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Abstract 

We investigated the colloidal synthesis, the properties and the application of 

inorganic semiconductor nanocrystals in photovoltaics. We focused on lead sulphide 

nanocrystals for the creation of photovoltaics, efficient in the infrared (IR). We studied 

both organic/inorganic and all inorganic nanocrystal cells.  

We showed that PbS and CdS nanocrystals can be directly synthesized in 

aromatic suspensions of a variety of conjugated organic macromolecules via a surfactant-

free low temperature method. Solar cells of PbS/MEH-PPV composites had poor power 

conversion efficiencies and this was related to self-assembly and oxidation of the 

nanocrystals during solution processing of the composites. Using detailed TEM we 

provided mechanistic insights to these phenomena. 

The surface chemistry of PbS nanocrystals was further studied using X-ray and 

ultraviolet photoelectron spectroscopy on all inorganic nanocrystal films. The oxidation, 

optical absorption and HOMO of colloidal PbS nanocrystals was found to be influenced 

by post-synthesis processing techniques for ligand exchange/removal.  

Subsequently, PbS nanocrystal films were used in Schottky-type solar cells with 

~20% external quantum efficiency in the IR. The films were fabricated using an 

optimised layer-by-layer deposition method. These devices have high (~9mA/cm
2
) 

photocurrents but low (0.2-0.3V) open circuit voltage. This problem was addressed by 

introducing a SnS nanocrystal layer to create a SnS-PbS heterojunction. Device results 

provided strong evidence for a type II band alignment between the two materials and 
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showed improved power conversion efficiencies compared to control PbS-only devices. 

We also contributed on the synthesis and characterisation of SnS nanocrystals. 
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1 Photovoltaics and Nanocrystals 

 

1.1 Goals of this thesis 

 

Materials science is the systematic study of the synthesis, properties and 

applications of materials we use to make our lives better. By that definition this thesis 

concerns the material science of inorganic semiconductor nanocrystals, particularly 

metal-chalcogenide (PbS, CdS, SnS) nanocrystals for low-cost photovoltaics. We aim 

to contribute new knowledge to all three interactive aspects of this topic: synthesis 

and processing of the nanocrystals by means of wet colloidal chemistry, 

characterisation of the nanocrystals’ physicochemical properties, and their 

applications in nanostructured solar cells.  

The specific questions that will be experimentally addressed are: 1) How can 

nanocrystal/polymer composites be directly synthesized and with what properties? 2) 

How does the surface chemistry of nanocrystals affect their functionality in solar cells 

and how can it be controlled? 3) How can different semiconductor nanocrystals be 

combined for the creation of improved all inorganic-nanocrystal solar cells? 4) What 

is the best way of utilising PbS nanocrystals as an infrared photoactive material in 

low-cost solar cells- in plastic or in all inorganic cells? 

 

1.2  Structure of this thesis 

 

This thesis is divided into six chapters. This Chapter introduces the basic 

operational principles of semiconductor solar cells with specific focus on new solar 
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cell architectures utilising low-cost solution processed nanomaterials, more 

specifically inorganic semiconductor nanocrystals. The Chapter continues with a 

further introduction to the synthesis, chemical and physical properties of nanocrystals 

and closes with a literature review on the utilisation of various nanocrystal materials 

in solar cells.  

   Chapters 2-5 present the experimental findings of 3 years’ work in the lab 

addressing the questions described in 1.1. Each Chapter can be considered as a self 

contained piece of experimental work with distinct motivation, background 

introduction where required, results, discussion and conclusions. Chapter 6 presents 

the overall conclusions from the combination of the findings in the previous 

experimental chapters.  

 

1.3  Operation of Solar Cells 

 

1.3.1 The solar spectrum 

Approximately 1GW km
-2 

of solar radiation heats the surface of the earth at its 

peak during the day 
1
. That radiation’s spectrum resembles the one of a black body of 

6000K in temperature, modified by the optical absorption and scattering by the earth’s 

atmosphere. As can be seen in Figure 1.1, the earth’s surface receives light of 

wavelength from ~200nm to over 2000nm and the greatest proportion of the solar 

power lies in the boundary between the visible and the Near Infrared Red (NIR) 

optical regions. The solar power can be converted to electric potential via the 

photovoltaic effect 
2
.     
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Figure 1.1 Solar spectrum measured under different conditions. ETR is the extra 

terrestrial radiation that is the radiation that the earth would receive if there was 

no atmosphere on the planet. Direct is the nearly parallel (0.5
o
 divergence cone) 

to the surface radiation excluding scattered sky and reflected ground radiation. 

Circumsolar shows spectral irradiance within ±2.5
o
 field of view centered on the 

0.5
o
 solar disk but excluding the radiation from the disc. Direct+circumsolar is 

the A.M. 1.5 global solar spectrum. Global tilt displays spectral radiation from 

solar disk plus sky diffuse and diffuse reflected from ground on south facing 

surface tilted 37
o
 from horizontal (data and definitions provided by NREL 

website
3
).     

 

 

1.3.2 The photovoltaic effect 

 The photovoltaic effect refers to the direct transformation of optical to 

electrical power in a semiconductor material system connected to an external 

electrical load. Very simply it can be described as the transformation of incoming 

photons to outgoing electrons from a semiconductor
4
. As described in the textbook by 

Dr. Jenny Nelson “The Physics of solar cells” 
4
, this effect consists of six main 

processes described below 1) photon absorption 2) carrier generation 3) charge 

separation 5) charge migration 6) charge collection   



Chapter 1 Photovoltaics and Nanocrystals 

 17 

1.3.3 Photon absorption and charge/exciton generation 

If a photon of energy E=hv, where h is Planck’s constant and v is the 

photon’s frequency, hits a semiconductor of energy gap Eg<E then this photon may be 

absorbed by the material by the excitation of an electron from the valence to the 

conduction band of the semiconductor. This process is called photogeneration. The 

photogeneration rate in a semiconductor is determined by the optical absorption rate 

of the material which is subsequently determined by the optical absorption coefficient 

a(E). A light beam of initial intensity Io is absorbed as it travels though the material 

and the beam’s intensity drop is described by the Beer-Lambert law
4
: 

ax

oeIxI )(    (Eq. 1.1) 

Where x is the distance from the surface of the semiconductor and a is 

assumed to be uniform for all E. We note that the coefficient a accounts not only for 

the photogeneration mechanism but also for other absorption mechanisms like phonon 

creation or charge scattering, however the last two mechanisms are usually important 

only for E<Eg
4
. We also note that a is not uniform for all E, instead for E>Eg a is 

proportional to (E-Eg)
1/2

 and to (E-Eg)
2
 for direct and indirect bandgap semiconductors 

respectively. 

In most bulk semiconductors at room temperature photogenerated electrons 

and holes are considered free carriers which means that they are not bound as 

excitons. This occurs because the exciton binding energy in these materials is 

comparable to or less than kT 
5
. However, in semiconductor inorganic nanocrystals 

this is not the case: the absorption of light results in the formation of excitons. That is 

a result of the quantum confinement effect, described later in 1.4.3 for nanocrystals, 

which strongly affects the electronic structure of nanocrystals with dimensions 

comparable to the carriers’ wavelengths
6
. Because of this effect the binding energies 
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of the excitons are much stronger (>>kT) compared to bulk semiconductors
6
 and 

unless separated by an electric field or heterointerface the photogenerated electrons 

and holes exist in pairs, the excitons. For that reason these nanomaterials are often 

called excitonic materials.  

 

1.3.4 Charge separation 

Bound in pairs or not, the photogenerated holes and electrons must be 

quickly spatially separated and travel to the electrodes of the solar cell. The speed at 

which this process should occur in order to have an efficient solar cell is determined 

by the recombination lifetime(s) η of the carriers for the specific material
4
. 

Recombination can be considered the reverse procedure of photogeneration i.e. the 

return of the carriers from their excited energy state to their ground energy state via 

transfer of their energy to another particle like a photon (radiative recombination) or 

phonon (non-radiative recombination) or another charge carrier (Auger 

recombination)
4
. 

Practically, charge separation is induced by the presence of an electric field 

which drives electrons and holes in opposite directions
4
. In the absence of an 

externally applied electric field (short circuit condition) an intrinsic electric field, 

some times called built in field, must be present in order for the device to drive 

current under illumination.  Intrinsic charge separating fields originate from spatial 

gradients of the electronic levels inside the solar cell which cause gradients in the hole 

and electron quasi levels EFp and EFn respectively.  This can be caused by gradients of 

the valence and conduction band density of states vN
q

kT
  and cN

q

kT
  respectively, 

of the electron affinity χ and of the ionization potential χ-Eg
4
. Such changes are 
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present at the interface of two different regions like between two differently doped 

regions of the same material (homojunction) as in the case of the p/n Silicon diodes, 

or between a metal and semiconductor (Schottky junction) or between two different 

semiconductors (heterojunctions)
4, 7

. Charge carriers can also be separated at 

heterojunctions with step potentials. These heterojunctions are categorised into type I, 

II and III heterojunctions according to how the electron affinities and ionization 

potentials of the two materials are aligned as schematically shown in Figure 1.2. 

 

 

Figure 1.2 Different kinds of heterojunctions formed due to different alignment 

of the valence and conduction bands of two different semiconductor materials (A 

and B). 
 

 

 

Assuming that in the dark the net current at any point is I=In+Ip=0, then 

under illumination the hole and electron current densities Ip and In at any point of a 

solar cell is given the following vector equations
4
: 

 )ln)(()( cononn NkTqFnnnnqDI        (Eq. 1.2) 

)ln)(()( vgopopp NkTEqFppppqDI     (Eq. 1.3) 

Where q is the elementary charge, Dn and Dp are the electron and hole 

diffusion coefficients, μn μp are the electron and hole mobilities, n and p is the density 
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of the free electrons and holes under illumination respectively and n0 and p0 are the 

respective values at thermal equilibrium and F is the externally applied electric field. 

We note that while for bulk semiconductors n and p are roughly equal to the number 

of absorbed photons, in excitonic materials the densities of the photogenerated free 

carriers n (or p) can be related to the density of the excitons gexc via a factor cems
8
. 

This factor is the probability of an exciton to diffuse to and be separated at a region 

where charge separation is possible. e.g. at a heterojunction interface. Then 

n=gexccems
8
.        

 

 

1.3.5 Charge transport/collection 

After holes and electrons are separated they travel to the electrodes of the 

cell. From the current Equations 1.2 and 1.3 it can be seen that the higher the carrier 

mobilities in the regions they travel through the higher the photocurrent of the device 

will be. This is an important aspect of solar cell design and the efficiency of a 

photovoltaic junction crucially depends on whether the electron- and hole- accepting 

parts of the junction can facilitate balanced transport of the two different carriers. 

High carrier mobilities in silicon devices are the main reason why p/n silicon 

photovoltaics are effective
4
.  

The mobilities of the carriers in a specific material depend on the electronic 

structure of the material, its doping density and its crystallinity. According to Bloch 

theory in a perfect infinite crystal free carriers may travel uninhibited in the crystal
2
. 

In reality however carriers are scattered inelastically by structural defects which in the 

case of polycrystalline and nanocrystalline materials become very important. For 

example in an ensemble of nanocrystals the interface between neighbouring 
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nanocrystals can be considered to act like crystal grain boundary and charge carriers 

must travel via a “hopping” mechanism between neighbouring nanocrystals
9
. Similar 

considerations must be made designing the electrodes of a solar cell and the 

electrode/semiconductor interfaces. The efficiency of the charge collection depends 

on both presence of defects and electronic alignment across these interfaces
10

.    

 

1.3.6 The I-V curve of a solar cell 

The simplest and first measurement to be done when studying the 

photovoltaic behaviour of a solar cell is its current-voltage curve in the dark and under 

illumination which for typical solar cells resemble the ones shown in Figure 1.3 
7
. 

Most types of semiconductor solar cells act as diodes and so under an applied bias (V) 

in the dark, the current density I through the cell depends asymmetrically on V as 

given by Shockley’s equation
4, 7

: 

)1(  nkT

qV

odark eII   (Eq. 1.4) 

 

 
Figure 1.3 Schematic representation of an IV curve of a typical photovoltaic 

diode at dark and under illumination, Symbols are defined in main text. 
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where Io is a current density constant, q is the elementary electrical charge, k is the 

Boltzmann’s constant, T is the temperature and n is the ideality factor with minimum 

value n=1 for an ideal diode. Practically n>1 because of the presence of charge-

recombination mechanisms in the diode
4
.     

