 displays the absorption as a function of wavelength for the substrates and 
cuvettes used in this work.  
 
From figure 7.20 it seems that the absorption rises somewhat when the solvents are 
evaporated, which holds for all the solvents except for acetonitrile, which seems to have 
washed away some particles.  
   The main conclusion from this measurement is that there seems not to be any polarity 
dependent solvent effect on the absorption, and if there is such an effect it is rather small.     
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
.
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7.4 Steady state fluorescence  

7.4.1 Absorption data 
Steady state fluorescence has been measured as a function of time on growing particles in 
solution simultaneous as absorption data has been measured, as described in section 6.4. 
The absorption as a function of wavelength for each measurement are displayed in figure 
7.22, and in order to resolve the time dimension time have been added as an axis in figure 
7.23.  
 

 
Figure 7.22 to the right and 7.23 to the left. Figure 7.22 displays the absorption measurements that have 
been done simultaneous to the steady state fluorescence measurements. In figure 7.23 the same data as in 
7.21 are potted but the time have here been added as an extra axis in order to ease the interpretation of the 
data.    
 
The procedure for the determination of the band gap for the particles at each 
measurement is displayed in figure 7.24, and in figure 7.25 both the band gap and the 
corresponding particle size are plotted as a function of time. The particle size has been 
determined by equation 7.2.5.  

 
Figure 7.24 to the right and 7.25 to the left. Figure 7.24 displays the procedure for the determination of the 
band gap. In figure 7.25 the band gap as well as the particle size are plotted as a function of time, where 
green crosses are the band gap and magenta stars are particle sizes.  
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7.4.2 Fluorescence data 
The result of the steady state fluorescence measurement is displayed in figure 7.26, and in 
figure 7.27 the fluorescence spectra of the solvent and the reactants are given. The scale 
of figure 7.26 and 7.27 are the same but the concentration at the LiOH and the Zn(OAc)2 
solutions are 20 times higher in the background measurements than they where in the 
particle solution in the moment of mixing. From these figures it is seen that the 
background signal is of such a low level that it safely can be ignored. In figure 7.26 a 
strong fluorescence is seen in the greenish region around 550 nm. In the literature there is 
also observed a weaker UV-fluorescence with energy slightly below the band gap [31

   In order to resolve the time dimension for the fluorescence measurements the 3D plot 
where fluorescence are plotted as a function of wavelength and time are displayed in 
figure 7.28. In figure 7.29 the maximum of the fluorescence as a function of time, or the 
ridge of the surface in figure 7.27, is plotted. 

]. 
This fluorescence may be noticed in the data but it is much weaker then the green 
fluorescence. This one have been investigated with the fast time resolved spectroscopy 
discussed is section 7.7, but in this section only the strong visible fluorescence are 
discussed. 

 
Figure 7.26 to the right and 7.27 to the left. Figure 7.26 displays the steady state fluorescence 
measurements done. Figure 7.27 displays the spectra for the reactants and the solvent. The concentration of 
LiOH and the Zn(OAc)2 solutions are 20 times higher than in the particle solution prior to mixing. 
 

 
 
Figure 7.28 to the right and 7.29 to the left. Figure 7.28 gives fluorescence a function of time and 
wavelength. Figure 7.29 gives the maximum of the fluorescence as a function of time.  
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In figure 7.30 the wavelength as a function of time for the fluorescence maximum as well 
as for the band gap and the first absorption maximum when going from longer 
wavelengths are displayed. In figure 7.31 the difference in wavelength between the 
maximum of the fluorescence and the first maximum for the absorption are given as a 
function of time. In figure 7.32 the energy as well as the wavelength of the fluorescence 
are given as a function of time.   
 

 
Figure 7.30 to the right and 7.31 to the left. Figure 7.30 gives the wavelength for the maximum of the 
absorption, fluorescence and the band gap as a function of time. Figure 7.31 gives the difference in 
wavelength between the maximum of the fluorescence and the absorption as a function of time.  

From the figures and data above several 
observations can be made. The 
fluorescence is shifted to longer 
wavelengths when the particles grow as is 
seen in figure 7.26, 7.30 and 7.32. That 
may not be that surprising as when the 
particles grow the energy difference 
between the ground state and the first 
exited state decreases, and it is then not 
particularly strange that the energy 
difference between a trap state below the 
conduction band edge and one closer to 
the valence band decrees as well. This is 
also in line with what is observed by 
others that have investigated the fluorescence behavior [31, 32, 33

31

]. A mechanism for 
this fluorescence that is suggested in the literature is that it is caused by radiative 
recombination of an electron from a level close to the conduction band edge to a deeply 
trapped hole of VO

·· type in the bulk of the ZnO particle [ ].   
   From figure 7.31 it is apparent that the difference in wavelength, and hence energy, 
between the fluorescence and the absorption increases when the particles grow. The 
energy difference between the two fluorescence trap state then decreases faster with 
particle size than the band gap does. This is contradictory to what some have reported 
elsewhere [34] where no size dependent energy difference between the absorption and 
fluorescence has been observed.  

Figure 7.32 Fluorescence energy  
as a function of time.  
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A possible way to explain the observed increase in energy difference between absorption 
and fluorescence could be if the trap levels not are fixed relative to the conduction band 
edge, but to some degree also depend on the valence band level. If the major part of the 
decrease of the band gap when the particle grows is due to a shift of the conduction band 
edge, but a part of it is due to a shift in the valence band level it could explain the 
observation.  
   Another possible explanation is due to surface states. The trapping levels close to the 
conduction band may to some extend be due to properties of the surface of the particles 
[31], and if the surface properties change as the particle growth a part of the explanation 
may be found in this. A reasonable mechanism for changing the surface behavior may be 
if the pH value decreases during the synthesis which may lead to less negatively charge 
surfaces and therefore to a weaker stabilization of trapped holes involved in the 
fluorescence.   
   In figure 7.28-29 it is apparent that the fluorescence increases in the beginning of the 
measurement where after it reaches a maximum and then steadily decreases. This 
fluorescence maximum has been observed in the literature [33] as well as the decrease of 
fluorescence intensity with increased particle size [31, 32, 33].  
   A parameter that changes during the measurement, besides the size of the particles, is 
the total surface area of the particles in the solution. In the beginning of the measurement 
the number of particles will increase and they will begin to grow and the total surface 
area will increase. From figure 7.23 it is seen that the value of the absorption is fairly 
constant after a while. This means that the amount of solid substance will be fairly 
constant as well. As there is a growth of particles this means that the there will be a 
decrease in the number of particles as some dissolves when others grow, and the total 
surface area will then decrease with time. Close to the surface of the particles the number 
of defects should be larger than in the bulk, as the number of defects, dangling bonds and 
degree of unsaturated coordination should be larger close to the surface. If the 
fluorescence is dependent on trap states associated with particle surface it would then be 
likely that the fluorescence should decreases when the particle growth under the 
experimental conditions used. Explanations for this observation found in the literature is 
similar in that they ascribe a large importance to the surface properties of the particles, 
like the presence of O2- ions at the particle surface [31], or stabilization by acetate groups 
[34]. One group have synthesized ZnO particles electrochemically which they have caped 
with tetraoctylammoniumbromide and they state that there is very few OH groups at the 
particle surface, and it will therefore also be few O2- ions at the surface. They have also 
measured the fluorescence and observe a strong quenching of the visible fluorescence 
which is in line with the explanations that the surface states are important for the 
fluorescence.  
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7.5 Raman measurements  
 
