
Optical and Structural Properties of CuxS Quantum Dots Concerning 
H2O/Ethanol Solvent Ratio

Niklas Larsson

nlarsso@kth.se

Supervisor:

Muhammet S. Toprak

Co-Supervisor:

Yichen Zhao, Abhilash Sugunan

Examiner:

Mårten Olsson

KTH, ICT School, Functional Materials Division 2013

1

mailto:nlarsso@kth.se


Abstract
Nanotechnology, one of the most interesting sciences today will no doubt have an enourmous 
impact on tomorrow's society and industry. One of the most interesting nanomaterial that has been 
discovered is the semiconductor quantum dot (QD). This material shows interesting novel 
properties such as a size-dependent band gap, which is an effect caused by the quantum 
confinement effect in all three dimensions. Due to this phenomenon the absorption spectrum can be 
tuned to the desired value by adjusting the size of the QD.

This thesis aims to investigate how the solvent ratio of H2O/Ethanol affects the optical and 
structural properties of copper sulfide QDs manufactured in a chemical synthesis way using modern 
microwave heating. The process of manufacturing QDs using chemical synthesis often involve a 
capping-agent to prevent the QDs from agglomerate into bigger structures. In this case one of the 
most common amino acids will be used and briefly investigated.

Due to the small size the characteristics of nanomaterials must be investigated with sophisticated 
instruments and the QD is not an exception. In this work, the transmission electron microscope 
(TEM), powder X-ray diffraction (XRD) and ultraviolet-visible (UV-vis) spectroscope are utilized 
to determine the size and stoichiometrics of the particles made in the synthesis.
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Introduction
Throughout this text the question of how the ratio between two of the most common solvents, water 

and ethanol, affects the optical and structural properties of chemical synthesized quantum dots 

(QDs) will be investigated. If a relationship is found, this might be useful for future research, since 

controlling the size of QDs are crucial. The semiconductor QDs manufactured in this thesis will be 

made out of CuxS, because this material is non-toxic, fairly cheap and environmentally friendly. 

Microwave heating will be used instead of conventional heating due to the advantage of suppressing 

side reactions and reducing the heating time substantially. To be able to investigate the optical and 

structural properties the transmission electron micropscopy (TEM), ultraviolet-visible spectroscopy 

(UV-Vis) and powder X-ray diffraction (XRD) will be utilized.

Nanotechnology and quantum dots
The definition of nanotechnology from the US National Science and Technology Council (NSTC) 

states that nanotechnology deals with materials extending between 1-100 nm in any one of the three 

spatial dimensions[1]. Within this interval many materials show novel interesting properties which 

has opened up for a completely new area of science. Scientists believe that the discoveries from 

nanoscience can be applicable in many industrial sectors including computers, agriculture, 

construction, biotechnology and energy[2]. One example of nanomaterial is semiconductor quantum 

dots. Semiconductor QDs are particles with a typical diameter less than 20 nm[3]. Below this 

diameter the quantum confinement effect related to the ”particle in a box”-problem gives rise to a 

behaviour which resembles an atoms energy levels. Therefore a QD is often referred to as a zero-

dimensional artificial atom with similiar energy levels to those of an atom[1]. This means that as 

size decreases there will be a shift from a continous energy gap in the bulk to a discrete energy gap 

in the QD as can be seen in fig 1. After the limit from continous to discrete have been passed the 

band gap keeps growing with decreased particle size. This effect is important on the subject of 

luminescence. For some materials like ZnSe there will be a shift from red luminescence to blue as 

the size of the materials decreases[4]. The band gap of the bulk material for ZnSe is 2.8 eV while 

crystals with a size less than 100 Å will possess a band gap as high as more than one unit of eV 

higher[4].  These size-dependent optical properties can be exploited in different areas. As an 

example in solar energy, QDs can be used to make a multi-layer solar cell containing layers of QDs 

with different sizes to gain a very high effiency rates[5].
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Band gap and QDs
The most important characteristic of a semiconductor is the separation in energies between the 

conduction band (CB) and the valence band (VB). This energy is often referred to as the band gap 