Under steady illumination, a stable solar cell generates a constant current Ip, 

called primary photocurrent, which flows in the reverse direction. The behaviour of 

most solar cells can be approximately explained considering that the total current 

flowing through them is the sum of Ip and Idark
4, 7

: 

p
nkT

qV

o IeII  )1(       (Eq. 1.5) 

At zero applied bias the solar cell’s photocurrent, called short circuit current 

Isc, is Isc=Ip. In reality a solar cell is not an ideal diode and presents resistivity which is 

analysed by a component Rsh parallel to the diode and a component Rs in series to the 

diode
4, 7

. Rsh is also called shunt resistance and generally is associated to leakage 

currents through the cell’s interfaces. Rs is called series resistance and is related to the 

natural resistivity of the semiconductor constituents and the metal contacts of the solar 

cell. The equivalent electrical model of solar cell of active area A with parasitic 

resistances Rs and Rsh is shown in Figure 1.4, and in this case the current of the cell is 

given by
4, 7

: 

sh

s

sc
nkT

IARVq

o
R

IARV
IeII

S 




)1(

)(

  (Eq. 1.6) 

 

Figure 1.4 Equivalent circuit of a solar cell 
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Rs and Rsh qualitatively affect the shape of the I-V curve as indicated in 

Figure 1.3. The power density P of a cell at any point of its I-V curve is given by: 

P=IV    (Eq. 1.7) 

and the cell offers surplus of power to the external circuit when it is operated in the I-

V quadrant showed in Figure 1.3. Although for that region the maximum I and V 

points are Isc and Voc, the maximum power is generated at the point called maximum 

power point (IMPP, VMPP) where the product of I and V is maximum and 

the electrical power is PMPP=VMPPIMPP. The solar cell studies presented in this thesis 

are based on power conversion efficiencies at the (IMPP, VMPP) point. 

The maximum power point is conveniently related to Isc and Voc with the fill 

factor FF of the cell defined as: 

OCSC

MPPMPP

VI

VI
FF      (Eq. 1.8) 

Thus, for a cell presenting Isc and Voc under a constant illumination of 

optical power density Ps, the power conversion efficiency PCE of the cell will be 

S

OCSC

P

FFVI
PCE     (Eq. 1.9) 

It is obvious that the efficiency of a solar cell crucially depends on FF which 

should be as large as possible. This is theoretically achieved when Rs is 0 and Rsh is 

infinite.  

 

1.3.7 Solar Cell Generations 

Today, the photovoltaic effect is best exploited in terms of power conversion 

efficiency via solid-state photodiodes of bulk inorganic semiconductors 
11

. Inorganic 
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semiconductors are ideal for such applications due to their good and well understood 

optoelectronic properties such as high carrier mobilities and band gaps within the 

solar optical spectrum 
1, 12

. After the first announcement for Si based cells with 6% 

power conversion efficiency 65 years ago, two generations of photovoltaic devices 

(PV), one based on silicon wafers and one on thin film multi-junctions, were 

developed. 
13

. Today we speak of commercial and state-of-the-art cells with ~10-20% 

and 38.8% power conversion efficiencies respectively 
11

. Despite their high 

efficiencies, the large scale use of bulk semiconductor solar cells is hindered by high 

financial cost. The growth and processing of semiconductor wafers and thin films are 

achieved with complex physical processes requiring expensive equipment such as 

ultrahigh vacuum systems 
14

. This fact has driven interest to the development of 

alternative very low cost-materials for PV.  

For 3
rd

 generation PV attention has been focused on macromolecular 

photoactive materials, namely: organic dyes, conjugated polymers, fullerenes, 

inorganic nanocrystals and composites of the above 
1, 14-17

. These materials can be 

synthesized by means of low cost colloidal chemistry and can be processed by simple 

and cheap solution-based techniques towards the production of novel solar cells. 

Because of their low cost, it is believed that macromolecular material- based solar 

cells will become commercially competitive to the classic ones when the relatively 

moderate milestone of stable 10% power conversion efficiency is reached 
16

 . 

 For the solid-state dye-sensitized solar cells, the highest efficiency achieved 

so far is 3.8% 
18

. In terms of efficiency, the research on conjugated polymer cells has 

been more fruitful. Recently scientists from the University of California-Santa 

Barbara and Gwangju Institute of Science in Korea announced conjugated-polymer 

tandem cells with 6.8% efficiency 
19

. The use of nanocrystals in solar cells has been 
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mostly focused on the creation of heterojunctions with conjugated polymers and 

fullerenes, and nanocrystal/metal Schottky junctions.  

Before the detailed review of the progress which has been made so far in the 

field of nanocrystal based PV, some basic concepts on conjugated polymers, 

nanocrystals and polymer/nanocrystal composites will be briefly presented.  

 

1.4 Materials 

 

1.4.1 Conjugated polymers 

Conjugated polymers are materials that combine the optoelectronic 

properties of inorganic semiconductors with the advantageous mechanical properties 

of plastics 
20, 21

. When functionalized with side chains like long alkyl and alkoxyl 

groups, they can be easily solution-processed towards the production of large scale 

optoelectronic devices 
22

. Typical examples of successfully used polymers in PV are 

poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) and 

poly(3-hexylthiophene) (P3HT) 
16, 22

. 

The common characteristic of all conducting polymers is the alternating 

single (ζ-bond) and double (ζ-bond plus a π-bond) carbon-carbon bonds along the 

backbone of the polymer chain 
15

. The π-bond between two neighbouring carbon 

atoms is formed due to the overlapping of the atomic pz orbitals, and their 

hybridization into the formation of π (bonding) and π
*
 (antibonding) molecular 

orbitals 
23

. In a chain of more than two π-bonded carbon atoms, the pz orbitals are 

further delocalized and the electronic bandgap Eg between the highest occupied 

molecular orbital (HOMO) of the π states and the lowest unoccupied molecular orbital 
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(LUMO) of the π
*
 states decreases providing semiconducting properties to the 

material 
15, 20, 23

.  

Generally, the larger the length of conjugation is, the lower the electronic 

bandgap will be 
20

. For polymers however, the conjugation does not extend along the 

whole length of their chains. It is rather confined in straight segments, usually 4-10 

monomeric units long, called chromophores which are located in between points of 

twisting and coiling of the chains 
20

. The energy bandgap of each chromophore 

depends on its conjugation length. Each segment contributes individually to the 

optoelectronic properties of the polymer like in photogeneration and confinement of 

excitons. The variations of the chromophores’ optoelectronic properties are expressed 

as a Gaussian distribution of the polymer’s π→π* transitions 
23

. For most polymers Eg 

is in the range 1.5-3eV. 

 

1.4.2 Semiconductor Nanocrystals 

Semiconductor nanocrystals combine some of the good optoelectronic 

functionality of the bulk semiconductors with additional features associated with their 

nano-dimensionality: they can be synthesized and processed towards applications by 

means of low-cost wet chemistry and their physical properties can be tailored as a 

function of their size and shape
6
. The last is a result of the so called “quantum 

confinement effect”.   

1.4.3 Quantum confinement in Nanocrystals 

Quantum confinement refers to effect on the wavefunctions and energy level 

of a quantum particle that is spatially confined between potential barriers. Textbooks 
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by Woggon
24

 and Gaponenko
5
 offer comprehensive introductions to quantum 

confinement in nanocrystals: The simplest paradigm of quantum confinement is in the 

case of a quantum particle in an infinite potential well of length a as shown in Figure 

1.5 where the potential U(x) is: 

2/,

2/,0
{)(

ax

ax
xU




       (Eq. 1.10) 

Solving the time independent Schroedinger equation for this system: 
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  (Eq. 1.11) 

where m is the particle mass, E is the particle energy and   is Planck’s constant, with 

the boundary condition ψ(x)=0 for every 2/ax  , gives: 
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with energy eigenvalues: 
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  for n=1,2,3….     (Eq. 1.14) 

Thus, the smaller the size a of the well and thus the more spatially confined 

the particle inside the well is, the higher the kinetic energy of the particle will be. This 

is the quantum confinement effect. Another important aspect of this effect is that the 

interstate energy differences also increase as a decreases: 
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    (Eq. 1.15) 
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Figure 1.5. Schematic representation of the wavefunctions and the energy levels 

of a quantum particle is a square well of length a and of infinite potential walls. 

 

 

Nanocrystals resemble the particle in a box model because electrons, holes 

and quasiparticles like excitons are spatially confined inside the nanocrystals and their 

energy levels depend on the size and shape of the nanocrystals. Practically this effect 

becomes important when one or more dimensions of the nanocrystal becomes 

comparable to the Bohr radius aB of the respective bulk semiconductor material, the 

values of which are in the range 1-40nm for a wide range of II-VI, IV-VI and III-V 

materials
5
. Under the effective mass approximation in a spherical nanocrystal of 

radius a<aB, a condition called weak confinement, the energy of the first excited 

exciton will depend on a as
5, 24

: 
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    (Eq. 1.16) 

and the effective bandgap Eg
eff

 of the nanocrystal, i.e. the minimum energy required to 

create a pair of free electron and hole,  will be larger than the bandgap Eg of the 

respective bulk material as:   
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where Ry* is the effective binding energy of the exciton, M=me*+mh*, 

**

**
*

he

he

mm

mm


  and me* and mh* the effective masses of the free electron and hole 

respectively.  

It can be seen that how the radius a of the nanocrystal compares to the 

effective Bohr radius aB of the material affects critically the energy of the exciton. 

When a>>aB and aB/a<<1 then from Equations 1.16 and 1.17 we see that the first 

exciton’s and the first free electron-hole pair’s kinetic energies due to spatial 

confinement are smaller than the binding energy Ry* and this is why this nanocrystal 

size-scale is being called “weak confinement” regime
5
. When however a<<aB then 

aB/a>>1 and the first exciton’s and the first free electron-hole pair’s kinetic energies 

due to spatial confinement are larger than the binding energy Ry*. This situation is 

called “strong confinement”
5
. In fact in this case, every photoexcited electron-hole 

pair should be treated as quasiparticle, some times referred as an “exciton in quantum 

dot”, with a centre of mass motion and a specific binding energy. From the literature 

we find that the ground state electron-hole pair energy (1s,1S) in the strong-

confinement regime will be
5
: 

a

e

a
EE gSs
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22
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     (Eq. 1.24) 

where ε is the dielectric constant of the material and e is the elementary charge of the 

electron. 

With all the above in mind, and without going into detail description of the 

energy bandsructure in a crystal solid as this would exceed the scope of this 

introduction, we mention the following qualitative conclusions. When the dimensions 

of a crystal become comparable to the wavelength of the free carriers in the crystal 

then the energy dispersion of the carriers does not only depend on the characteristics 
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of the material like the lattice constant and the dielectric constant but also on the 

dimensions of the crystal. As in the case of the simple particle-in-a-box system, as the 

dimensions of the crystal decrease the interband energy spacing of the crystal will 

increase and the absorption spectrum and all its characteristics will shift to higher 

energies.  

 

 

Figure 1.6 Schematic representation of the density of states distribution in a bulk 

(3D), a quantum well (2D), quantum wire (1D) and quantum dot (0D) 

semiconductor  
 

 

All the above become evident when the diameter a of the nanocrystal is 

comparable to the effective Bohr radius of the material. The distribution of energy 

state density ρ(E) for each confined level as a function of energy will also depend on 
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the dimensionality of the confinement via the general relationship 12/)(  dEE  with 

d=1,2,3 the number of the spatially unconfined dimensions of the crystal. For a 0-

dimensional quantum dot the density of states will be given by a set of δ-functions as 

shown in Figure 1.6.  

Experimentally as a result of all the above, nanocrystals are highly excitonic 

materials and nanocrystal samples with narrow size distributions, typically <10%, 

present distinct excitonic peaks in their absorption spectrum. The energy of both 

excitonic peaks and absorption onsets of nanocrystals can be tuned as a function of 

their size and this has been nicely demonstrated in the literature for the case of PbS 

nanocrystals of sizes < aB,PbS=18nm with excitonic peaks ranging from 500nm to 

2000nm
25, 26

. Another consequence of the excitonic nature of nanocrystals is that the 

photogenerated excitons are “hot” in the sense they can not relax via phonon-assisted 

paths due to the narrow bandwidth of the energy levels
5, 6, 27

. A consequence of this 

property is a phenomenon called multiple exciton generation which refers to the 

relaxation of a high energy exciton via the creation of multiple lower energy 

excitons
27

. This phenomenon has been observed experimentally for Si and lead and 

cadmium chalcogenide nanocrystals and has recently being exploited in a PbS 

nanocrystal photodetector device with an external quantum efficiency >100%
28-30

.  