Raman has been measured on seven samples with different particle sizes. The absorption 
data for the different samples are displayed in figure 7.33. The corresponding values of 
the band gap and the particle size are given in figure 7.34 where the particle sizes are 
calculated by equation 7.2.5. These data are also given in table 7.4. 

 
Figure 7.33 on the left and 7.34 on the right. Figure 7.33 displays absorption data for the samples where 
Raman has been measured. Figure 7.3.4 gives the corresponding values of the band gap and particle sizes.  
 
 
Table 7.4. Data for Raman samples 

 
 
 
 
 
 
 
 
 

 
The raw data for sample 1-7, Zn(OAc)2 · 2 H2O, LiOH · H2O and the glass substrate 
from the Raman measurement are displayed in figure 7.3.5. Neither the glass substrate 
nor the LiOH · H2O seems to contribute to the signal in the region where the 
measurements have been done, so their presence can be ignored. Zn(OAc)2 · 2 H2O do 
however give rise to some peaks, so if there are Zn(OAc)2 salts left in the samples, which 
there are, it will cause some background signal to the measurements. As described in the 
experimental section 6.5 there is a different amount of sample in focus for each 
measurement, and the strength of the signal should therefore be different for the different 
samples. There is therefore a need to normalize the data, but there is no obvious way how 
to do this in a relevant way. At 950 cm-1 there is a rather strong peak for all the samples 
that probably comes from Zn(OAc)2 in some configuration as it is apparent in the 
reference spectra for Zn(OAc)2 · 2 H2O. All the curves have been normalized to this peak 
for sample 4. The motivation for this is that this peak has its origin in Zn(OAc)2 and it is 
therefore likely rather unaffected of particle size. As all the samples have been prepared 

Sample   Eg [eV]  Diameter [Å] 
1 3.86 29 
2 3.74 33 
3 3.57 43 
4 3.53 48 
5 3.51 50 
6 3.44 60 
7 3.35 88 
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in the same way it can be expected that there is a similar amount of acetate species in all 
the samples. The data normalized in this way are displayed in figure 7.36.  
 

Figure 7.35 to the left and 7.36 to the right. Figure 7.35 displays the raw data as they are given from the 
instrument. Figure 7.36 shows the same data normalized to the acetate peak at 950 cm-1 for sample 4. 
 
In figure 7.37 the curves in figure 7.36 have been shifted in height to ease the comparison 
and this has been done in such a way that the curve for the smallest sample is the one at 
the bottom and the one for the larges particles at the top. Figure 7.38 zooms in on the 
region where the peaks that may bee due to the ZnO particles are located. The 
background features of the curves in these figures are very similar for the different curves 
which talks in favor for the used normalization procedure.     
 

 
Figure 7.37 to the left and 7.38 to the right. Figure 7.37 shows the normalized Raman data in such a way 
that the curves are shifted in height where the curve for the smallest particles is in the bottom and the curve 
for the largest particles at the top. In figure 7.38 the same data are displayed but zoomed in on the most 
interesting region.    
 
In figure 7.38 there seems to be five different peaks for all the samples in the region 200 
cm-1 to 750 cm-1. There also seems to be a weak feature around 585 cm-1 but it is to small 
to really be analyzed with any accuracy.    
   A question of interest is however these peaks are shifted in energy when the particles 
get bigger. In figure 7.39 this is investigated by plotting the peak position as a function of 
particle size for the five different peaks. From figure 7.39 it seems like the peak positions 
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not shows any clear trends with respect to 
particle size. Size dependent Raman shifts 
of a few cm-1 have been reported for some 
vibrations in the literature [21]. They have 
however measured on larger particles, ~20 
nm, and for the very small particles 
investigated here it may be so that they are 
in a regime where there are no such shifts. 
   In figure 7.38 the peak at 436 cm-1 
distinguish it self from the others in a very 
clear way as this peak seams to grow in 
strength as the particles grow, which is 
interesting. This very clearly indicates that 
this phonon is quenched when it becomes 
more confined as the particle size gets 
smaller.  
   The peak at 436 cm-1 has the same energy as peaks reported in the literature and is 
probably either the E2

(2) peak [20, 21] or the E1-TO peak [23]. The weak feature around 
585 cm-1 probably correspond to the E1-LO phonon [20, 21, 23] and also this peak seems 
to increase in intensity with particle size, even doe the low signal indicates that it is more 
strongly confined than the peak at 436 cm-1.  
   Concerning the other, broader peaks in figure 7.38 no records have been found in the 
literature corresponding to these peaks. One possible explanation to these peaks could be 
that they are strongly confined vibrations connected to the surface, and as there is a large 
amount of surface compare to a bulk sample they may not be detected if measurements 
are done on larger particles, films or bulk samples. One other possible explanation is that 
they are due to the remaining acetate species in the samples. The Zn(OAc)2 · 2 H2O 
sample displays weak peaks some tenths of inverse centimeters from the actual peaks. If 
it is so that the signal from theses remaining species in the particle samples are enhanced 
and heavily shifted it would explain the peaks seen. 
   As described in the theory section 4.5 it should be possible to draw more information 
out of the data and for example get the particle sizes. As these methods are rather 
cumbersome, demand good data and not give particularly much information that not have 
been achieved in other ways this have not been done.      
   The main results from the Raman measurements is that the vibration at 436 cm-1 seems 
to be the only phonon that appear in the bulk, that to any large extent also is active in 
such small particles that have been investigated here. That phonon clearly grows in 
intensity rather fast when the particle size increases. The data also indicates that the 
phonon around 585 cm-1 begins to build up for the larger particles investigated but that it 
still is very weak. The remaining phonon modes that occur in the bulk have not been 
building up for particle this small.  
 