and can be related to a physical property called the exciton Bohr radius[3]. An exciton is basically 

an electron-hole pair which arise when an electron in the VB has been excited to the CB. The hole 

and the electron is being held together via the static Coulomb force. The excition Bohr radius is 

most often larger than the Bohr radius and is of great importance when discussing QDs[1] . A QD is 

a nanostructure where all of its dimensions are comparable with the excition Bohr radius. Basically 

the excition Bohr radius is what defines how large a crystal must be made until its energy gaps can 

be treated as continous[1]. The first semiconductor QDs were first developed by A. E. Ekimov and 

A. A. Onushchenko by trapping CuCl crystals in a glass matrix. They observed that as the size of 

the crystals was reduced, the energy of the particles in the matrix increased and this led to a shift to 

the shorter wavelengths of the absorption lines[6]. L.E. Brus proposed a model based on the 

”particle in a box”-model which explains the relationship between the size of the bandgap and the 

size of the nanocrystal[4]. This model is expressed in the function described below:

Eg (QD )=Eg (bulk )+
h2

2R2 (
1

me
' +

1
mh

' ) (1)

where h is planck's constant, R the radius of the nanoparticle, me
' and mh

' the effective masses of the 

electron and the hole respectively and Eg(QD) and Eg(bulk) the band gap energies of the QD and the 

bulk respectively.. This model clearly justifies the observations that a size reduction in the 

nanocrystal leads to a blue-shift of the luminescence. In this formula several approximations has 
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fig. 1   Figure picturing changes in the energy band of a QD 
compared with a bulk. Eg here is the band gap energy.



been made. One of the assumptions made is that the molecules forms a spherical cluster[4].

Size versus Absorption
According to formula (1), an increase in the band gap energy is expected as the size of the particles 

decrease. As a consequence of this, the absorption spectrum of the QDs will suffer a blue-shift as 

the size of the particles decrease.

Nanomaterial Fabrication Methods and Microwave Assisted Heating
The fabrication of nanomaterials is done in two different generalized methods, called ”Top-Down” 

or ”Bottom-Up”. The Top-Down method basically means that the bulk material is reduced until the 

remaining particles is small enough to show novel size dependant properties[1]. The other one, the 

Bottom-Up method on the other hand is the opposite. In this case the desired material is being made 

out of addition of single atoms or molecule. The Bottom-Up method is the one in focus for this 

work and can be performed in a variety of ways including biological methods, gaseous phase 

methods, solid phase methods and the one being focused here, liquid phase methods[1]. The 

fabrication of semiconductor QDs in liquid phase are most often carried out in chemical synthesis 

where either organic or non-organic solvent are used as medium. From here, many different routes 

may be taken in terms of which solvent, reduction agent, precursors, pressure, temperature and 

reaction time[3,7,8,9]. Regarding the temperature of the reaction the heating can be done in 

primarily two different ways: via conventional heating or by microwave (MW) heating. MW 

heating is a fairly new method in chemical synthesis and is still being investigated regarding its 

advantages and disadvantages against conventional heating. Advantages that are often emphasized 

are the possibility to save large amount of time and gain higher yields due to surpression of side 

reactions[2,10]. One of the big differences when comparing with conventional heating is the ability 

to heat the solutions uniformly instead of using heat convection, visualized in fig. 2. In conventional 

heating the heat distribution is due to heat convection, which leads to an uneven heat distribution 

throughout the sample. This non-uniformly heat distribution may cause unwanted side reactions to 
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fig. 2   Picture describing the advantage for MW assisted heating over conventional heating.  
The red illustrates the heat source.



occur in the mixture. In MW heating, the electromagnetic radiation penetrates the solution for a 

certain length and causes the molecules to vibrate. In this case, the heat source is therefore on each 

vibrating molecule in the mixture. This vibration genereates collisons between neighbouring 

molecules, thus generating heat uniformly. This process is visualized in fig. 3.