 

1.4.4 Colloidal Synthesis of Nanocrystals 

Inorganic semiconductor nanocrystals (NC) can be fabricated with various 

methods such as metal-organic chemical vapour deposition (MOCVD), molecular 

beam epitaxy (MBE) and colloidal growth 
31

. The later approach attracts most of the 

attention due to its low cost and versatility. 
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Every method of colloidal growth of nanocrystals includes materials serving 

the following roles
32

: 

 Precursor materials as atomic feedstock for the growth of the desired 

nanocrystals 

 Solvents for the precursor materials 

 Molecular agents stabilising the surface of the nanocrystals, 

controlling the growth rate and preventing coarsening of growing 

nanocrystals    

The majority of the methods for the synthesis of binary semiconductor 

nanocrystals include an anion (metal) precursor and a separate cation (non-metal) 

precursor. Common types of metal precursor are simple inorganic salts like chlorides, 

acetates, oxides with notable examples for the cases of lead and cadmium 

chalcogenide nanocrystal synthesis: PbCl2
33

, PbO
26

, Pb(CH3COO)2
34

, 

Cd(CH3COO)2
35

, CdCl2
33

. Depending on the method the above may be used pure or 

hydrated. The cation precursor is usually an organometallic precursor which 

decomposes upon anion presence donating the desired cations. Typical examples are: 

bis(trimethylsilyl)sulphide (TMS)
26

 and bis(trimethylsilyl)selendide (TMSe)
36

 for the 

synthesis of chalcogenide nanocrystals. For the latter, elemental S
33

 and Se
37

 are other 

options. One category of more sophisticated synthesis methods is based on the use of 

single organometallic precursors which at high temperatures and/or in the presence of 

a surfactant they decompose releasing both anions and cations which react forming 

nanocrystals. For example CdSe nanocrystals have been synthesised by the 

decomposition of [(CH3)CdSe2CN(C2H5)2]2 at >120
o
C and presence of tri-n-octyl-

phosphine oxide (TOPO)
38

.  
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The precursors need to be solvated in the reaction solution to produce a 

homogenous atomic feedstock for the subsequent nanocrystal synthesis. Common 

solvents used are protic polar solvents like fatty acids
26

 and amines
33

, aprotic polar 

solvents like dimethylsulphoxide and dimethylformamide
39

, non-polar solvents like 

fatty alkanes and alkenes
34

 and finally aromatic solvents like toluene
39

. Water is 

another solvent and all methods including water as a solvent are usually called 

hydrothermal to distinguish from anhydrous methods
40

.  

  At the right temperature solvated anions and cations react and form 

growing crystals. Obtaining nano-sized crystals requires careful control of the growth 

rate of the crystals and inter-crystal merging process. This is achieved by using 

macromolecules with functional sides binding to the surface of the growing 

nanocrystals controlling both the growth rate and the minimum allowed inter-

nanocrystal distance
32

. Commonly used types of such molecules, also called 

surfactants or ligands, are alkyl phosphines, alkyl phosphine acids and their oxides, 

fatty acids and their oxides and some nitrogen contained aromatics 
32

. The surfactant 

material is a very important part of the synthesis procedure because usually it also 

solvates the precursors forming organometallic precursors in the reaction solution. For 

example oleic acid dissolves PbO forming Pb-oleate
26

 and oleylamine dissolves PbCl2 

or CdCl2 forming oleyleate complexes
33

, all very reactive. 

A typical nanocrystal synthesis route containing the above materials is 

schematically shown in Figure 1.7 and described as follows: in a reaction flask 

containing surfactants and possibly an additional solvent (step 1 in Figure 1.7) the 

metal salt is added and under high temperature (usually >100C) the surfactants 

dissolve the salt forming complex organometallic complexes (step 2). Then, at a 

desired temperature, a second solution containing the cation precursor in a readily 
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reactive form is added to the reaction flask (step 3). Then the two precursors react 

with the anions and the cations forming small crystal nuclei. This is the nucleation 

stage (step 4). The formed nuclei consist of few atoms, they are surrounded by 

surfactant molecules attached to their surface, and their stability depends on their size. 

If a nucleus’ radius r is smaller than a specific value called the critical radius r* then 

the nucleus dissolves; otherwise it grows further fed by the precursor stock of the 

solution (step 4)
24

. The critical radius is defined as the radius at which G(r)  the free 

energy per unit volume of the crystal, is a maximum, and depends on many 

parameters like the nanocrystal material, the surfactant molecules, the temperature 

and precursor concentration
24, 32

.  

 

 

Figure 1.7 Colloidal nanocrystal synthesis as described in text. 

 

 

The critical radius decreases and the growth rate increases as the growth 

conditions progress as follows: monomer concentration increase, temperature increase 

and surfactant concentration decrease. In addition the smaller a nucleus is (but with 

r>r*) the faster it grows at stable growth conditions
32, 41

. The above has offered 

researchers the mechanistic insight into controlling both the final average value and 

distribution of nanocrystal size in colloidal synthesis routes, as described in published 
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literature reviews of the subject
32

. A notable example relative to the content of this 

thesis is the Hines and Scholes method for the synthesis of oleic acid capped PbS 

nanocrystals
26

. With that method batches of nearly monodispersed nanocrystals with 

well defined excitonic absorption peaks ranging from 800 to 2000nm can be obtained 

by careful control of the oleic acid and lead oleate concentrations in the reaction 

solution
26

. 

Another important aspect of colloidal nanocrystal synthesis is controlling the 

shape of the nanocrystals. There are three main mechanisms that are exploited for 

shape-control i.e. for creation of anisotropic structures. The first is the anisotropic 

growth of some materials as a result of their specific structure
31, 42-44

. Two typical 

examples is the wurtzite CdSe
42

 and the hexagonal ZnO
45

 which grow favourably 

across their c axis and nanorods of this directionality can be grown in both cases. The 

second mechanism is the growth of different structural phases of a certain material at 

different temperatures
42

. This is best described by the case of growing CdSe 

nanotetrapods. This is achieved by an initial nucleation and growth of quasispherical 

zinc-blende CdSe nanodots at temperatures <220
o
C and the subsequent growth of 4 

rod-shape wurtzite “arms” onto the zinc blende nanodots when the temperature of the 

reaction flask is raised above 220
o
C

46
. The third mechanism is a more complex one 

and is based on controlling the growth rates of the various crystallographic planes of 

the nanocrystals by the anisotropic affinity of the surfactants on the crystal facets. A 

nice example of this strategy is the selective growth of PbS nanocubes, nanostars, 

nanorods and nanowires depending on the relative concentrations of oleic acid, 

oleylamine and trioctylphosphine in multiple surfactant methods 
34, 47

. 
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1.5 Nanocrystals in Photovoltaics 

 

Nanocrystals have been widely investigated as building blocks in 

nanostructured photovoltaics. The majority of the relevant literature concerns the 

photovoltaic properties of conjugated polymer-nanocrystal composites as bulk type-II 

heterojunctions. 

 

1.5.1 Nanocrystal/Polymer bulk type-II heterojunctions 

A bulk type-II heterojunction is formed when two macromolecular materials 

like nanocrystals and conjugated polymer forming a type-II-heterojunction are mixed 

becoming two percolating networks as shown in Figure 1.8. The photovoltaic effect in 

such a composite starts with light absorption and photogeneration in both the polymer 

and the nanocrystals. 

 

 

Figure 1.8 Schematic representation of a nanocrystal/polymer bulk 

heterojunction device 
 

 

   Photogeneration of excitons is followed by exciton diffusion. In 

conjugated polymers this diffusion is assisted by the movement of the excitons 

towards chromophores of higher conjugation lengths and lower excitonic energy 

levels. For most conductive polymers the diffusion length is in the range of 4-20nm 
14, 

48
.  
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The third stage is the separation of the excitons i.e. the formation of free 

electrons and holes at the interface of a type –II (staggered) heterojunction 
1, 14

. In 

these composites photogenerated electrons flow from the polymer to the nanocrystals 

and holes move the other way. This results from the type-II band-alignment between 

the two materials which can be visualised if in the schematic of Figure 1.2. we 

consider material A as the nanocrystals and material B as the polymer. In that case 

photogenerated electrons move from the polymer’s LUMO to the nanocrystals’ one, 

so their potential energy is minimised. The efficiency of the charge separation process 

can be high in bulk heterojunction composites because the percolating-networks 

geometry provides a large interface which assists the charge separation of the excitons 

in the vicinity of their formation 
9, 14

.  

The separated electrons and holes are then free to travel to the device’s 

electrodes through the materials hosting them. The choice of inorganic nanocrystals as 

electron acceptors is beneficial for the charge transport process, because conjugated 

polymers have higher hole mobilities than electron mobilities (10
-1

-10
-7 

and 10
-9

-10
-4 

cm
2
V

-1
 s

-1 
respectively) 

14
.  In contrast, bulk inorganic semiconductor have high 

electron mobilities e.g. 1020 cm
2
V

-1
 s

-1
 for PbSe 

2
. In nanocrystal composites, 

however, electron  transport occurs via a hopping mechanism rather than via bulk-like 

transport 
9, 49, 50

. In addition, charged sites can repel electrons from travelling to the 

electrodes 
9
. For these reasons, the electron mobilities in the organic/inorganic 

composites are far from the bulk material values (e.g. μe= 84 cm
2
V

-1
 sec

-1
 in PbS 

NC/MEH-PPV composites with 70 wt% NC) 
51

. 

The force pulling the carriers to the electrodes is the electric field created 

due to the difference between the two electrodes’ work-functions. The materials 

commonly being used for the two electrodes are Ca or Al or both for the top electrode 
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and Au or Indium Tin Oxide (ITO) for the bottom electron, as shown in Fig. 1.8 
1, 14, 

16
. The last two come in the form of transparent thin films so they form the transparent 

electrode via which light enters the device. An additional thin layer of poly (3,4-

ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS) is often used to 

increase the charge collection, block electrons and lower the work function of the 

bottom electrode. 

The research in the field of polymer/nanocrystals PV has been lead so far by 

Paul Alivisatos’ group in University of California, Berkeley; from that group 

Greenham et al. in 1997 were the first to report the fabrication of 

nanocrystal/conjugated polymer bulk heterojunction solar cells 
9
. In this work, 

trioctyolphosphine oxide (TOPO) coated CdS and CdSe spherical nanocrystals 2-5nm 

in diameter were incorporated in MEH-PPV. Although the power conversion 

efficiency (PCE) of the cells was quite low (0.1%), two important concepts were 

introduced by this work. It was found that when the nanocrystals were washed with 

pyridine before being incorporated in the polymer, the charge separation of the 

photogenerated excitons increased. That was manifested by a decrease of the 

polymer’s photoluminescence efficiency by a factor of four compared to the 

unwashed nanocrystal/polymer composites. The reason was that pyridine removed 

most of the TOPO ligands from the surface of the nanocrystals. That reduced the 

distance between the nanocrystals and the MEH-PPV and increased the charge 

transfer between the two materials 
9
. Greenham also discovered that the external 

quantum efficiency (EQE), i.e. the number of electrons extracted from the device per 

number of incident photons, increased as the weight percentage of the nanocrystals in 

the composite increased. The EQE jumped to 12% for a 90 wt% CdSe NC composite, 
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because the specific nanocrystal-concentration lead to the formation of a continuous 

NC network which eased the transport of the electrons to the Al electrode.  

Although the initial experiments on polymer/nanocrystal solar cells proved 

the potential of this new idea, the <1% power conversion efficiencies were far from 

ideal. It was evident that further improvement of the cell’s performance required 

consideration of the following: 

 broad absorption window,  

 efficient exciton separation,  

 fast charge transport   

From the above, the exciton separation is the least challenging issue today. 

From the first publication by Greenham et al. it was obvious that this issue could be 

efficiently tackled by reducing the interface distance between the nanocrystals and the 

polymer chains via removing the nanocrystals’ ligands 
9, 49

. It has also been shown 

that it is possible to grow nanocrystals in conjugated polymer templates without using 

any surfactants 
52

.  

The absorption window depends on the materials used for the cells. 

Although the absorption cross-section of both conjugated polymers and nanocrystals 

is high, and a composite-film thickness of 100-300nm is enough for the complete 

absorption of wavelengths up to the polymer’s excitonic peak
15, 16

, polymers do not 

readily absorb in the IR. In order for this to happen, one needs to use nanocrystals 

which absorb in these wavelengths. There are semiconductors which do so. However 

one should keep in mind two things. First, not all semiconductor materials are readily 

available today in nanocrystalline form (at least not via efficient colloidal chemical 

methods e.g. the efficient colloidal synthesis for most III-V semiconductors is still not 

a reality 
53

 ). Secondly, nanocrystals which absorb in the IR have small energy gaps 
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and because of that, they often form type-I and not type-II heterojunctions with many 

conjugated polymers 
54, 55

. Generally however improvements over the spectral 

response of bulk heterojunction solar cells can be seen in the context of different 

nanocrystal materials used. Finally, the use of nanocrystals with anisotropic shapes 

and large surface-to-volume ratios has been shown to further improve the efficiency 

of the exciton separation and charge transport processes 
49

.  

   

1.5.2 Cadmium Chalcogenide Nanocrystals in plastic PV 

Since Greenham first used them in 1996 
9
, cadmium sulphide and cadmium 

selenide nanocrystals are the most widely studied NCs for solar cells. CdSe can offer 

broader absorption spectrum (up to ~750nm) than CdS
9
. CdSe nanocrystals of various 

shapes, like rods 
49, 50, 56, 57

, tetrapods 
58-60

  and “three dimensional snow flakes” 
61

, 

have been used in combination with various polymers like MEH-PPV and P3HT in 

bilayer and bulk heterojunction solar cells. Most of this work has been carried out by 

the Greenham and Alivisatos groups and it is presented in detail later in 1.5.5.   