 
 
 
 

Figure 7.39. Peak position as a function of 
particle size. Notice that the scales for the 
different subplots are slightly different. 
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7.6 Electrochemical measurements  
 
Some electrochemical measurements have been done as described in the experimental 
section 6.6. They have not given particularly much hard results and have not really turned 
out the way it was supposed. Nevertheless the results obtained will be a starting point for 
further measurement, and may be an aid when modifying the technique or choosing a 
different one with the aim of getting out information from the system. Absorption and 
size data for the samples analyzed are found in table 7.5.  
 
Table 7.5. Absorption and size data for the samples analyzed  
with electrochemical methods. 

 
Cyclic voltammetry was done on all the samples as well as on a conductive glass 
substrate without any particle film. Figure 7.40 shows a cyclic voltammogram in two 
cycles for sample one to five as well as for the conductive glass. Something disturbing 
with those measurements is that the bare conductive glass substrate seems to cause a 
reduction of the solvent at lower potentials than the particle films. This means that there 
may be a high background signal to the measurements on the particle films which may be 
hard to separate from the signal of interest. There seems to be a trend of a decreasing 
electrochemical band gap with increased particle size which is expected, but the results 
are however too large and the trend is weak.   
   

 
Figure 7.40 to the left and 7.41 to the right. Figure 7.40 shows a cyclic voltammogram for all the samples 
as well as for the conductive glass. Two cycles for each sample are displayed. The sweep rate is 10 mV/s. 
Figure 7.41 shows and cutout for the chronoamperometric measurement for sample 2.  
 
In figure 7.41 some results from the chronoamperometric measurements are shown. 
These particularly figure are for sample 2, and the figure are a cutout of the interval 
where the change of current occur. The currents are higher initial and the measurements 
go on for 30 seconds. The primary interest in the chronoamperometric measurements are 

Sample   Eg [eV]  Diameter [Å] Max absorbance [a.u] 
1 3.61   40.9 1.60 
2 3.58 43.2 1.24 
3 3.56 44.9 1.59 
4 3.54 46.9 1.84 
5 3.38 76.2 1.62 
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however not the current but the amount of charge that leaves the particles when the 
applied potential is increased back to zero. 
   In order to get the charge the current is simply integrated, and the cumulative charge as 
a function of time for the chronoamperometric measurements in figure 7.41 are displayed 
in figure 7.42. The behavior of these curves is a rather fast increase, where after the 
curves levels off and gets a constant increase that is more or less the same for all curves. 
This slope seems to depend on the instrument sensitivity that is chosen in the 
measurement. A high sensitivity gives a smaller slope but do not manage to capture the 
high initial currents. This constant current thus seems to be some kind of constant loss 
which value depends on the instrument sensitivity. To get the charge that really leaves the 
film this dependence should be corrected for, and how this is done is graphically shown 
in figure 7.43 ,where the charge are given as the intercept with the current axis for the red 
lines.  

 
Figure 7.42 to the left and 7.43 to the right. Figure 7.42 gives the cumulative charge as a function of time 
for the chronoamperometric measurement displayed in figure 7.42. Figure 7.43 illustrates the procedure 
that has been used to determine the amount of charge that leaves the films. The charge is given as the 
intercept with the current axis for the red lines.    
 
 

 
Figure 7.44 to the left and 7.45 to the right. Figure 7.44 gives the extracted charge as a function of applied 
potential for each sample. Figure 7.45 gives the extracted charge in form of number of electrons per particle 
as a function of applied potential for each sample. 
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The amount of extracted charge as a function of applied potential for each film as well as 
for the bare conductive glass substrate are given in figure 7.44. In figure 7.45 this has 
been normalized to the amount of ZnO in the films and the charge is given as number of 
electrons per particle. Not very surprisingly a larger particle can hold a greater amount of 
charge, and in figure 7.46 the charge has instead been normalized to the total particle 
volume in the films.  
 

 
 
Figure 7.46 to the left and 7.47 to the right. Figure 7.46 gives the extracted charge in form of number of 
electrons per cm-3 as a function of applied potential for each sample. Figure 7.47 gives the results of some 
chrono voltammetric measurements for sample 3 and the bare conductive glass.  
 
I figure 7.44 it is seen that the bare conductive glass give a signal comparable but slightly 
lower to that for the particle films. This is slightly disturbing as it not is possible to 
simply subtract the contribution from the conducting glass as that may be different 
whatever or not there is a particle film between the glass and electrolyte.  
   In figure 7.46 there seems to be a peak around -2.1 V for the sample with largest 
particles, which is considerably larger than the other samples. This is consistent with the 
idea of a higher density of state for larger particles as described in the theory section.  
   Unfortunately the data is not good enough to really draw any conclusions, and it has not 
been worth to go on with the analysis sketch in the theory section 4.6. The corresponding 
measurements for positive applied potentials have also been done. They have however 
not given better results than the reported measurements and they are therefore not 
discussed.      
   Some chrono voltammetric measurements have also been done. The result of some of 
these measurements is given in figure 7.46 where measurements at seven different 
currents for sample 3 as well as for the bare conductive glass are plotted. From these 
measurements it as apparent that the particle film can hold slightly more charge than the 
bare conductive glass before the potential is forced to drop even further. The difference is 
however small which makes it hard to draw any conclusions, and the results are therefore 
not discussed further.   
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7.7 Picosecond spectroscopy 
Some fast spectroscopy was performed on particles in solution with some different sizes. 
These measurements was done in cooperation with Emad Mukhatar at the department of 
Photochemistry and Molecular Science, Uppsala University and the measurements where 
performed by Sviatlana Viarbitskaya. Theses measurements are not yet finished and fully 
analyzed. The main part of these measurements will therefore be discussed and hopefully 
also published elsewhere, but some of the initial findings will be presented here. In table 
7.6 some data of the analyzed samples are presented. 
    