Due to this difference it is easier to reproduce the experiments which is important in chemical 

synthesis[10]. On the downside, there is the high costs for the MW reactors today and the relatively 

short penetration depth of MW irradiation is a problem for scale-up[10].  The MW heating used in 

this thesis is executed at the same frequencies as a standard MW oven, i.e. 2.45 GHz[3]. In order for 

the MW heating method to be efficient at least one component of the solution has to possess a good 

MW absorption. MW absorption is a property related to the dipolar  polarization (fig. 3) and the 

ionic conduction of the molecule. MW absorption is measured in the dielectric loss tangent, tan(δ)

[3,7,10]. The higher the value of the loss tangent, the better the material is for MW absorption. 

Typical good absorbers are ethanol (tan(δ) = 0.941) and deionized water (tan(δ) = 0.123). Even 

though it is quite a large gap between these two loss tangents, water may be treated as a good 

absorber. This is due to its dipolar polarization[2,10]. 

Alanine
Alanine, being an amino acid, consists of a two-carbon skeleton and two functional groups, an 

amino group and a carboxyl group. One feature of the amino acid is the ability of acting as both 

acid and a base. This is what gives the two different pKa values for alanine. For alanine these values 
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fig. 3   Illustration describing the dipolar polarization effect in a microwave. The  
collisions between neighbouring molecules provide heat. 



are 2.3 and 9.1 respectively, which can be seen in fig. 4[11]. Amino acids have been found to give 

good stability to quantum dots, and acting as both a capping agent and a stablizing agent it is very 

useful in synthesis of unstable compounds which tends to agglomerate[8,12,13]. Moreover, the 

anionic form of alanine binds easy to metal surfaces via the negatively charged oxygen atom on the 

molecule. This process enables water solubility for non-soluble particles provided from the rest of 

the alanine molecule[8]. 

CuxS QDs
Most semiconductor QDs are made out of elements from groups II-VI, IV, IV-VI and III-V. Here 

semiconductor QDs made out of CuxS are treated, which is a I-VI compound. There are five stable 

phases at room temperature for CuxS: CuS (covellite), Cu1.75S (anilite), Cu1.8S (digenite), Cu1.97S 

(djurleite) and Cu2S (chalcocite)[14]. The advantages with QDs made out of CuxS, over other 

compounds are many. Compared with Cd based QDs, which there have been alot of research into, 

CuxS based QDs are not made out of toxic precursors and therefore is easier to handle and less 

dangerous for both health and environment[3]. Both copper and sulfur are common elements and 

together with alanine as the capping agent and MW assisted heating, alanine-capped CuxS QDs are 

fairly cheap and can be synthesized with high energy efficiency. Being a p-type semiconductor 

material, CuxS QDs have together with CdS been an interesting topic of research in solar cell 

technology in recent years. Another reason why CuxS is a interesting material is due to the reason to 
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fig. 4   To the top: The structure formula of Alanine. Below is the three  
ionic forms of Alanine with respect to pH.



form various stoichiometrics which comes with different physical properties such as the size of the 

band gap[14].
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Experimental

Method
This experiment was done to decide how different ratios between water and ethanol of the solvent 

medium affects optical properties, stoichiometrics and size of the CuxS QDs using efficient MW 

heating. The following experiment is based heavily on the article written by S.M.M. Nelwamondo 

et. al[8]. The involved reagents were alanine(s) as a capping agent for the QDs and thiourea(s) and 

copper(II) acetate(s)(abbreviated as CuAc) as the percursors for the CuxS. The synthesis was 

performed at 60 oC and pH 10 for 15 minutes. NaOH(aq) was used as a base for correction of the 

pH. Due to complications of measuring the pH during MW assisted heating, the experiment was 

done in two steps. The first step was done using conventional heating to decide how much NaOH 

(aq) that was needed in the solution to get a pH of 10 to make sure the alanine was deprotonated. 

The second step was done using MW assisted heating, where the amount of NaOH decided in the 

first phase was added from the beginning to the mixture before heating. 