   Another good infrared absorber is CdTe, however plastic cells with CdTe 

nanocrystals have not been as efficient as CdSe cells 
62

; while CdSe nanorods/MEH-

PPV cells present 1.8% PCE under AM1.5 
49

, CdTe nanorods/ MEH-PPV cells 

present 0.052% PCE 
63

. Their low efficiency was originally attributed to low 

percolation network of the nanocrystals 
63

. In addition, Zhou et al demonstrated that 

CdTe nanocrystals form a type-I and not a type-II heterojunction with MEH-PPV and 

attributed the low PCE values to that reason
62

.  
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1.5.3 Lead Chalcogenide Nanocrystals in plastic PV 

Binary lead chalcogenide (PbX where X is S or Se or Te) nanocrystals are 

being widely studied as active materials for low cost PV. These materials are 

attractive for photovoltaic (PV) applications for three reasons: a) their bulk Eg values 

lie in the NIR region (>2000nm) and so PbX nanocrystals can potentially absorb from 

the entire solar spectrum 
64

, b) their Bohr radii aB are large, specifically 20nm, 46nm 

and 152nm for PbS, PbSe and PbTe respectively 
29, 64

, and thus the optoelectronic 

properties of nanocrystals with diameters <aB are a function of their size and shape 

within the strong quantum confinement regime c) the multiple exciton generation 

effect (MEG) in nanocrystals was first discovered to occur in lead chalcogenides 
28, 65

. 

Experiments indicate that MEG in these materials occurs for photon energies ≥ 3Eg 

and leads to exciton photogeneration efficiencies >100%, up to 690 % for PbSe 
65

.  

The first plastic solar cells with lead chalcogenide nanocrystals, composed 

of PbS and MEH-PPV, were reported in 2005 by the Sargent group from the 

University of Toronto, Canada 
55

. The cells in the initial report by McDonald et al. 

were not tested under AM1.5 and no PCE values were reported 
55

. However, it was 

demonstrated that these cells did behave as excitonic type-II photodiodes, suitable for 

PV applications. It was shown that the nanocrystals extended the devices’ spectral 

response in the IR, beyond the polymer’s excitonic threshold
55

. Also at short-circuit 

conditions and under 975 nm monochromatic illumination the internal and the 

external quantum efficiencies of the devices were ~0.006% and ~0.0008% 

respectively 
55

. These values were very low compared to the best values from cells 

with cadmium chalcogenide nanocrystals, e.g. in ref 
49

. The low efficiencies were 

attributed to the fact that the nanocrystals’ surface was covered with octylamine 

which hinders the charge transfer between the NCs and the MEH-PPV . 
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In a later publication, the same group reported that thermal annealing of the 

devices at temperatures >160 
o
C resulted in significant improvements of their 

efficiencies
66

: the internal quantum efficiency was raised to 0.15%, the short-circuit 

current increased by 200 times and the maximum power output increased by a 600 

times compared to un-annealed devices. The authors argued that these improvements 

could be attributed to improved charge transport caused by morphological changes in 

the polymer film and to partial removal of the nanocrystals’ organic ligands during 

the heating 
66

.  

A way to bypass the problems caused by the presence of surfactants in 

PbS/polymer composites was reported by Watt et al 
51, 52, 67

. Watt managed to 

synthesize PbS nanocrystals directly in a suspended solution of MEH-PPV without 

using any surfactants. Composites of 70 wt % nanocrystals with an excitonic peak at 

700nm were synthesized that way and used in PV devices with 0.7% PCE under 

5mW/cm
2
 of AM1.5 illumination 

67
.  

In 2006, Cui et al presented PbSe NC/ P3HT bulk heterojunctions devices 

with spectral response up to 1600nm and PCE up to 0.14% 
68

. One of their findings 

was that 33% of their device’s photocurrent was originating from excitons generated 

in the nanocrystals. Similar devices with even broader spectral response up to 2µm 

were reported by Jiang et al 
54

 .  The devices’ PCE values were quite small (0.04 – 

0.14% under AM1.5, depending on the incident optical power) and the open-circuit 

voltage was also low 0.34V
54

. Jiang at al. also showed that PbSe nanocrystals with 

diameters larger than 8nm formed a type-I heterojunction with P3HT. This fact limits 

the maximum achievable optical window for devices of P3HT/ PbSe NC composites 

54
.  
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Films of PbX nanocrystals have been also used as IR absorbers in solar cells 

of bilayer
69-71

 and Schottky junction architecture
36, 72-75

. These are discussed in greater 

detail in 1.5.6 and Chapters 4 and 5.           

 

1.5.4 Oxide nanocrystals in plastic PV 

There are a few reports on the use of nanocrystalline ZnO and TiO2 as active 

p-type semiconductors in plastic bulk heterojunction PV. Although these materials do 

not absorb in the red and IR due to their large bandgaps their use is motivated  by the 

fact they are less toxic and more friendly to the environment compared to lead- and 

cadmium- containing compounds
1
.  

In 2004 Beek et al. 
76

 created a photoactive layer of MDMO-PPV mixed 

ZnO nanocrystals. The PCE was 1.6% under 0.7 sun illumination (AM1.5). Their 

devices had high fill factor (FF) 0.6 and Voc, 0.6 and 0.86% respectively, and a 

spectral response up to 700nm. ZnO NCs have been also mixed with P3HT, but the 

resulting devices had significantly lower PCEs (<0.9%) 
77

. 

Nanodots and nanorods of TiO2 have been used in combination with various 

polymers like MDMO-PPV and MEH-PPV forming bulk heterojunctions 
78, 79

. 

Another popular device configuration when using TiO2 is the creation of a 

nanoporous TiO2 layer made from spin casting of nanocrystals 
45, 80

 . The pores of the 

films are then filled with polymer via means of spin casting or deep coating. The PCE 

from such composites were <0.6% 
78

 
45

.                                     
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1.5.5 Nanocrystals with anisotropic shapes in plastic PV 

Soon after the first paper by Greenham et al 
9
, the first breakthrough in the 

field of nanocrystal/polymer solar cells came again from Alivisatos’ group when 

Huynh et al incorporated CdSe nanorods in P3HT for PV 
49, 50, 56

. This resulted in 

cells of power conversion efficiencies up to 1.8% under A.M. 1.5. More importantly, 

Huynh demonstrated that the improved efficiencies of these devices resulted from the 

fact that nanorods improve the charge separation and the charge transport processes. 

Compared to spherical nanocrystals, nanorods have a higher surface-to-volume ratio. 

Because of this, nanorod/polymer bulk heterojunctions have larger interface areas and 

can offer better charge separation compared to spherical NC/polymer composites 
56

. 

In addition, nanorods reduce the number of the of the electrons’ inter-particle hops 

during their transport. Individual nanorods can even act as single conduction 

pathways for electrons to travel to the top electrode of the device. Improved 

efficiencies of CdSe nanorod-based PV were presented by the Greenham group in 

2006 
81

. They reported the fabrication of ITO/PEDOT/CdSe tetrapod-P3HT/Al 

devices of 2.6 %PCE under AM1.5. The concepts introduced by Huynh et al. inspired 

many others to experiment with nanorods in organic solar cells 
45, 82, 83

. Despite the 

advantages of the rods over spherical nanocrystals, a problem arose on the surface: 

during the spin casting of a composite film, nanorods generally tend to align parallel 

to the film’s plane, rather than vertical to it 
60

. 

    This problem was bypassed by the Greenham group in 2003. They were 

the first to use CdSe tetrapods in making composites for PV 
60

. CdSe tetrapods were 

discovered by Manna et al. 
42

 in 2000. Tetrapods combine the advantageous properties 

of nanorods, like high surface-to-volume ratio and linear branches, while at the same 

time it is physically impossible for them to lie parallel to the film’s plain. Spin-cast 
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tetrapods will always have at least one arm facing towards the metal electrode of the 

device due to their four pointed pyramid-like geometry. Sun et al made PV devices of 

CdSe tetrapods/ poly (2-methoxy-5-(3’,7’-dimethyl-octyloxy)- p- phenylenevinylene) 

(OC1C10-PPV) composites and compared their efficiencies with the ones of CdSe 

nanorods/OC1C10-PPV devices 
60

. Under 0.39mW cm
-2

 illumination at 480nm (the 

polymer’s excitonic peak) the external quantum efficiency (EQE) of the tetrapod 

device was twice the EQE of the rod. That was consistent with the idea of improved 

electron transport perpendicular to the plane of the film as a consequence of the shape 

of the tetrapods 
60

. This concept is also supported by the Alivisatos group which 

reported plastic cells devices utilising CdTe tetrapods
62

 and hyperbranched CdSe and 

CdTe nanocrystals
84

 with power conversion efficiencies as high as 2.2% under 

AM1.5
61

.  

 

1.5.6 Nanocrystals in Bilayers heterojunctions 

Although bulk heterojunctions offer larger interfaces for charge separation 

compared to bilayer heterojunctions of excitonic materials, the latter offer solar cells 

of comparable efficiencies with the former. In 2005, Sun et al. reported the fabrication 

of solar cells with films of CdSe tetrapods/ OC1C10-PPV composites with 2.8% PCE 

59
. This is the best efficiency of CdSe tetrapod/polymer based device ever reported.  In 

these bilayers, the charge separation mostly takes place at the interface between the 

two different sides 
81

. The electrons diffuse to the nanocrystal-rich side and the holes 

to the polymer-rich side and travel to the respective electrodes. The bilayer 

configuration is expected to offer better electron mobility with respect to the bulk 

heterojunction-configuration. In particular, the dense packing of the nanocrystals in 
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the bilayer architecture is expected to improve the electron mobility, because it 

reduces the number of electron traps on the nanocrystals’ surfaces. The latter also 

reduces the probability of bimolecular recombination of the carriers. Finally, in the 

bilayer configuration, no short circuit features between the electrodes are expected to 

be present. The high efficiencies of the cells’ fabricated by Sun et al. were in 

agreement with the above considerations 
59

. 

Another approach to NC based bilayers came from the Silva group in Surrey 

University. In a series of publications Dissanayake et al.
71, 85, 86

 examined the 

photovoltaic properties of PbS nanocrystal/ C60 bilayers. Using optical 

photoluminescence, photoelectron spectroscopy and current-voltammetry they studied 

a type-II heterojunction formed between the two materials and described a simple 

optical model for the operation of these devices which presented 0.5% power 

conversion efficiencies.   

Nanocrystal/nanocrystal bilayer solar cells are also promising. Gur et al. 

fabricated solar cells of rod CdSe/rod CdTe bilayers by means of spin-casting 
57

. The 

two materials formed a type II heterojunction with CdTe being the electron-donor and 

CdSe the electron-acceptor and this combination yielded devices with PCE as high as 

2.9% under AM1.5. Surprisingly, the device performance could be further improved 

by 12% after exposure to air and light for 13 minutes. This is a significant advantage 

over organic cells which become deficient under the same conditions due to 

oxidization of the conjugated polymers 
57

. However, the cells made by Gur et al. 

resemble typical 2
nd

 generation devices without offering the high efficiencies of the 

latter, e.g. relatively cheap bilayers of polycrystalline CdS/CdSe offer 16.5% PCE 
87

  

   Nevertheless, in the period 2007-2009 a number of works on all inorganic 

nanocrystal based solar cells appeared in the literature. In 2008 Wu et al reported 
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bilayer devices of CuS and CdS nanocrystals with a stable 1.6% power conversion 

efficient at ambient conditions
88

. In 2009 Sun et al reported PbS nanocrystals/ 

amorphous Si bilayers with 0.9% power conversion efficiency and 5% external 

quantum efficiency in the infrared
89

. In a work by Chol et al published as these lines 

were written 3.4% efficient PbSe/ZnO nanocrystal solar cells were reported, the best 

all inorganic nanocrystal based photovoltaics produced to date
90

. 

Many of these works are driven by the potential good electronic properties 

of nanocrystal solids in excitonic PV 
37

. In an array of nanocrystals, charge transport 

may be increased by energy coupling of the excitonic levels of neighbouring 

nanocrystals
91

. The transport can be controlled by matching of the energy levels of 

neighbouring nanocrystals on the exchange coupling energy between the nanocrystals 

and on the Coulomb charging energy of the nanocrystals array. Depending on these 

parameters, the nanocrystal solid can act as a Mott insulator or p- and n- 

semiconductor 
37

. This was elegantly demonstrated by Talapin and Murray in 2005 
37

. 

They reported a solution-based processing method for making PbSe nanocrystal solids 

for n- and p-channel thin film field effect transistors (FET). The nanocrystals were 

highly monodisperse in size and passivated by organic surfactants. By controlling the 

the nanocrystals’ ligands, the researchers were able to control the charge mobilities in 

the solid. Talapin et al also discovered that exposure of the nanocrystal films to 

hydrazine led to a decrease of the nanocrystals’ spacing from 1.1nm to 0.3nm and an 

increase in the nanocrystal solid’s conductance by 10 orders of magnitude. 

Subsequent vacuum treatment of the films switched their conductivity from n-type to 

p-type as the hydrazine desorbed. In the same paper, it was claimed that operational 

FET’s from PbS, PbTe, CdSe, and InP nanocrystals and CdSe nanorods had also been 

fabricated. Because of their findings Talapin and Murray argued that their method had 
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opened the way for sequential layer-by-layer deposition of n- and p-type nanocrystal 

solids for designing nanocrystal-based photovoltaic cells 
37

. FETs from nanocrystal 

solids have also been investigated by other researchers 
92

.  