Table 7.6. Data for samples where fast  
spectroscopy have been done.  

 
 
 
 
 

In figure 7.48, fluorescence spectra for four samples are given in the violet to near UV 
range. They are measured with a streak camera and the excitation wavelength has been 
320 nm. In this figure a clear red shift in the fluorescence maximum is seen when the 
particles grow in size. This is in line with the steady state fluorescence measurements for 
the greenish fluorescence discussed in section 7.4.  
   In figure 7.49 the fluorescence decay are plotted for the different samples. The 
measurements are done at the wavelength corresponding to the maximum of the 
fluorescence intensity for respective sample, and the black line is the background signal. 
From the figure it is seen that the lifetime of the fluorescence increases when the particles 
get larger. One possible explanation to this attenuation of fluorescence rate with 
increased particle size can be due to thermal occupation of dark exciton states at room 
temperature. The occupations of these should decrease the decay rate and the occupation 
of these sates should be easier for a large particle where the spacing between the energy 
levels is smaller. An explanation along this line has been used to explain similar findings 
in CdSe and CdTe nanoparticles [35

 

]. 

Figure 7.48 to the right and 7.49 to the left. Figure 7.48 gives the steady state fluorescence in the violet to 
near UV region for the four different samples as measured with the streak camera. The excitation 
wavelength has been 320 nm. Figure 7.49 displays the decay rates for the four different samples measured 
at the wavelength of maximum fluorescence for each sample.   

Sample  Denoted Color Diameter [Å] 
1 Cyan 25 
2 Green 45 
3 Blue 50 
4 Red >100 
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7.8 UV-Vis spectroscopy and in situ growth studies 
 
UV-Vis spectroscopy is a very useful tool for studying the growth of quantum confined 
ZnO nanoparticles, as measurements can be done directly on particles in solution during 
the time they grow. It is also a fast technique and with the instrument used it only takes 
three ms to acquire a full spectrum, which enables time resolved studies of the growth 
process. This has been done for a lot of samples under different synthesis conditions. 
Examples of such measurements are given in figure 7.49 and 7.50, where sample A and B 
are plotted which differ in the amount of LiOH added to the reaction mixture.  
 

 
Figure 7.49 to the left and 7.50 to the right. Figure 7.49 displays some absorption curves for sample A. The 
ten first curves are measured with five minutes intervals, the following 14 curves with 60 minutes intervals 
and the last twelve with four hours intervals. Figure 7.50 gives corresponding data for sample B. Here the 
first ten curves are measured with five minutes intervals, the following three with 30 minutes intervals and 
the last curve is measured after 20 days.   
 
Even though measurements have been done on many samples there are seven that are 
going to be discussed in this section and a summary of the synthesis conditions are given 
in table 7.7. Sample A is done according to the standard procedure. Sample B have less 
base than sample A. Sample 1 has the same proportion of reagents as sample A but are 
diluted a factor five. Sample 2-5 have different proportions of reagents and are diluted to 
different degrees.  
 
Table 7.7. Synthesis data for the samples discussed in the text.  

 
 
 
 
 
 
 
 
 

Sample [Zn]:[Zn]standard 
Zn(OAc)2  
[mmol] 

LiOH  
[mmol] 

[Zn(OAc)2]  
[mM] 

[LiOH]  
[mM] 

Zn/Li  
ration 

A  1:1 2.5 3.5 50 70 1:1.4 
B 1:1 2.5 2.5 50 50 1:1 
1 1:5 0.5  0.7  10  14  1:1.4 
2 1:2.5 1.0 0.7 20  14  1:0.7 
3 1:10 0.25 0.7 5  14  1:2.8 
4 1:5 0.5 1.4 10  28  1:2.8 
5 1:5 0.5 0.35 10  7  1:0.7 
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Figure 7.51 to the upper left, 7.52 to the upper right, 7.53 to the bottom left and 7.54 the bottom right. Data 
for sample 1. In figure 7.51 absorption spectra are displayed with 100 seconds intervals. In figure 7.53 data 
for the additional 18 hours are also displayed. In figure 7.52 and 7.54 the same data as in figure 7.51 and 
7.53 are plotted where also time have been used as an axis which ease the interpretation of the time 
dependence.   
 
For sample 1, absorption spectra has been acquired once every second in the first hour 
after mixing off the reagents, and less frequent for the following 18 hours. Selected data 
for these measurements are displayed in figure 7.51-7.54 where the growth over time for 
the particles is seen. 
   In figure 7.55 the maximum of absorption at the first maximum when going from lower 
wavelengths are potted as a function of time for the first two hours. This corresponds to 
the ridge at higher wavelengths in figure 7.54. In figure 7.56 this has been related to the 
degree of completion of the reaction as outlined in section 4.3. From these figures it is 
seen that the absorption increases rather fast at the beginning and reaches a maximum, 
where after it decreases somewhat until it levels off. This indicates that there is a rather 
fast nucleation and particle growth in the beginning, and that after a few minutes the 
amount of solid substance in the solution actually is decreasing somewhat. This at the 
same time as there is a very clear growth of particles. An explanation to this behavior 
could be that the initial conditions are such that nucleation and some initial growth are 
favorable whereupon many small and slightly larger nuclei are formed. If this change the 
reaction conditions, like changing the pH, in such a way that nucleation become less 
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favorable, the larger nuclei could grow at the same time as the smaller ones are dissolved, 
which could explain a particle growth at the same time as the overall amount of solid 
substance is decreasing. This reasoning is in line with the appearance in figure 7.54 
where the absorption seems to evolve into two ridges, where one is for larger particles, 
and the other one for smaller dissolving particles.     

 
 
Figure 7.55 to the left and 7.56 to the right. In figure 7.55 the absorption at the first maximum when going 
from longer wavelengths are plotted as a function of time. In figure 7.56 this have been used to determine 
to which degree the reaction have gone towards completion with respect of transforming Zn species into 
ZnO particles.   
 