Conventional heating to decide amount of NaOH
First of all, a solution of NaOH(aq) with a concentration of 4 M was prepared. 0.33 g of alanine, 

0.083 g of thiourea and 0.083 g of CuAc was added to five different vials containing a mixture of 

water and ethanol of 16.67 ml with the following ratios: 100/0, 80/20, 50/50, 20/80 and 0/100 

water/ethanol respectively. All of the vials were stirred for a brief moment until as much as possible 

of the reagents had been dissolved. The vials were then heated up to 60 oC to simulate the MW 

assisted step. Then NaOH(aq) was added until pH of 10 was reached. The amount of NaOH(aq) 

added is listed in table 1.

Ratio, volume 
(water/ethanol)

NaOH added 
(ml)

100/0 .6
80/20 .6
50/50 .65
20/80 .7
0/100 .6

Table 1. The amount of NaOH added in the conventional experiment to decide when pH 10 was  
reached.
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MW assited Heating
The same ratios of water and ethanol together with the reagents was added to special MW secure 

vials. The vials were stirred until dissolvation and put into the MW system. The MW system used 

was a Biotage Initiator TM 60 MW synthesiser. The operating frequency was as previously 

mentioned, 2.45 Ghz. In the MW system, the vials were set at pre-stirring for another two minutes 

before heating. After two minutes had passed, the heating begun and after about 30 seconds the 

mixtures were at 60 oC.  Then for the next 5 minutes, the temperature were kept stable at 60 oC 

while stirred. The mixtures were allowed to cool down to room temperature and then centrifuged 

and washed with ethanol. In fig. 5 below the process is depicted. In table 2 below, the total amount 

of reagents added to the MW vials are listed.

Ratio,  volume 
(water/ethanol)

Alanine 
(µg)

CuAc 
(µg)

Thiourea 
(µg)

NaOH 
(ml)

100/0 332 83 82 .6
80/20 334 83 80 .6
50/50 337 88 82 .65
20/80 332 83 84 .7
0/100 330 83 85 .6

Table 2. The total amount of reagents added to the MW assisted heated vials

UV-Vis

The Ultraviolet-visible (UV-vis) spectrum of these samples were taken with a Perkin Lambda 750 

UV-Vis spectrometer. The UV-vis spectrometer measures the absorption in the ultraviolet-visible 

region of light. This region is typically related with electronic transistions and measures the 

transistions from ground state to excited states. 0.1 µl of particles from the samples were diluted in 
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fig. 5   A picture describing the synthesis process. The picture at the top is before the MW heating,  
the one in the middle is taken after the heating and  the last one is after the centrifugation and  
washing had been done.



3 ml of ethanol and measured in the range of 300 nm to 1200 nm. 

TEM

The TEM system used was a Jeol JEM 2100F microscope with an accelerating voltage of 200 kV. 

The samples were dispersed in pure ethanol before measurement. A TEM works similar to a light 

microscope, but instead the small de Broglie wavelength compared with the wavelengths of photons 

has been exploited allowing for significantly higher resolution.

XRD
The XRD used was a X'Pert Pro powder diffraction system. The samples were then measured in the 

2θ-range between 20-40 degrees. This range was choosen due to the reason that most of the 

characteristic peaks for CuxS are present in this range.
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Results and Discussions
The formation of CuS semiconductor QDs performed in this experiment depends on the following 

process. The precursors of the QD, thiourea and CuAc will dissolve in the solution until it reaches a 

saturated state. As the temperature is increased, the solubility will increase for both of the 

precursors, thus allowing more thiourea and CuAc to dissolve into the solution. This is referred to 

as a supersaturated state. When the mixture is allowed to cool off to room temperature, small 

insoluble particles of CuS will form. Given enough time, these particles will grow larger. For this 

reason there must be something in the solution which stops the process. In this experiment, 

deprotonated alanine is used which will bind on the surface of the CuS by the negatively charged 

oxygen ion described in the introduction section (p. 7). Apart from capping the QDs, the alanine 

also makes the QDs water soluble due to its hydrophilic amino group[8].