 

 

1.6 This thesis in the context of the literature 

 

The following 4 experimental chapters cover many of the areas covered in 

the aforementioned literature. Chapter 2 is an investigation on the surfactant free 

synthesis of CdS and PbS nanocrystals in conjugated polymer matrixes for creation of 

bulk heterojunction composites. The results in Chapter 2 motivated us to further study 

in Chapter 3 the surface chemistry and electronic properties of PbS nanocrystal films 

as a function of their chemical and physical processing. We then sought to utilise such 

PbS films in efficient Schottky-type solar cells as presented in Chapter 4. This work 

supported our next step on combining PbS and SnS nanocrystals to make efficient 

bilayer solar cells. The authors’ belief is that, overall, all these chapters are connected 

by the same question spanning across the vast relevant literature: what is the best 

material combination and device architecture for utilising nanocrystals in solar cells?  
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2 Direct Synthesis of Nanocrystal/Polymer Composites 
 

 

2.1 Synopsis 

 

This chapter presents new findings on the synthesis and characterisation of 

organic inorganic composites. It builds on the work reported from 2004 to 2006 by 

Watt et al. on a surfactant-free single pot method for the direct synthesis of PbS 

nanocrystal: MEH-PPV composites
51, 52, 67, 93

.  Through a series of synthesis and 

characterisation experiments this chapter shows that the aforementioned method can 

be generalised for the synthesis of PbS and CdS nanocrystals in a variety of 

conjugated macromolecules like the MEH-PPV, oligomers and dendrimers. The 

molecular structures of the conjugated molecules used here are shown in Figure 2.1. 

The chapter continues with advanced characterisation of PbS:MEH-PPV composites 

emphasising the self-assembly of nanoparticle superstructures with morphologies 

varying from nanorods to 3-dimensional particles. Detailed electron microscopy 

characterisation of these superstructures suggests specific mechanistic models on the 

self assembly of the PbS nanocrystals in the composites. The chapter closes with 

results on devices made from these composites and the conclusions of this work.  

 

Figure 2.1 From left to right the molecular structures of MEH-PPV, the 

conjugated oligomer ADS038FO and the conjugated cyanine-dye core S-

dendrimer
94

 used in the work presented in this chapter 
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2.2 Motivation 

 

Nanocrystal: conjugated polymer bulk type-II heterojunction composites are 

conventionally produced by mixing colloidal ligand-capped nanocrystals with 

conjugated polymers at a common aromatic solvent, then spin casting the suspension 

to form thin films
49, 55, 60, 68

. However as discussed in Chapter 1 the photovoltaic 

efficiency of the composites strongly depends on the presence and length of ligands 

on the nanocrystals’ surface
9, 66

. These ligands act as energy barriers to carriers 

moving across the nanocrystal/polymer interface, inhibiting exciton dissociation and 

charge transport as schematically shown in Figure 2.2 
9
. There are two main strategies 

proposed in the literature to solve the above problem. One concerns replacing the long 

fatty ligands like oleic acid or oleylamine with shorter ones like pyridine or primary 

amines 
9, 66

. This method works well with cadmium chalcogenide nanocrystals 

resulting in solar cell devices with >2% efficiency 
49, 61, 81

. However, in the case of 

lead chalcogenide nanocrystals this method has not produced yet efficient composites 

55, 66, 70
. A possible explanation is that lead chalcogenide nanocrystals tend to have low 

colloidal stability and aggregate unless passivated with long ligands 
95, 96

. 

For the above reasons in 2004 a second strategy was proposed by Watt et al: 

the direct formation of PbS nanocrystals in a conjugated polymer without the use of 

surfactants
52

. This chapter includes the basic concepts and results of this strategy and 

further advancements on the direct synthesis and characterisation of nanocrystal: 

conjugated polymer composites for optoelectronic applications. 
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Figure 2.2 Schematic presentation of the “ligand” problem in nanocrystal: 

polymer composite. Ligands at the nanocrystals’ surface act as energy barriers 

at the organic/inorganic interface and when removing them this barrier becomes 

smaller. Based on ref
9
  

             

  

2.3 Direct Synthesis of Nanocrystals in MEH-PPV 

 

The first reports of polymer assisted colloidal synthesis of PbS and CdS 

nanocrystals date back to 1990
97, 98

. The main polymers used in those hydrothermal 

methods were PVA and PMMA. It was regarded that polymer chains suspended in a 

medium like water may inhibit nanocrystal overgrowth via steric forces in the same 

medium and passivate the nanoparticles
97

. Although these methods had no use in 

optoelectronic applications as they produce low quality and highly oxidised material
97

 

and neither PVA nor PMMA is conjugated, they indicated that conjugated polymers 

could potentially be used in a similar manner for synthesis of nanoparticles. 

Thus in 2004 Watt et al reported the direct synthesis of PbS nanocrystals in 

an MEH-PPV aromatic suspension
52

. The details of this method are as follows: an 
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aromatic solvent like toluene or chlorobenzol or dichlorobenzol is used to completely 

dissolve MEH-PPV and act as the solvent medium for nanocrystal synthesis. Then 

lead acetate trihydrate is added in the solution. This salt can not readily dissolve in the 

aromatic solvent. For this reason dimethyl-sulphoxide (DMSO) is added to the 

solution. DMSO was chosen for two reasons: it dissolves the lead salt and when 

added at a small enough quantity is soluble with the polymer aromatic suspension. 

This mixture is heated at 100-170
o
C to allow complete dehydration and mixture of the 

components. A sulphur precursor is also prepared by dissolving elemental S in an 

aromatic solvent under heat and stirring. When the two solutions are mixed at 80-

170
o
C sulphur reacts with the lead forming PbS nuclei growing into nanocrystals 

while the polymer chains surrounding them prevent aggregation and bulk crystal 

growth. 

There are three main parameters affecting the kinetics of the reaction. The 

first two are the reaction temperature and the precursor concentrations: the higher 

these are the faster the reaction and the larger the final nanocrystal size will be
99

. The 

third parameter is the polymer’s molecular weight
99

. It was found that the higher this 

molecular weight is the smaller the final nanocrystal size will be. This finding gave 

further support to the idea that polymer chains control nanocrystal growth by acting as 

steric barriers around the nanocrystals. Under this model, higher molecular weight 

polymer will occupy a higher effective volume and will result in less available space 

for the nanocrystals to grow in
99

. 

The above synthesis method was completed by a post-synthesis purification 

step of the organic-inorganic composite. When the reaction is stopped by cooling to 

room temperature, methanol is added to the solution. The hydrophobic nanocrystals 

and polymer chains precipitate under the polar methanol environment while the 
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unreacted precursors are soluble in methanol and stay suspended. The precipitation 

step is completed by a centrifuge step, the supernatant is removed and the precipitated 

composite is redissolved in an aromatic solvent
99

. 

 

 

2.4 Experimental Methods   

 

2.4.1 Materials 

All solvents used were of >99.8% purity and anhydrous, purchased from 

Sigma Aldrich. Sulphur flakes, lead acetate trihydrate and Cadmium acetate dehydrate 

(99.9% pure) were purchased from Fisher Scientific. MEH-PPV (molecular weight 

40-70 kDaltons) was purchased from Sigma Aldrich. The conjugated oligomer 

9,9,9’,9’,9”,9”-hexakis(octyl)-2,7’,2’,7”-trifluorene (ADS038FO), hereafter called 

oligomer, was purchased from American Dye. The conjugated dendrimer with a 

conjugated cyanine dye-core of medium conjugation length and absorption peak at 

680nm, hereafter called dendrimer, was used as described and supplied by Dr. 

Elizabeth Thomsen from the University of St. Andrews
94

.   All materials processing 

and synthesis took place in a dry nitrogen glovebox (O2, H20 <10ppm). 

 

2.4.2 Synthesis of PbS nanocrystals in MEH-PPV 

The nanocomposite was prepared as follows: 0.1g of lead acetate trihydrate 

and 0.01g of MEH-PPV were dissolved in a 12ml anhydrous solution of 

dimethylsulphoxide (DMSO) and dichlorobenzene (DCB) of 2:1 DMSO/DCB volume 
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ratio. In a second vial 0.1g sulphur flakes were dissolved in 5ml anhydrous DCB. 

Both solutions were heated at the same temperature (between 100-170
o
C depending 

on the experiment) for 1hr under vigorous stirring. Then, 1ml of the sulphur precursor 

was rapidly injected in the other solution. The system was left reacting at the same 

temperature for 1h and subsequently left to cool down to room temperature. The 

composite was then precipitated from solution by the rapid addition of anhydrous 

methanol or a higher alcohol and centrifuged. The supernatant was then removed and 

the composite was re-dissolved in toluene. 

 

2.4.3 Synthesis of PbS nanocrystals in dendrimer 

This synthesis was conducted in collaboration with Dr. Elizabeth Thomsen. 

Similarly to 2.4.1, 0.25g of lead acetate trihydrate and 0.05g dendrimer were 

dissolved in 2ml DMSO and 4 ml toluene. In a second vial 0.1g sulphur flakes were 

dissolved in 5ml DCB. Both solutions were heated to 110
o
C, then 0.55ml of the 

sulphur solution was injected into the first solution, and the solution was left to react 

for 30 minutes. The composite was separated from DMSO by adding a mixture of 

alcohol and hexane and centrifuging. The composite formed a thick suspension at the 

bottom of the vial topped by a clear supernatant. The supernatant was removed and 

the composite was completely re-dissolved in toluene.     

 

2.4.4 Synthesis of CdS nanocrystals in MEH-PPV 

This is similar to the one described in 2.4.1 with the following 

modifications: 0.3g of cadmium acetate (with 1-2 degrees of hydration) and 0.01g of 
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MEH-PPV were dissolved in 4ml DMSO and 8ml DCB. In a second vial 0.2g of 

sulphur flakes were dissolved in 5ml of DCB. Both solutions were heated to 160
o
C, 

then 1.5ml of the sulphur solution was injected into the first solution, and the solution 

was left to react for up to six hours  

 

2.4.5 Synthesis of CdS nanocrystals in oligomer 

0.1g cadmium acetate dihydrate and 0.01g oligomer were dissolved in 4ml 

DMSO and 8ml DCB. In a second vial 0.1g sulphur flakes were dissolved in 5ml 

toluene. Both solutions were heated to 110
o
C, then 1ml of the sulphur solution was 

injected into the first solution, and the mixed solution was left to react for 4 hours 

turning yellow as the reaction proceeded. The composite was precipitated using 

methanol, centrifuged and re-dissolved in toluene.  

 

2.4.6 Characterization Techniques 

Composites were characterised using Transmission Electron Microscopy 

(TEM), High Resolution Electron Microscopy (HREM), optical absorption and 

optical photoluminescence. For electron microscopy samples were made as follows: 

carbon films (continuous or lacy on Cu grid) were dipped in thin composite aromatic 

suspensions, then left to dry for 5min before use. Bright and dark field TEM images 

and diffraction patterns were taken using a JEOL 2000FX operated at 200 kV. HREM 

was conducted with a JEOL 4000HR operated at 100 kV, equipped with a Gatan 

digital camera. 
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The absorption spectra of composite solutions of equal polymer 

concentrations were acquired with a Jasco V-570 UV/Vis/NIR spectrophotometer 

with a 1nm data pitch and 5 and 8nm resolutions in the UV-Vis and NIR regions 

respectively. Fluorescence spectra of composite suspensions and thick composite 

films on glass substrates were acquired using a Jasco FP-6200 spectrofluorometer. For 

the optical spectroscopy results presented in 2.5.1 quartz cuvettes containing 

composite suspensions of equal concentrations were positioned in the fixed cuvette 

holders of the instrument. Photoluminescence was acquired using 350nm excitation 

wavelength and a 400nm long pass filter.  

For the photoluminescence study presented in 2.5.4, thin film samples were 

positioned facing both the light source and the detector at an angle of 45
o
. The 

excitation wavelength was 350nm and a 400nm long pass filter was placed in front of 

the detector. The composite films originated from the same synthesis which was 

divided into two equal parts and processed using the two precipitation alcohols. The 

pristine MEH-PPV film was made from solution which underwent the same 

processing steps with the same polymer concentration. All films were drop-cast and 

care was taken to ensure identical processing of all films. 

 

2.4.7 Device Fabrication 

Devices were fabricated using 14mmx12mm glass/ITO substrates with a 

120-160nm ITO nominal thickness and 10Ω/cm
2
 nominal resistivity purchased from 

Delta Technologies. Before depositing the nanocrystal films the ITO was patterned 

using sticky black plastic tape as a mask for wet etching. Etching was done using a 

25:15:2 solution of H2O: HCl: HNO3 heated to 60
o
C. Etching was complete after 7 
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minutes resulting to one 2mm wide ITO stripe across the long axis of each substrate. 

The substrates were subsequently cleaned by ultrasonication in deionised water, 

isopropanol and acetone.  

 

 

Figure 2.3 Schematic of the fabrication steps and geometry of the solar cells 

(courtesy of Mr. Christopher Cattley) 

 

On the patterned ITO/glass substrate a PEDOT-PSS  thin film  (<40nm), 

which is a standard electron-blocking layer, was fabricated by spin casting an aqueous 

suspension, as purchased by Starck ltd, at 5000rpm for 20sec outside the glovebox 

then baked at 150
o
C for 10 minutes on a hot plate.  