In figure 7.57 the band gap as well as the particle size according to equation 7.2.5 is 
plotted as a function of time for the first 15 hours for sample A, B and 1. It is seen that by 
decreasing the amount of base the particle growth is slower. It is also seen that by 
diluting the solution by a factor five the 
growth rate decreases as well but not as 
much as when the amount of base was 
decreased.   
   In figure 7.58-7.61 absorption data for 
sample 2-5 are displayed in the same scale 
as figure 7.51. Compared to the standard 
procedure sample two and five have excess 
Zn(OAc)2 and sample three and four have 
excess LiOH. It is clearly seen that the 
relation between the regents affects the 
growth behavior, and that none of these four 
recipes seems to mach the standard 
procedure. These data are further analyzed 
in figure 7.62-7.66.  
 
 
 
 
 
 
 

Figure 7.57. Band gap and particle size for  
Sample A, B and 1. 
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Figure 7.58 to the upper left, 7.59 to the upper right, 7.60 to the bottom left and 7.61 the bottom right. 
Absorption spectra displayed with 100 seconds intervals for samples 2, 3, 4 and 5 respectively. The time 
3D plots of these data are found in appendix 1. 
 
In figure 7.62 the maximum of absorption at the first maximum when going from lower 
wavelengths are potted as a function of time, and in figure 7.63 these data have been used 
to calculate to which degree the reaction have gone towards completion. Sample one is 
the one where the reaction has gone furthest after an hour, which is at the same level as 
after a few minutes. Sample two and five behave similar to each other and in some 
respect also to sample one. Both have an initial fast nucleation where ZnO(s) is formed 
where after the absorption and the degree to which the reaction has reached completion 
levels of, even though these curves do not pass through a maximum as sample one does. 
The same amount of particles seem to form in sample two and five although the 
concentrations of both LiOH and Zn(OAc)2 are doubled in sample two compare to 
sample five. One possible explanation for this could be if the limiting factor for the 
particle formation is when the concentration of some of the species goes below the 
critical concentration for nucleation.    
   Sample three and four behaves differently from the others, but similar to each other. 
The absorption as well as the degree of reaction increases rater linearly with time.      
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Figure 7.62 to the left and 7.63 to the right. Figure 7.62 gives the absorption at the first maximum when 
going from longer wavelengths as a function of time for sample 1-5. Figure 7.63 gives the degree to which 
the reaction have gone towards completion as a function of time for sample 1-5 with respect to how much 
of the added Zn that are found in ZnO particles.     
 
In figure 7.64 the band gaps are given as a function of time. The corresponding particle 
size is given as particle diameter against time in figure 7.65. From these figures it is seen 
that the growth behavior of sample two and five are very similar to that of sample one. 
The growth rates are very similar but the amount of particles that grow are less for 
sample two and five compared to sample one which is seen in figure 7.51, 7.58 and 7.61-
62.  
   For sample two and three, where the proportion of LiOH is increased, the behavior is 
however rather different. These particles hardy grow at all. The absorption does however 
increase with time which means that small particles with a diameter around 25 nm are 
formed but that they hardly grow. One possible explanation to this is if the particles grow 
not by adding one zinc and one oxygen a time but rater as the coalescence of smaller 
particles. A higher base concentration would then give the small particles a higher surface 
charge which would prevent coalescence to a larger degree.   

 
Figure 7.64 to the left, and 7.65 to the right. Figure 7.64 gives the band gap as a function of time for sample 
1-5. Figure 7.65 gives the corresponding particle sizes as calculated with equation 7.2.5. 
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8. Insight and hypothesizes concerning the synthesis 
and growth of particles  

8.1 Species in solution 
 
There is a rather limited amount of species 
in the reaction solution. Ethanol which 
acts as the solvent will be present as well 
as some smal amount of water. Lithium 
may be present both as bonded to 
hydroxide ions, as hydrated ions or 
coordinated to ethanol or acetate ions. 
Acetate and acetate ions will be present 
and will stand in equilibrium with each 
other. Zinc may be coordinated to acetate 
ions, as hydrated ions, as zinc hydroxide 
or as zinc oxide structures. Free Zn2+ ions 
coordinated to ethanol is also an option but 
measurements by Spanhel [12] suggests 
that this not is the case. Besides these the 
only remaining species in the solution 
should be variations on present themes 
like the small cluster basic zinc acetate, which is assumed to be an initial nucleus for the 
ZnO particles, but also other clusters are possible alternatives [12]. 
 

8.2 Initiation and nucleation 
 
A particle never springs out of nothing but rather growth 
from small initial nuclei. The search for this initial nuclei 
have withdrawn some interest during the last decades [12 
and references there within], and there are some possible 
candidates. These can be divided in three different classes 
[12]; the basic zinc acetate, Zn4O(OAc)6 in figure 8.2 and 
the larger homologue Zn10O4(OAc)12 which gives 
spherical particles, ethoxy-acetate complex, 
(EtOZnOAc)n which forms wire-like nanostructures, and 
finally hydroxyl acetates Zn5(OH)8(OAc)2(H2O)2 that 
forms lamellar like structures. Under the synthesis 
condition used in this work, the basic zinc acetate seems to be the most likly initiator 
cluster. In all the recipes following the Zn(OAc)2 · 2 H2O route that we have seen 
Zn(OAc)2 · 2 H2O is boiled with the solvent during a shorter or longer time. It is believed 
that this step is necessary for the formation of the initial clusters, which later can be made 
to grow to particles when the base is added. The overall stoichiometry of the formation of 
Zn4O(OAc)6 are given in 8.2.1. 

Figure 8.1 Species percent in the reaction 
solution. CH3CH2OH, H2O, OH-, LiOH, 
CH3COOH, CH3COO-, Zn(CH3COO)2, 
Zn4O(CH3COO)6. Black is carbon, white 
hydrogen, red oxygen, magenta zinc and grey 
is lithium.  