UV-Vis and measurement of the band gap
The absorption spectrum of the CuS nanoparticles was characterized using UV-Vis spectroscopy, 

and is displayed in fig. 6. The following values of the band edge wavelength,  λg, is presented in 

table 3. Apart from the 20/80 sample there is a clear blue shift as the ratio water/ethanol is 

decreased.
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fig. 6   Normalized graph of the absorption spectrum for all of the five samples in the range 
from 300 nm to 1200 nm (both visible light and infrared radiation). The legend should be read  
as following: water-ethanol. The black dots on each graph represents the band edge.



The band edge wavelength was estimated using a Tauc approach, in which the absorption 

coefficient obtained in the UV-Vis spectroscopy can be related with the band gap energy, Eg[15].

a (hf )=A(hf −E g)
n (2)

where a is the adsorption coefficient, A is a constant, Eg the band gap energy, hf the incident photon 

energy and n a value depending on the nature of the transition (n = 0.5 for direct band gap and n = 

2 for indirect band gap)[15,16]. 

By plotting (ahf)1/n versus hf, as in fig. 7 it is possible to estimate wheter the transition is of direct or 

indirect  nature and what Eg for each one of the samples is. By extrapolating the linear region that 

appears in fig. 7, an estimation of the band gap energy can be made. In the case with n = 2 (indirect 

transitions), all five of the plots gave results with band gap energies below the bulk value for the 

typical CuxS phases, which is 1.1 eV[16,18,19]. With n = 0.5 however, the Tauc plot's linear region 

is rather poor, but it gives values of Eg above the bulk and therefore the conclusion that the majority 

of the semiconductor QDs in the samples are of direct band gap nature can be drawn. The reason 

why the linear region in the Tauc plot is not as clear as expected can be explained by the presence of 

multiple phases of CuxS QDs in the sample. The band gap energy, Eg, for the samples can be 

obtained by analyzing where the extrapolated region of the graph intersects with the hf-axis. 

Because of the multiple phases in the samples the band gap energy for each one of the CuxS QDs is 

hard to estimate. Therefore the calculation of the size using formula (1) is not valid. However, the 

obtained values of Eg still gives a sense of the band gap for each one of the samples and the band 
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fig. 7   Tauc plot using the absorption values obtained in UV-Vis to estimate the band gaps. The  
graph to the right uses the same legend as the one to the left.



edge wavelength presented in fig. 6 can be calculated by using the following relationship:

λ g=hc /E g (3)

where h is planck's constant, c the speed of light and Eg is the band gap expressed in joules (J). The 

values of the band gap energy and the band edge can be found in table 3. 

Sample, water/ethanol ratio Band edge wavelength (nm) Band gap energy (eV)
100/0 811 1.53
80/20 776 1.60
50/50 766 1.62
20/80 785 1.58
0/100 757 1.64

Table 3. Values obtained on the band edge wavelength and the band gap energy from the Tauc 
approach in fig. 7.

TEM
The structural properties of three of the samples; 80/20, 50/50 and 20/80 were investigated using the 

TEM. Study of following images captured with the TEM (fig 8, 9 and 10), the morphology of the 

particles in the samples appears to be dependent on the solvent ratio. In all of the images in fig. 8, 9 

and 10 there are smaller nanoparticles within an agglomerated cloud. But the morphology and sizes 

of the nanoparticles is different in all of the three samples. In the 20/80 sample(fig. 8) the particles 

seems to be in the shape of ellipsoids. Using higher resolution on the TEM, one can estimate the 

sizes of the particles(fig. 8a). Measurement of a few particles indicate that the average particle 

radius in the 20/80 sample is about 5 nm. This is right above the excition Bohr radius for CuxS 

which has been found to be about 3-5 nm[20]. This might explain why the 20/80 sample showed 

relatively low blue-shift in the UV-Vis compared with the others. 
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In the 50/50 sample(fig. 9) the particles morphology seems to be randomized. Proper TEM images 

of the 50/50 sample were hard to achieve and therefore, the size of the particles in the 50/50 sample 

is estimated to be about the same size as in the 80/20 sample due to the relatively close band gap 

energies. 