Subsequently thin composite films were spin cast on the 

glass/ITO/PEDOT:PSS substrates using 0.05g/ml composite in dichlorobenzole 

suspensions. Spin casting at 1200 rpm for 40 sec followed by drying of the films for 

20 minutes produced 200nm ±20nm thick composite films as measured with a Dektak 

profilometer.  

Subsequently, 60-100nm thick Al contacts were thermally evaporated on to 

the film at a rate of 0.1nm/sec using shadow metallic masks. All NC film fabrication 

took place in the glovebox and Al evaporation took place in an evaporator attached to 

the glovebox. The top electrodes were 1.5mm wide stripes across the short substrate 
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axis. Three 0.03cm
2
 area device pixels at the overlapping points of the bottom and top 

stripe electrodes were formed on each substrate. The major fabrication steps for the 

devices and the device geometry are schematically shown in Figure 2.3. 

 

2.4.8 Device I-V testing 

For optoelectronic measurements, devices were loaded in an air-tight inert 

atmosphere testing holder with a glass window for illumination.  

I-V measurements were recorded with a Keithley 2400 source meter. 

AM1.5 80mW/cm
2
 illumination was provided by a Newport 130-67005 solar 

simulator. Light intensity was adjusted using a Thorlabs S210A - Thermopile Sensor 

for optical power measurements.       

  

 

2.5 Results and discussion 

 

2.5.1 CdS:MEH-PPV 

The direct synthesis of CdS nanocrystals in MEH-PPV has several 

similarities to the synthesis of PbS nanocrystals. Firstly, the average size of the 

nanoparticles and the size standard deviation increase as the reaction proceeds. This is 

shown in Figure 2.4 which contains TEM micrographs and nanocrystal size 

histograms for three different synthesis batches of different reaction durations: 1 hour, 

2 hours, 6 hours. For those, the average nanocrystal size develops from 3.58 ± 0.78nm 

to 4.76 ± 0.75nm and 6.36 ± 1.47nm where error is the standard deviation from the 
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statistical analysis of 100 nanoparticles for each sample. We note that as the reaction 

continues the standard deviation and thus the size dispersion of the nanocrystals 

increases. This is explained considering the Ostwald ripening effect: as the reaction 

proceeds and the precursor concentration is reduced small nuclei and nanoparticles 

progressively dissolve in favour of the larger more stable particles in the solution
32

. 

That results in a broadening of the size distribution. 

 

 

Figure 2.4 a-c) Size distribution histograms for the CdS:MEH-PPV composites 

grown for 1 hour, 3 hours and 6 hours respectively. d-e) respective TEM 

micrographs of the aforementioned composites (scale bars are 20nm) 
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As the reaction proceeds with time, the nanocrystal loading of the composite 

also increases and this is manifested in the spectral absorption of the composite. 

Figure 2.5.a shows the absorption spectra of three different reaction time aliquots 

from the same synthesis batch and the spectrum from a pristine MEH-PPV solution. 

All aliquots have the same polymer concentration as is evident from the baseline and 

the polymer’s first excitonic peak at 500nm 
52

. According to this graph the absorption 

in the 340-500nm region increases as the reaction proceeds and a weak peak develops 

at 370nm. This region lies within the absorption of CdS which has a bulk bandgap of 

2.5eV 
100, 101

. 

 

Figure 2.5 a) Optical absorption of CdS:MEH-PPV composite solutions in 

toluene with different synthesis duration b) Photoluminescence spectra from the 

composite suspensions c) TEM micrograph of composite after post-synthesis 

processing d) FFT pattern of (c) with indexed polycrystalline rings. e) HREM 

micrograph of a CdS nanocrystal with two sets of (111) planes highlighted 
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The photoluminescence spectra of the same aliquots, with excitation at 

400nm, are shown in Figure 2.5.b. As the reaction proceeded the intensity of the 

MEH-PPV photoluminescence peak was reduced. Since the overall PL quenching is 

small it is unclear whether it originates from charge transfer between the polymer and 

the nanocrystals or some other morphological change of the polymer chains.    

After precipitation, the CdS nanocrystals aggregated forming complex 

networks as shown in the HR microgaph in Figure 2.5.c. The Fast Fourier Transform 

(FFT) of the micrograph shows well resolved diffraction rings which correspond to 

reflections of a CdS zinc blende structure
102

. This result is supported by analysis of 

HR micrographs of individual CdS nanocrystalites such as the one in Figure 2.5.e. 

The plane spacings and interplane angles of this nanocrystal agree with less than 5% 

error with those of the CdS zinc blende structure
102

. 

 

2.5.2 CdS in conjugated oligomer 

When using conjugated oligomers as templates for CdS nanocrystal growth, 

the latter develop with much more diverse morphologies ranging from spheres as in 

Figure 2.6.a to rod-shaped as in Figure 2.6.b. Figure 2.6.c shows 4 CdS nanorods 

being parallel to each other. FFT analysis of this nanorods-assembly further shows a 

near perfect crystallographic alignment of the rods parallel to their <110>zinc blende 

growth axis.  

We propose that the morphological differences of the CdS nanocrystals 

between the MEH-PPV- and the oligomer- based methods are related to the small 

chain length of the oligomers compared to MEH-PPV. The small size of the 
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oligomers should result in smaller steric forces applied to growing CdS nuclei 

compared to using MEH-PPV.  

 

 

Figure 2.6 a) TEM micrograph of CdS:oligomer composite after post-synthesis 

processing. b,c) Micrographs showing existence of parallel CdS rods. d) FFT 

pattern of the rod assembly highlighted in (c) indexed according to the zinc 

blende CdS structure. The pattern shows crystallographic alignment of the rods.   
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2.5.3 PbS in conjugated dendrites 

As in the case of oligomer assisted synthesis of CdS nanocrystals, 

conjugated dendrimer assisted synthesis of PbS nanocrystals results to nanoparticles 

of random morphology as shown in Figure 2.7.a. The majority of the nanocrystals are 

smaller than 10nm. An individual nanoparticle is imaged in Figure 2.7.b and its 

corresponding FFT pattern in Figure 2.7.c verifies the PbS rock salt structure 

manifested by the characteristic hexagonal shape across the [101] axis.    

 

 

Figure 2.7 a) TEM micrograph of a PbS:dendrimer composite b) Magnified part 

of (a) showing an individual nanocrystal c) FFT pattern of (b) indexed according 

to the PbS rock salt structure 

 

2.5.4 PbS: MEH-PPV 

The resulting composites have broad optical absorption as can be seen in 

Figure 2.8. The extension of the composite absorption beyond the main polymer 

exciton peak at ~520nm is due to the presence of nanocrystals. The breadth of the 
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spectral features beyond 600nm indicates that a large distribution of different sized 

nanocrystals is present.  The broadest absorption, extending beyond 1600nm, is from 

the composite synthesized at 175
o
C. The average diameter of the nanocrystals in this 

composite was estimated to be 4.5nm by comparing the absorption peak at ~950nm 

with the theoretical results of Kang and Wise
103

. This value agrees well with the 4.5 

±0.5nm average diameter measured from TEM bright field micrographs such as the 

one shown in Figure 2.9.a. This micrograph comes from a specimen before the post 

synthesis treatment of the composite and shows well dispersed nanocrystals in the 

polymer with broad size distribution (~2-10nm). For this size distribution Kang and 

Wise
103

 predict that the absorption onset should range from ~0.7-2eV ( ~600-1800nm) 

which is in good agreement with the broad absorption of the composite in Figure 2.8.  

400 600 800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
b
s
o
rp

ti
o
n
 (

a
rb

. 
u
n
it
s
)

Wavelength (nm)

 175 °C

 140 °C

 120 °C

 100 °C

 
Figure 2.8 Absorption spectra of nanocrystal/polymer composites synthesized at 

different temperatures for 1 hour and precipitated with methanol  

 
 

We find that using methanol to precipitate post synthesis results in an 

ordered aggregation of nanocrystals into colloidal particles. The majority of particles 

have cubic shape and are ~200nm wide, as shown in Figure 2.9.b. Precipitating with 

higher alcohols, such as ethanol, propanol or hexanol, results in the formation of 

nanorods as shown in Figures 2.10 and 2.13.a. This is interesting because as discussed 
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extensively in 1.5.5 plastic composites with nanocrystals of anisotropic shapes like 

rods may present increased photovoltaic efficiency compared to composites with 

spherical/cubic nanocrystals due to improved exciton separation and charge transport 

processes of the former compared to the latter. Thus, we sought to further investigate 

and understand the nanorods formation in our composites. 

 

 

Figure 2.9 a) Bright field TEM image of the 178
o
C composite before 

precipitation b) Cubic colloidal particle projected as indicated by the inserted 

sketch, formed after precipitation with methanol. (Scales are 20nm and 50nm for 

a and b respectively). 

 

2.5.5 Formation of PbS Rods 

The micrographs in Fig. 2.10.a and 2.10.b show nanorods existing in the 

conjugated polymer after the precipitation of the composite with ethanol and hexanol 

respectively. The rectangles in Fig. 2.10.a emphasize areas with clearly 

distinguishable nanorods. For the ethanol and propanol treated samples, the width of 

these linear features ranges from 2 to 6 nm with an aspect ratio between 3 and 10. The 

width distribution of the rods can be attributed to the broad size distribution of the 

nanocrystals synthesized initially. For the hexanol sample, the nanorods’ aspect ratio 

increases to approximately 20. Many neighbouring nanorods are aligned parallel to 
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each other, indicated by arrows in Fig 2.10.a and the majority of the features in 

2.10.b.   

 

 

Figure 2.10 TEM micrographs showing rod structures in polymer after the 

precipitation of the 175 
o
C composites with (a) ethanol and (b) 1-hexanol. The 

scales are 40 nm 

 

In agreement with previous work
52

 we observed that the polymer’s intrinsic 

photoluminescence (PL) signature is quenched in the composite sample compared to 

an MEH-PPV control.  The polymer’s photoluminescence quenching appears greater 

in the hexanol- treated sample compared to the methanol treated sample as shown in 

Figure 2.11.a.  We explain this phenomenon considering that the presence of the 

nanorods in the hexanol treated sample results in an increased surface-to-volume ratio 

with respect to colloidal particles like the one shown in Fig. 2.9.b . This increases the 

probability of exciton dissociation at the polymer-nanocrystal interface. Previous 

studies have shown that increased PL quenching of organic/inorganic composites is 

correlated to an improvement in photovoltaic performance of the latter
9
. We observe 

that the MEH-PPV PL peaks from film samples  as shown in Figure 2.11 are red 

shifted by 40-50nm compared to the same peaks of Figure 2.5.b. which refers to 

solution samples. This is explained considering previously reported almost identical 
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differences between MEH-PPV films and solutions attributed to polymer chain 

aggregation effects
104

.   

 

 

Figure 2.11 Polymer PL spectra from a composite film (green) and a pristine 

MEH-PPV film (black) for composites processed with a) hexanol and b) 

methanol 

 

 

Despite the formation of colloidal particles and nanorods, the absorption 

spectrum of the nanocrystals remains the same before and after the precipitation stage 

as shown in Figure 2.12. This fact indicates that the morphological and quantum 

confinement properties of the nanocrystals are not altered by precipitation, and 

suggests that individual nanoparticles are coated with the polymer and nanorods 

consist of chains of nanocrystals rather than single crystal rod structures. 
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Figure 2.12 Absorption from the PbS nanocrystals before (black line) and after 

(grey line) the precipitation of a composite synthesized at 160
o
C for 1 hour. 
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We hypothesise that the range of superstructures observed is driven by the 

internal electric dipole in lead chalcogenide nanocrystals, and that the aggregation 

dynamics depend on the polarity of the alcohol used in precipitation:. We are not the 

first to have observed such an effect. Cho et al. reported that ligand-capped PbSe 

nanocrystals with quasi-spherical shapes can self assemble into nanorods, nanowires 

and nano-rings as they grow, depending on the growth temperature
105

. In their work 

they explain this behaviour by considering dipole interactions between the 

nanocrystals: a small PbSe nanocrystal with quasi-spherical shape is terminated by six 

{100} and eight {111} facets. The {100} facets consists of equal Pb and Se atoms but 

four of the {111} facets are Pb-terminated and the other four are Se terminated {111}. 

Depending on the spatial distribution of these facets the nanocrystal may have a net 

dipole moment along the <100> or <111> or <110> directions, or no dipole 

moment
105

. In the relevant literature, the dipole moments of the nanoparticles are 

estimated to be <100D (D stands for debye= 1*10
-18

 statcoulmb/cm), which may 

result to dipole-dipole interactions which are stronger than forces associated to Van 

der Waals or entropy-driven crystallization
106

. This then directs nanocrystals with the 

same or different dipole moments to form linear structures through head to tail 

attachment e.g. nanocrystals with <100> dipole moments attach and form nanowires 

across the same axis
105

. The results and the proposed model contained in reference
105

, 

have recently been supported by a computational study by Zhang et al. on the dipole-

induced self-assembly of nanocubes
107

. Zhang also suggests that the morphology of 

the nanocube aggregates is governed by the presence of face to face attractions 

between the nanocubes. In particular, it is predicted that when these face to face 

attractions increase, the nanocubes tend to form 2D and 3D structures and not 
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individual 1D nanorods.  In our case, such face to face attractions are a result of the 

hydrophobic behaviour of the nanocrystals in alcohol environments
107, 108

. 