Figure 8.2 Basic zinc acetate 
Zn4O(OAc)6. 
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HAcOHAcOZnOHAcZn 27)(2)(4 22422 ++→⋅      (8.2.1) 
 
It has been found that during the absorption measurements the heating step in the 
synthesis when Zn(OAc)2 · 2 H2O is boiled in ethanol actually not is necessary. 
Experiment have been done where Zn(OAc)2 · 2 H2O and LiOH where mixed in cold 
ethanol, whereupon the absorption was measured. The absorption behavior for that 
solution was similar to the ones where there hade been a heat treatment, which means that 
particles form there as well. The conclusion from this must be that the formation of the 
necessary initial clusters not necessarily are an activated process that demands higher 
temperature than room temperature. There is however one benefit to heat treat the 
Zn(OAc)2 · 2 H2O-ethanol solution. This is because Zn(OAc)2 · 2 H2O in the 
concentrations used not dissolve in cold ethanol unless the base is added, and even then it 
will take some minutes before the solution become clear and enable absorption 
measurements.   
 

8.3 Growth of particles 
 
For a particle to grow there are two basic things that needs to happen. Zinc atoms needs 
to be incorporated into the structure, and oxygen atoms need to be incorporated as well. 
There are not that many possible sources for zinc atoms, and the most likely is the 
Zn(OAc)2 complex, even though hydrated Zn2+ ions should be a possibility. There are 
however more possible sources for oxygen. Ethanol and acetate is unlikely as oxygen 
sources as they would produces rather poor leaving groups. This leaves water and 
hydroxide ions as possible candidates. Water is known to have a large effect on the 
growth rate [15] as well as the pH value [36

   By starting with the Zn4O(Ac)6 cluster one possible mechanism is displayed in figure 
8.3, where one OH- are doing a nucleophile attack at one of the partially positively charge 
zinc atoms, whereupon one CH3COO- leaves to the solution, or alternatively moves 
slightly and double coordinate the other zinc atom it coordinated before. 

], and the concentration of both water and 
hydroxide ions will be in the same order of magnitude, so both are probably of 
importance.   

 
 
Figure 8.3. Possible first step in the growth mechanism of the initial Zn4O(Ac)6 cluster.   
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A possible mechanism for incorporation of Zn is outlined in figure 8.4, where a 
Zn(CH3COO)2 complex is approaching a Zn-OH bond where a free electron pair in the 
oxygen are doing a nucleophile attack on the Zn in the Zn(CH3COO)2  whereupon one 
CH3COOH are released to the solution. A possible following step is that the double 
coordinated acetate ion begins to coordinate to some other Zn-atoms and thereby 
releasing an acetate ion to the solution.  
 

 
 
Figure 8.4. A possible mechanism for incorporation of Zn to the structure.  
 
One of the few articles I have seen that suggest a growth mechanism is one by Wong et al 
[37

 

] which have made a study of the growth kinetics of ZnO particles synthesized from 
Zn(OAc)2 · 2H2O with NaOH as base and 2-propanol as solvent. They suggest that the 
particle growth could be described with the Lifshitz-Slyozov-Wagner theory, LSW-
theory, for Oswald ripening. In short, growth due to Oswald ripening means that small 
particles dissolve due to the high surface tension at the highly curved surface, like in 
equation 8.3.1, when the concentration of species in the solution decreases, whereas 
larger particles growth as this decreases the curvature and surface tension of the particles 
(8.3.2). 

−+
− ++→ 22
100 )()( OZnZnOZnO mm        (8.3.1) 

 
100

22 )()( +
−+ →++ mm ZnOZnOOZn        (8.3.2) 

 
After a theoretical treatment of the growth of the curved surface they end up with 
expression 8.3.3, where the cube of the particle radius, r, are proportional to time, t. K is a 
proportionality constant and r0 is the particle radius at time zero.   
 

Ktrr += 3
0

3           (8.3.3)   
 
This means that if particle volume is plotted against time it should generate a straight 
line. Following this treatment we obtain the curves in figure 8.5, which do not show 
linear behavior in contrast to systems following the mechanism of LSW-theory. These 
differences suggest that the growth mechanism may be more complex than only Oswald 
ripening.  
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A growth mechanism that not solely 
depends on Oswald ripening is proposed 
by Spanhel et al [12, 24]. They suggest 
that growth instead could be due to 
aggregating of small clusters into larger 
clusters, which is summarized in 
expression 8.3.4-5 and figure 8.6  
 
 
 
 
 
 
 

0
2

0
2

0 )( mZnOOmZnm →+ −+         (8.3.4) 
 

0200 )()()( mmm ZnOZnOZnO →+        (8.3.5) 
 

 
Figure 8.6. A possible mechanism for growing of particles by aggregation of smaller clusters. The figure is 
from reference [12]. 
 
In favor for a mechanism of this kind, is that no particles smaller than around 2.5 nm 
have been observed in the absorption measurements. It is rather so that the particle size 
seems to start at that value which could correspond to the k3 cluster in figure 8.6. One 
other thing that is in favor for such a mechanism is the disagreement found with the 
LSW-theory described in ref [37] that where discussed above. Something that disfavors 
this kind of mechanism is that it should imply that certain sizes should be more stable 
than others and therefore also more abundant or long lived. This is something that not is 
seen in the absorption measurements where the opposite seems to be true where a very 
smooth continuous growth is observed.  

Figure 8.5. The particle size in the form of  
volume as a function of time for sample 1-5. 
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Still one other way to see the growth is like a sol-gel process with hydrolysis (8.3.6), 
condensation (8.3.7) and de-solvation (8.3.8). This is a more generalized and schematic 
form of the mechanism outlined in figure 8.4-5.  
 

−− +−⇔+− COOCHCOOHCHOHZnOHOHOOCCHZn 3323 //   (8.3.6) 
 

COOHCHZnOZnOOCCHZnOHZn 33 +−−⇔−+−     (8.3.7) 
 

OHZnOHZnOHZnOZn −+−⇔+−− 2       (8.3.8) 
 

8.4 Equilibrium chemistry 
 
To follow the growth of the particles in detail numerically, both concerning number 
density and particle size, all the reaction involved in the reaction mixture as well as there 
equilibrium data needs to be known. This kind of data are sometimes, but far from 
always, reported in the literature for common reactions in water. In this experiments 
ethanol are used as the solvent and for other solvents than water this kind of data is 
hardly ever found. The best to hope for is then to give the possible reactions involved and 
in that way get some qualitative information. Some of the most important equilibrium 
reaction are given in 8.4.1-8.4.7.  
 