TEM images of the 80/20 sample are found in fig. 10. The average radius of the particles found in 

the 80/20 sample were estimated to be about 4.7 nm after measurement of a few particles. This 

radius is in range of the excition Bohr radius for CuxS nanocrystals which might allow for the 

quantum confinement effect to take place and thus justifies the blue-shift observed in fig. 6. 
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fig. 8   TEM images of the 20/80 sample. In a) the ovals indicate where there might be isolated  
particles.

fig. 9   TEM image of the 50/50 sample.



XRD
Powder XRD patterns were taken in the range of 2θ-angle between 20 and 40 degrees of the same 

three samples as  in the TEM. The XRD pattern of the 80/20 sample is shown in fig. 10. One reason 

why this pattern looks quite noisy is because the sample may have been preparated in such way that 

the incident beam did not hit enough particles. Another explanation is the fact that some of the 

phases for CuxS has low intesity peaks. The pattern is still clear enough to find some of the 

characteristic peaks for chalcocite (Cu2S), digenite (Cu1.8S) and covellite (CuS). This confirms the 

prescence of CuxS in the samples. The 50/50 and 20/80 patterns were similar to the one in fig. 10.

17Fig. 11   XRD pattern of the 80/20 sample. The blue lines correspond with chalcocite (Cu2S), the 
green lines with digenite (Cu1.8S) and the purple lines with covellite (CuS)

fig. 10   TEM images of the 80/20 sample. In a) the ovals indicate where there  
might be isolated particles. 



Other Work
During this work another experiment was done which involved the same procedure as was stated in 

the experiment section but with longer reaction time and higher concentrations. The 20/80 sample 

in this case showed totally different solubility properties compared with the four other samples. A 

picture of this experiment was taken and is shown in fig. 12. 
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fig. 12   A picture of an earlier synthesis done in this work. The picture to the left is taken before the  
MW heating, the one in the middle is taken right after the MW heating and the one to the right is  
taken after washed and dispersed in water.



Conclusions
According to the TEM images in fig. 8, 9 and 10 together with the UV-Vis in fig. 6, the conclusion 

that semiconductor QDs probably were made in atleast one sample can be drawn. The XRD 

confirms that the QDs are made out of CuxS. The effect of the water/ethanol ratio is obvious when 

looking at the UV-Vis results. The trend seems to be that the size of the QDs decreases as the 

water/ethanol ratio goes down except for the 20/80 sample. This ratio however, showed to be 

interesting in the early stages of the synthesis. By looking at the experiment shown in the other 

work section, the 20/80 sample is totally different than the others. The reason for this is that the 

solubility of the mixture consisting of water and ethanol changes as the ratio changes. Therefore the 

process described in the results and discussion section on p. 13 is slightly changed in terms of 

reaction speed and agglomeration as the solubility of the mixture changes. The 20/80 sample may 

very well inhibit some extreme value in terms of solubility for the precursors used in this 

experiment. By investigation of fig. 6, one can realize that the band edge wavelength is 

approximately the same for the 100/0 sample and the 20/80 sample. The difference calculated in the 

tauc approach may very well be caused by errors made in the linearization. From this the conclusion 

can be drawn that the 100/0 sample most likely did not contain QDs either.

In the other three samples, the quantum confinement effect may be present which in that case would 

tell that the size of the particles is below the excition Bohr radius of 3-5 nm.
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Summary
In this work an introduction to quantum dots were made where the quantum confinement effect of 

reducing the size of the particles is correlated with the increase of band gap. An introduction to the 

”Bottom-Up” fabrication method were made together with the MW assisted heating for liquid 

synthesis. The experiment performed in this work involved five samples containing different 

volume ratios of water and ethanol together with the same amount of thiourea, CuAc and alanine. 

These five samples were investigated with UV-Vis, TEM and XRD to gain information of the band 

gap, morphology and the stoichiometrics of the samples. The conclusion were drawn that the ratio 

between water and ethanol as a solvent has an effect in both the band gap and the morphology in the 

synthesis. The band gap increases as the ratio between water and ethanol favors ethanol except from 

one sample which showed different solubility for the precursors.
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