Based on these reports
105, 107

 we believe that the behaviour we observe is a 

manifestation of the predicted interplay between the dipole induced oriented attraction 

and the colloidal self assembly of the PbS nanocrystals. We hypothesise that the 

observed differences in aggregation of nanocrystals using different alcohol solvents is 

a result of the different polarities of the alcohols:  methanol promotes the aggregation 

of nanocrystals into 3D structures due to a strong hydrophobic driving force. The 

hydrophobic forces that the nanocrystals experience in methanol drives them closely 

packed together forming large cubic colloidal particles. When a less polar alcohol is 

used for precipitation the nanocrystals feel weaker face-to-face (hydrophobic) 

attractions. This allows for the dipole-induced self-assembly of nanocrystals to form 

nanorods. Our consideration of quasi-cubical PbS nanocrystals with the 

aforementioned faceted geometry is based on previous studies of the faceted 

morphology of PbS nanocrystals
47, 109

 and published results on the formation of quasi-

cubical PbS nanocrystals with the method used here
110

. 

Figure 2.13 shows a micrograph of an individual nanorod and gives an 

indication of the mechanism for orientated attachment. Three regions of close vicinity 

which are indicated by rectangles drawn on the rod in Fig. 2.13.a are examined using 

high resolution TEM and three distinct crystallographic orientations are observed as 

shown in the insets of Figures 2.13. b, c and d. Taking the Fast Fourier Transform 

(FFT) of each image highlights three different planes in the three different regions 

(Fig. 2.13. b, c, d). The plane spacings were measured to be 0.34 nm, 0.21 nm and 

0.29 nm which correspond well to the spacing of the (111), (220) and (200) planes of 

PbS respectively. Electron diffraction simulations indicate that the zone axes of the 
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three regions are near the [110], [100] and [100] directions. The two adjacent 

nanocrystals (Fig. 2.13b and c) attach through {100} facets. This alignment of the two 

nanocrystals across the [0-10] axis can be explained as dipole-induced oriented 

attachment of PbS nanocrystals with <100> dipole moments, as previously 

reported
105

. The nanocrystal of the third region has its [110] axis closely aligned with 

the rod’s axis; this can also be explained as the dipole induced orientation of a 

nanocrystal with a <110> dipole moment. The schematic of Fig. 2.13.e illustrates the 

relative orientation of the nanocrystals as projected on the image plane. 

 

 

Figure 2.13 a) High resolution image of a nanorod in the 1-propanol treated 

composite. b, c, d) FFT images of the nanorod’s 3 highlighted square regions 

with indexed reflections and zone axes. e) Schematic illustration of the 3 

nanocrystals in the rod’s analysed regions, as projected in the image plane. 

 

The ordered alignment of the rods shown in Fig. 2.11.a and 2.11.b is 

consistent with the expectation that it is energetically favourable for neighbouring 

nanorods to have antiparallel net dipole moments
105

. An interesting task for future 

work would be to achieve oriented alignment of these nanorods to desired directions 
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within composite layers. Such a capability could be important for applications such as 

solar cells, which requires efficient transport of carriers to electrodes
60

. Considering 

the dipole character of these nanorods we suggest that film deposition under an 

externally applied electrostatic field could lead to alignment parallel to the electric 

field’s direction.  

Finally, the observed increase of the nanorods aspect ratio for the hexanol 

treated composite compared to the ethanol and propanol treated composites can be 

explained within the dipole-induced self-assembly context: under the less polar 

hexanol environment the balance between the face to face attraction and the dipole-

induced attraction of the nanocrystals shifts further to the latter. As a result, more 

nanocrystals can avoid 3D aggregation and form rods via dipole-induced head to tail 

alignment. In designing polymer-rod composites for photovoltaic applications it is 

desirable to have control over the rods length in order to avoid short-circuiting from 

single rods interconnecting the anode and the cathode. The formation of the rods is a 

dynamic process and choice of alcohol for precipitation allows for partial control of 

their length. We are encouraged that the length of the nanorods presented here is less 

than 120 nm, since for nanocrystal-polymer bulk heterojunction solar cells the 

optimum thicknesses of the active layers in solar devices are close to 200nm
14

. 

Therefore we predict that the nanorods presented here can be utilised to form suitable 

percolated networks which will not short in photovoltaic applications. 
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Figure 2.14 a) As synthesized PbS nanocrystals in polymer matrix  and b) PbS 

NC: MEH-PPV (cubes) and PbS NC: PbSO4 superstructures (elongated 

parallelograms) after methanol induced precipitation and purification of the 

nanocomposites. (scale bars are 5nm and 1μm respectively) 

 

 

 

Figure 2.15 a-c and d-f are bright field, wide angle diffraction pattern and (-4,0,-

4) dark field micrograph series of two PbS NC:MEH-PPV colloidal assemblies 

projected along the [111] and [100] zone axes of PbS respectively g,f) Bright field 

of incomplete PbS:MEH-PPV colloidal particles showing the incorporation of 

the polymer (scale bars are 20nm for a,c,d,f, 100nm for g and 50nm for h) 
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2.5.6 Nanocrystal alignment and formation of colloidal particles 

As mentioned above post-synthesis purification of the composite via rapid 

addition of methanol and precipitation results in the formation of large agglomerate 

particles, hereafter called particles (or colloidal particles) to distinguish from the 

original nanocrystals. These particles have sizes ranging between 100-300nm, mean 

size 200nm, with standard deviation ±30nm as found by statistical study of 100 

particles shown in Figure 2.14.b. This micrograph shows a number of particles 

surrounded by polymer/nanocrystal film. The particles present different shapes 

however they are all essentially “cubic”, the difference arising from different 

projections on the image plane e.g. when the cubes are projected across their “<111>” 

appear as hexagons as in figure 2.15.a while when projected along their “<100>” 

direction they appear as squares as in Figure 2.15.d. The crystallographic character of 

the particles seen in the bright field image of Figures 2.15.a and 2.15.d was studied 

using selective area electron diffraction and dark field imaging techniques. Both 

diffraction patterns in Figure 2.15 show discrete set of spots that correspond to the 

rock salt structure of PbS as determined by measuring the interplanar spacing and 

angles. The discrete set of spots indicates that the PbS NCs are aligned and the diffuse 

rings are due to the amorphous carbon support. The polycrystalline character of the 

particles becomes clear looking at the dark field images. The bright shadows inside 

the body of the [111]- projected particle as shown in its (-404) dark field image point 

to a large particle of inhomogeneous density. The corners of the particle are bright 

due to their smaller projected thickness. For the [100]- projected particle the dark field 

image is more informative: the particle consists of small nanocrystals appearing as 

bright spots in Figure 2.15.f. The average size of the nanocrystals is 4±2nm in close 
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agreement with the nanocrystal size before composite precipitation. The bright fringes 

at the edges are thickness fringes indicating that the particular particle is not a perfect 

cube, rather is can be described as “Maya” type pyramid  The width of the bright 

fringes is equal to the nanocrystals’ average size an indication that the pyramid’s 

terraces consist of single rows of self-assembled nanocrystals. The thickness variation 

for this particle is also visible in its bright field image. Confirmation that the visible 

structure originates from the (-404) reflection is that the objects next to the bottom left 

corner of the particle in Fig. 2.15.d are barely visible in the dark field image of Fig. 

2.15.f indicating that those particles are not aligned in the [100] zone axis. In Figure 

2.15.e there are additional diffraction spots highlighted with arrows which do not 

correspond to the PbS structure, we attribute them to the presence of PbSO4 which 

will be discussed later. 

Further evidence for the colloidal character of the large particles is shown in 

the bright field images of Figures 2.15.g and 2.15.h. The first shows a dense assembly 

of nanocrystals in what looks like a colloidal particle at an early stage of formation 

when the nanocrystals have not aligned yet. The particle is located next to a 

polymer/nanocrystal film with the individual nanocrystals directly visible. It is worth 

noting the contrast between the poor spatial dispersion of the nanocrystals in Figure 

2.15.g and the good dispersion in Figure 2.14.a, which suggests that the precipitation 

step induces crystallization. In Figure 2.15.h we see another colloidal particle at a 

formation stage close to completion: The top corner of the particle is incomplete as 

the nanocrystals visible have not been fully integrated into the assembly thus 

verifying that the colloidal particles are formed from assemblies of aligned 

nanocrystals.   
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We determine that the nanocrystals of the composite solution self assemble 

rapidly upon the addition of the alcohol forming highly crystalline cubic 

superstructures. Since the [100]- and [111]- diffractions of the lead sulphide’s fcc 

structure appear from the face-on and corner-on projections of the colloidal cubes 

respectively, the quasi-cubic nanocrystals assemble via attachment or close facing of 

their {100} facets. Such faceting of lead chalcogenide nanocrystals is well known
105, 

111
 and may lead to the creation of intrinsic dipole moments which direct the self-

assembly of nanocrystals into one dimensional structures
105

.  We have reported such 

behaviour (2.5.5) to explain the formation of nanorods
111

. However as Zhang et al 

point out in their computational study on the assembly of nanocubes with dipole 

moments, when these hydrophobic nanocrystals are present in a highly polar 

environment such as methanol, hydrophobic face to-face attraction dominates over 

electrostatic attractions leading to the faceted assembly of the nanocrystals into 3D 

colloidal particles
107

. We attribute the formation of the cubic superstructures to the 

assembly of the nanocrystals via their {100} facets. 

The colloidal assembly of nanocrystals under the presence of a non-solvent 

is a well known phenomenon
108, 112

. In most reports however the nanocrystals are 

capped with long organic ligands preventing them from touching. This inhibits perfect 

long range crystallographic alignment of the nanocrystals manifested by the formation 

of bright arcs rather clear bright spots in the wide angle diffraction patterns of 

colloidal assemblies
113, 114

.  

Long range crystalline superlattices of a single kind of nanoparticles are 

usually formed only if the nanoparticles have a narrow size distribution
108, 113, 115

. In 

our case, the nanocrystals rapidly form colloidal assemblies of high crystallinity 

giving bright diffraction spots and are polydisperse in size. To explain this we first 



Chapter 2 Direct Synthesis of Nanocrystal/Polymer Composites 

 76 

consider the role of the conjugated polymer. From both Figures 2.15.g and 2.15.h it 

can be seen that MEH-PPV is incorporated inside the colloidal particles appearing as 

continuous bright grey areas contrasting the black areas with the distinctive 

nanocrystal morphology. The MEH-PPV areas are bright due to carbon’s lower 

electron contrast as compared to the much heavier lead. In Figure 2.15.g polymer 

surrounds individual nanocrystals making up the larger particle. This direct 

observation is in agreement with the observation that the optical absorption spectrum 

of the nanocrystals is the same before and after precipitation (Figure 2.12) meaning 

their quantum confined properties do not change despite their assembly
111

.  We 

consider it possible that the plasticity of the incorporated polymer allows it to absorb 

any structural mismatch during the rapid close packing of non-uniform nanoparticles 

thus allowing the long range crystallinity of the superstructure. The second factor we 

consider to explain long range perfect crystallinity is the presence of a lead sulphate 

matrix surrounding the nanocrystals inside the particles.  

In Figure 2.15.e some bright spots which do not correspond PbS planes are 

indicated by arrows. We attribute these spots to the presence of lead sulphate (PbSO4) 

which is confirmed by examining the different particles present in the composite. 

These particles appear as elongated parallelograms in Figure 2.14.b one of which is 

examined in detail in Figure 2.16. In Figure 2.16.a one can see the smooth 

morphology of the particle as its vertical axis is thin enough to allow electrons to pass 

through. Regarding the morphology it is also clear that the particle is partly composed 

of nanocrystals appearing as spherical features in Figure 2.16.a. 
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Figure 2.16 a, b )  A PbS NC : PbSO4 ordered assembly and its diffraction 

pattern showing superposition of monocrystalline-like diffraction from both PbS 

NC assembly and PbSO4 matrix  d) a similar particle projected across a different 

PbSO4 axis and the resulting [1,4,-2]PbSO4 diffraction pattern (scale bars for a 

and c are 50nm and 100nm respectively) 

 

 

The diffraction pattern from this particle, shown in Figure 2.16.b, indicates 

two distinct structures: the dominant one is a primitive orthorhombic structure of a 

large unit cell giving a plethora of diffraction spots forming an orthogonal lattice. The 

zone axis and the reflections attributed to this structure are noted with white letters on 

the diffraction patterns. The spacing of the (100)PbSO4 and (010)PbSO4 planes as 
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measured from Figure 2.16.b are 6.96 ±0.03 Å and 8.47 ±0.03 Å respectively. A 

similar particle was tilted inside the TEM and an edge-on projection examined as 

shown in Figure 2.16.c. Assuming the previously described structure has an [1,4,-

2]PbSO4 diffraction pattern then the third lattice unit is calculated to be 5.38 ±0.04 Å. 