OHCOOCHOHCOOHCH 233 +⇔+ −−       (8.4.1)  
 

)(2
2 )(2 sOHZnOHZn ⇔+ −+         (8.4.2) 

 
23

2
3 )(2 COOCHZnZnCOOCH ⇔+ +−       (8.4.3) 

 
COOHCHCOOCHOZnOHCOOCHZn 3234223 2)()(4 +→+    (8.4.4) 

 
−− +−⇔+− COOCHOHZnOHOOCCHZn ss 3)(3)(      (8.4.5) 

 
OHZnOHZnOZn ss −⇔+−− 22)()(        (8.4.6) 

 
Reaction 8.4.1 will be the main pH controlling reaction, and initially when an excess 
amount of LiOH is added that equilibrium will be rather far to the right. Reaction 8.4.2-3 
are the Zn-complex reactions where 8.4.2 will be shifted fart to the left and 8.4.3 far to 
the right. Reaction 8.4.4 is the initial cluster formation reaction. 8.4.5 are the one building 
up the ZnO particles, and 8.4.6 is the de-solvation of ZnO.   
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8.5 Agglomeration of particles 
 
Addition of quite a large amount of heptane to the reaction mixture induces an 
agglomeration of the ZnO-particles. This dramatically slows down the reaction rate and 
enables a centrifugation procedure to separate the particles from the solution, which then 
can be washed and redissolved in ethanol. A possible mechanism for this agglomeration 
behavior is that by adding the nonpolar heptane the solvability of the acetate ion 
decreases and thereby shifts equilibrium 8.4.1 to the left. This means that the equilibrium 
between acetate groups bonding to the particle surface and being free in the solution will 
be shifted from ions bond to the surface. The isoelectric point of ZnO is around pH 9 [33] 
and the ZnO-particles will have a negative surface charge at the pH of the reaction 
mixture. If acetate ions are released from the surface to a larger degree the charge of the 
particles will be more positive and come closer to the isoelectric point. The electrostatic 
repulsion between the particles will then decrease which will ease agglomeration between 
particles. After the particles have been washed there will still be some acetic acid left, 
and by adding ethanol the process will go in the reversed direction. After a second 
washing the remaining acetate is so much smaller that it will be harder to redisperse the 
particles. 
   Agglomeration can also be achieved by addition of water, but the behavior is there 
rather different. A few drops of water to ten ml of solution is enough to cause 
agglomeration, and this have more the appearance of a gel than the heptane induced 
agglomerates, and it is also considerably harder to redissolve. A possible explanation to 
this is that the addition of water replaces the acetate ions at the particle surfaces with 
hydroxyl groups and by this driving the equilibrium 8.4.7 to the left and thereby causing 
covalent bonds between particles. 
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9. Summary and conclusions 
 
In this work ZnO quantum dots have been synthesized by a whet chemical method where 
Zn(OAc)2 · 2 H2O and LiOH · H2O in suitable proportions have been mixed in ethanol 
whereupon particles have grown.  
   These solutions have both been analyzed in them self and been used to make films on 
glass substrates, on which XRD have been measured. By combining the particle size, as 
extracted from the XRD data by the Sherrer equation, with the band gap given from 
absorption measurements a relation between these two properties has been developed. 
The relations between the band gap, Eg and the particle diameter, d, found are given in 
equation 7.2.5.     
 

2

86.2896.022.3
dd

Eg ++=         (7.2 5) 

 
From the XRD data is seems to be a change in the cell dimensions when the size of the 
particles decreases, and for the a-axis the elongation when going from particle diameter 
of 14 nm to 3 nm is in the order of 4 ‰. The XRD data also gives that the particles are 
rather spherical, but give an indication that there may be a slightly asymmetric growth 
along the a- and the c-axis that changes with particle size.  
   Raman spectroscopy has been measured on particles with different sizes, and these data 
shows that the ZnO particles have one phonon at around 436 cm-1 that clearly increases in 
intensity as the particles get bigger. This result clearly illustrates the confinement of this 
phonon when the particles become really small. The data also indicates that there is a 
phonon around 585 cm-1 that begins to build up for the larger particles investigated. The 
remaining phonon modes that occur in the bulk have not been building up for particle that 
is as small as the ones in this study. 
   Steady state fluorescence measurements have been done in solution during particle 
growth, simultaneous as absorption measurements have been done. From these 
measurements it is apparent that the fluorescence are shifted to longer wavelengths as the 
particles grow, but it also seems like the fluorescence intensity normalized to particle 
mass decreases with increased particle size. This is a result that indicates on the 
importance of surface states on the fluorescence process.      
   In cooperation, some picosecond spectroscopy measurements have been done as well. 
The major part of these results will be discussed elsewhere but some of the initial 
findings have been reported here. In these measurements the shift in UV-fluorescence to 
longer wavelengths, as well as the decay rates of the fluorescence, have been measured 
for some different particle sizes. These measurements show that the lifetime of the 
fluorescence increases with particle size.   
   One of the goals with the project was to do electrochemical measurements, and in this 
way obtain a measure of an effective density of state as a function of particle size. These 
measurements have not yet given much result and may therefore be continued in another 
project.  
   Absorption measurements have been done in situ on particles in solution, whereupon 
the growth has been studied in more detail. From these measurements it is clearly seen 
that the initial proportions of reagents is of large importance for the growth of the 
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particles, and in which concentration they form. For the standard recipe used in most 
measurements the nucleation and initial growth are rather fast processes working in the 
timescale of minutes. After that stage the total amount of solid substance is fairly 
constant or decreases somewhat which indicates that the small particles dissolve as the 
larger ones grow. This talks in favor for a LSW, Oswald ripening process for the growth 
where one atom at a time is added to the particles. The findings for the growth of the 
quantum size ZnO particles do however talk against that picture, for instance the 
disagreement between the measured growth behavior and the theoretical LSW-theory 
expressions. Another proposed mechanism for the growth is an agglomeration or 
coalescence of small clusters into larger ones [12]. In favor for that mechanism is the fact 
that the measured particle seizes seems to start at around 2.5 nm which would correspond 
to one of the proposed agglomerated clusters [12]. That mechanism should however 
imply that certain sizes should be more stable than others and therefore also more 
abundant or long lived. That is rather the opposite to what is seen in the absorption 
measurements where a very smooth continuous growth is observed.  
   An interesting discovery made during the synthesis is that the heating step described in 
the literature where Zn(OAc)2 · 2 H2O is dissolved and boiled in ethanol for a longer or 
shorter time in the belief that this is necessary for forming the initial Zn4O(Ac)6 cluster 
not is necessary. ZnO particles are formed in pretty much the same way if the heating 
step is excluded and Zn(OAc)2 · 2 H2O and LiOH · H2O are dissolved directly in cold 
ethanol. This finding clearly demonstrates that what have been believed of the initial 
growth of the particles [12] not is entirely correct. It should however be stressed that this 
work not have revealed all the mysteries in the mechanism about the basic zinc acetate in 
ethanol route towards ZnO nanoparticles, and there is much left to understand. This work 
has however put some additional light on the questions still not fully answered.   
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10. Suggestions to further studies 
 
There are several additional measurements and tracks that may be worth to follow in later 
studies. Here I will mention but a few possible extensions to the work presented here.  
   In this work the size of the particles have been determined from XRD measurements 
and then correlated to the optical band gap given from absorption measurements. It would 
be nice to have a second independent measurement of the particle size that could be 
related to the size from XRD. One such method is transmission electron microscopy, 
TEM, which in a sense could give direct images of the particles, as well as information of 
there form and polydispersity.  
   One other method that could be used to get information of particle size is dynamic light 
scattering. By that technique it may be possible to get a statistical average of the 
hydrodynamic radius in solution in situ while the particles grow, which would be 
valuable to have in the correlation between size data and band gap. It is also a technique 
that could give information of the polydispersity of the particles. If a method independent 
of the value of the absorption coefficient could be found that could be used to 
determinate the amount of solid substance in the particle solution in situ without 
disturbing the solution to much it should be possible to calculate the particle size 
dependence of the absorption coefficient, which really would be something new. There is 
however hard to fined a method for the concentration determination that fulfills all needs.  
   To get information of how the particles agglomerate in a larger scale and how they 
appear when present in films, scanning electron microscopy, SEM, would give some 
useful information.    
   Something that really would benefit from further work is to refine the method for 
depositing particle films that could be used as electrodes. With these kinds of electrodes 
there are a lot of electrochemical measurements that would be interesting to do. In this 
work there has only been some initial electrochemical measurements done and there have 
been some ideas, but they are in some need of development before they will give real 
results.  
   One other interesting filed is photo electrochemistry which directly combines 
absorption and electrochemical measurements. We have recently bought equipment for 
doing such measurements and it should therefore be nice to use it to do some interesting 
measurements like for example density of state properties, carrier transport and lifetimes.  
   Concerning the synthesis there are a lot of things that are left to unravel. By doing more 
time resolved absorption measurements where the relation between the added Zn(OAc)2 · 
2 H2O and LiOH · H2O are changed, and by doing this at different temperatures it may be 
possible to revel some more of the reaction mechanism and kinetics. If NMR would be 
available it could give valuable insight to the early nucleation phase. It should also be 
interesting to investigate the effect of the counter ion to the base. Lithium as well as tetra 
methyl acetate works which have been seen during the experiments. One experiment 
have also been done with NaOH that not turned out to work very well as the solution 
become turbid with white precipitations. Only one experiment where done with NaOH so 
it is not possible to say anything for certain but that is nevertheless an indication that the 
counter ion may have an effect.  
   It would also be nice to do some theoretical work on the size dependence of the band 
gap or the phonon spectra.  
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12. Appendix 

12.1 Appendix 1. Additional absorption data 
 
Below are the 3D absorption, time, wavelengths figures corresponding to the 2D plots in 
figure 7.50 and 7.57-61. 

 
 
Figure 12.1 to the upper left, 12.2 to the middle left, 12.3 to the middle right, 12.4 to the bottom left and 
12.5 to the bottom right. Absorption spectra displayed with 100 seconds intervals for samples 1, 2, 3, 4 and 
5 respectively. The corresponding 2D plots are given in figure 7.51 and 7.58-7.62. 
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13. List of symbols and abbreviations used 
 
 
a  Lattice parameter 
a  Cell axis  
A  Absorption 
A  Intensity prefactor 
A1 Vibration node  
Ac Acetate 
B1 Vibration node 
c   Concentration 
c Cell axis 
Cn Numerical coefficients 
Cukα X-ray from cupper source 
d  Particle diameter 
d  Lattice spacing 
D(ε) Density of state 
DOS Density of state 
e  Elementary charge 
eV Electron volt 
E1 Vibration mode 
E2

(1)  Vibration mode 
E2

(2) Vibration mode 

Eg  Band gap 
Eλ  Light energy  
f(ε)  Probability of occupation of 

energy state at energy ε  
h Miller indices 
h  Plank’s constant 
ħ Plank’s constant divided by 2π 
k Miller indices 
kB  Boltzmann’s constant  
K  A shape factor 
K  Constant of proportionality  
l Miller indices 
l  Path length 
lmean Effective path length 
LSW  Lifshitz-Slyozov-Wagner 
LO Longitudinal optical 
me  Effective electron mass 
mh  Effective hole mass 
mzn   Mass of initially added zinc 
n Order of diffraction 
neff Effective number of electrons 
NHE Normal hydrogen electrode 
PEG Poly ethylene glycol  

q  Wave vector 
QD Quantum dot 
r Particle radius 
r0  Particle radius at time zero 
rpm Revolutions per minute 
R How far the reaction has gone 

towards completion 
S  Spatial position 
t Time 
T  Absolute temperature 
TO Transverse optical 
UV Ultra Violet 
Vapp Applied potential 
Vis Visible 
Vtot  Total volume of reaction 

solution 
VZnO Volume of solid ZnO 
XRD X-ray difraction 
ZnO Zinc oxide 
α  Polarisability  
β  Full with at half maximum 
βmeasured  Measured full with at half 

maximum  
βinstrument  Peak broadening due to the 

instrument 
Γ0  Natural full width at half 

maximum  
Γopt Observed optical vibration 
Δω  Difference between zone centre 

and the zoon boundary 
frequency 

ε  Molar absortivity 
ε2  Dielectric constant  
εapp  Applied potential  
η  Strain in particles 
εf Fermi energy 
θ  Angle between x-ray source 

and detector 
λ  Wavelength 
ρ  density 
ω  Vibration frequency  
ω(0)  Zone center phonon frequency 
ω(q)  Phonon dispersion relation  
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