Modelling the [1, 4,-2]PbSO4 diffraction of an primitive orthorhombic structure with 

the these lattice shows good agreement (deviation <2%) between theoretical and 

experimental  plane spacings and interplane angles of the reflections indexed in 

Figure 2.16.e. The primitive orthorhombic structure is identified as the structure of 

PbSO4 with reported lattice units a=6.96 Å, b=  8.48 Å, c= 5.4 Å
116

. 

 The PbS reflections in Figure 2.16.b, highlighted by arrows in figure’s 

insets, appear as bright arcs indicating that they come from the nanocrystal ensemble 

incorporated in the particle and the zone axis for this material is the [110]PbS. The (2-

20)PbS are not visible between their spacing and their positioning coincides with the 

(040)PbSO4. Therefore the pattern also provides information about the orientation of the 

PbS NCs with respect to the PbSO4 crystal structure: inside the assembly (002)PbS and 

(2-20)PbS run parallel to the  (200)PbSO4 and (040)PbSO4 respectively. 

This orientation relationship is verified by high resolution transmission 

electron microscopy micrographs shown in Figure 2.17 which further shows epitaxial 

growth of the PbSO4 around the PbS nanocrystals. Figure 2.17.a shows an individual 

PbS nanocrystal inside the sulphate matrix. The angle between (111)PbS and (020)PbSO4 

is measured to be 32.6
o
 in agreement with the angle measured from Figure 2.16.b. 

This relationship is valid for the entire nanocrystal ensemble of the large particle, 

Figure 2.17.b shows 3 nanocrystals, highlighted by the square boxes, in a sulphate 

matrix. The nanocrystals are not in direct contact to each other, still the combined Fast 

Fourier Transform (FFT) of the 3 regions enclosed in the boxes gives a pattern, shown 
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in Fig. 2.17.c, matching the real diffraction pattern of Figure 2.16.b, as illustrated in 

Figure 2.18 where the two aforementioned patterns are overlaid. 

 

 
 

Figure 2.17 a) High resolution micrograph showing a small PbS nanocrystal 

incorporated in a PbSO4 matrix and the crystallographic relationship between 

the two materials b) An ensemble of aligned nanocrystals in a PbSO4 matrix. 

Different drawn boxes contain individual nanocrystals c) Combined FFT pattern 

of the regions marked with boxes in b, with indexed reflections and part of figure 

2.16b as background  d) Schematic representation of the PbS NC :PbSO4 

epitaxial assembly e) Schematic representation showing the proposed different 

growth rates G of PbSO4 on the various facets of a PbS nanocrystal f) A PbS 

NC: PbSO4 assembly with the noted angle between the structure’s “legs” closely 

matching the angle between the {111} of PbS noted with red characters in e. 

(scale bars are 6nm for a, 8nm for b and 100nm for f).    
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Figure 2.18. Overlay of the patterns from figures 2.16b and figure 2.17c, 

illustrating matching of the two patterns. 

 

 

The above epitaxial relationship between PbS and PbSO4 was first observed 

back in 1952 during studies on the oxidation of bulk PbS under heating at elevated 

temperatures
117

. It is of great surprise that the same relationship firmly holds at rapid 

solvent induced oxidation of nanocrystals at room temperature and seems to be 

responsible for crystallographic alignment of hundreds of assembled nanocrystals, as 

the ones consisting particle in Figure 2.16.a. To explain this phenomenon we consider 

the anisotropic surface reactivity of PbS in combination to the nanocrystals’ surface 

morphology. Previous experimental and computational studies on bulk PbS have 

shown that PbS surface reactivity including oxidation is much stronger at corners, 

edges and steps compared to {100} due to presence of more dangling bonds in the 

first cases compared to the last
118

 . For PbS facets, the oxidation rates of {111} should 

be higher than that of {110} and the rate of {110) higher than that of {100}. The 

reason is the increase of surface dangling bonds moving from {100} to {110} to 
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{111}. This argument combined with the fact that PbS nanocrystals are high surface-

to-volume ratio materials full of {100}, {110} and {111} facets
23

 can explain the V-

edged orthogonal shape of the PbS NC: PbSO4 assemblies: the growth rates G of 

PbSO4 should follow the aforementioned relative reactivity of nanocrystals facets. In 

that case the resulted PbSO4 structure around a PbS nanocrystal would have a V-

edged orthogonal shape as schematically shown in Figure 2.17.e. The same applies 

for the outcome of sulphate formation on the facets of hundreds of assembled and 

aligned PbS nanocrystals. The fact that the small angle between the “legs” of the 

colloidal particles- 68
o
 for the particle in Figure 2.16.f.- is very close to the 70

o
 angle 

between lead sulphide’s (100) supports the mechanism we propose. 

The formation of the sulphate is attributed to the oxidizing role of methanol 

during the post-synthesis process of the composites and the possible presence of un-

reacted precursor and H2O molecules originated from the lead acetate trihydrate. 

Using X-ray photoelectron spectroscopy the Sargent group has also shown that 

washing of PbS nanocrystals with methanol under a dry nitrogen atmosphere results 

to mild oxidation of the nanocrystals corresponding to appearance of 5% PbSO4
96

. 

The strong impact of the nanocrystals’ surface oxidation on their optoelectronic 

applications has been showed in a series of publications
96, 119, 120

. Our results suggest 

that oxidation of nanocrystals may also result in their crystallographic alignment and 

describe the epitaxial relationship between PbS and PbSO4. The proposed mechanism 

of sulphate growth contributes to the ongoing need for modelling and understanding 

the electronic structure and behaviour of PbS: PbSO4 nanostructures.  
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2.5.7 Solar cell Devices 

Directly synthesized PbS:MEH-PPV and CdS:MEH-PPV composites with 

the properties described above did not give promising device results. Solar cells were 

prepared and tested with the methods described in 2.4.7 and 2.4.8. Figure 2.19.a 

shows two typical IV characteristics of these composites in dark and under 

80mW/cm
2
 AM1.5 illumination. The short circuit photocurrents of these devices were 

0.005 ±0.002 mA/cm
2
 for the PbS composites and 0.006±0.001 mA/cm

2
 for the CdS 

composites. The CdS composites showed higher open circuit voltages with narrower 

standard deviation: 1.1 ±0.1 Volts compared to 0.7 ±0.4 Volts for PbS. The Fill 

Factors for these devices were around 25%. As a result the power conversion 

efficiencies of more than 30 devices made during the course of this study were less 

than 1*10
-5

 %.  

These low efficiencies were attributed to the observed aggregation of the 

nanocrystals during post synthesis processing. The formation of micron-sized 

aggregates does not only result in small organic-inorganic interfaces but also creates 

the following: i) increased surface roughness of the films ii) light scattering iii) 

inorganic islands causing short circuiting between the device’s electrodes iv) 

aggregation may alter the HOMO-LUMO levels of the PbS nanocrystals affecting the 

PbS:MEH-PPV heterojunction character. Regarding light scattering we note that 

generally is considered beneficial in solar cells as it increases the optical path length 

of the device and decrease reflection. 

From all the above possible effects, surface roughness and short circuiting 

should result in poor Voc. Short-circuiting caused by the large aggregates should 

appear as a Ohmic behaviour in the dark I-V curve of the composites, however we did 

not observe such behaviour in our devices. This may be explained by our TEM 
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observations that the aggregates are enclosed in polymer matrix. In general, the Voc of 

the devices was high compared to values (0.3-0.4V)
55, 66

 reported in previous works 

on PbS:MEH-PPV composites. Notably however, our large values are close to the Voc 

values (~1V)
121

 for pristine MEH-PPV films. This is a first indication that aggregation 

and oxidation of the nanocrystals yields a poor type-II heterojunction with the 

polymer. 

In the relevant literature the valence band of bulk PbS is -4.9eV and the 

HOMO level of PbS nanocrystals with first excitonic transitions above 0.8eV is 

estimated to be around -5.1 to -5.3eV below the zero-vacuum level
55

. Because the 

HOMO energy level of MEH-PPV is -5.1eV the formation a type-II heterojunction 

between the two materials requires a strong quantum confinement effect on the PbS 

nanoparticles keeping their HOMO level below -5.1eV. This means that nanoparticles 

with an absorption threshold going beyond 0.8 eV (1550nm) may form a type-I and 

not a type-II heterojunction with MEH-PPV. Although, macroscopically we did not 

observe any significant red-shift of the nanocrystals’ optical absorption threshold after 

precipitation of the composites we can not exclude the existence of such behaviour at 

the nanoscale. In that case, the “affected” nanocrystals would also form a type-I 

heterojunction with the rest nanocrystals and this would negatively affect charge 

transport via the nanocrystal network. 
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Figure 2.19 a) IV characteristics of composite devices in the dark and under 

80mW/cm
2
 AM.1.5 illumination. The devices’ performance is poor. b) log(I)-

log(V) plot of an I-V (inset) curve of a PbS/MEH-PPV device, as evidence of 

trap-charge limited conduction.     

 

The formation of PbSO4 should also negatively affect charge separation at 

the PbS:MEH-PPV interface. All oxide states of on the surface of PbS act as electron 

traps and PbSO4 is the deepest trap (-0.34eV) with a very long lifetime (2sec)
120

. Thus 

free electrons coming from separation of photogenerated excitons at the PbS:MEH-

PPV are likely to be trapped in PbSO4. We know nothing about the charge-transfer 

dynamics between MEH-PPV and PbSO4 and this is troubling considering in that 

certain areas of our composite PbSO4 is a matrix surrounding the PbS particles. 

However, considering Greenham’s analysis on charge traps on the surface of 

nanocrystals in plastic photovoltaics
9
, we can say that negative charge in any electron-

filled PbSO4 localised trap states would most certainly decrease the conductivity of 

the PbS network and charge transfer at the organic-inorganic interface. All the above, 

may explain the very small Isc current of our devices, and some additional 

experimental evidence for a transition from a trap-charge limited (TCL) to a space-

charge limited (SCL) conduction in our devices appearing in their dark I-V 

characteristics as shown in Figure 2.19.b. When plotting the log(I)-log(V), a transition 
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from an almost linear to a super-linear dependence is evident, with a simultaneous 

increase of the slope of linear fits from 1 to 2 to 3. According to a report by Chivrase 

et al
122

 on the I-V characteristics of polymer fullerene solar cells, this behaviour 

manifests a TCL to a SCL transition in our composites caused by filling of carrier 

traps at high forward bias.       

Two strategies aiming to prevent the aggregation or to break the aggregates 

were tried. The first was addition of butylamine after synthesis in order to passivate 

the nanocrystals with short ligands. The second was ultrasonication of the composites 

in order to break the aggregates. In practice neither method improved the morphology 

of the composites and both gave devices of worse if not no photovoltaic effect. 

Neither of these failed attempts came as a big surprise. The epitaxial order in the 

PbS/PbSO4 structures of our composites indicates ionic bonds between the 

nanocrystals and the sulphate matrixes and we would not expect simple 

ultrasonication to simply break apart nano- and micro-scale crystallites.     Butylamine 

is one of the shortest ligands used for PbS passivation and when used nanocrystals 

have to be precipitated with a mild alcohol like propanol at low concentrations so they 

won’t severely aggregate
123

. For post-synthesis processing of our composites we need 

to use large excess of alcohols as precipitation of MEH-PPV is hard. Indeed, 

aggregation as described above in this chapter was present in the butylamine-treated 

composites. In addition, although this is known to partially passivate oxide species on 

the surface of high quality PbS nanocrystals’ we would not expect it to have a great 

impact on the large scale PbSO4 formation in our composites.  

The only methods known from the literature for extensive reduction of PbS 

nanocrystal surfaces are wet treatments with hydrazine or EDT. However, these 

experiments are beyond the scope of this project for two reasons: firstly because we 
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are aiming at a surfactant-free synthesis of nanocrystal/polymer photovoltaic 

composites, and secondly because use of strong lewis bases like thiols and amines 

generates a plethora of questions about the reaction of the latter with the conjugated 

polymers.  

 

 

2.6 Conclusions 

 

In this chapter a previously reported method for the single-pot surfactant free 

synthesis of PbS:MEH-PPV composites has been generalised for the synthesis of CdS 

and PbS nanocrystals in a variety of conjugated organic materials. When CdS 

nanocrystals are synthesized in MEH-PPV their shape is quasispherical and phase is 

zinc blende. When synthesized in oligomer the shapes are irregular and zinc blende 

CdS rods are formed. Also ensembles of rods with the same growth axis and a high 

degree of crystallographic alignment have been observed. 

 In the synthesis of PbS nanocrystals in MEH-PPV the average size of the 

nanocrystals depends on the growth temperature. Post-synthesis purification of the 

composites with alcohol-induced precipitation results in the self assembly of the 

nanocrystals into a variety of structures: rods, colloidal cubes and nanocrystal/oxide 

assemblies. The size of the rods depends on the polarity of the alcohol used for the 

precipitation with higher alcohols yielding longer rods. The rods are linear assemblies 

of nanocrystals and a mechanistic model has been proposed to explain the rod 

formation. It states that dipole-induced self assembly of nanocrystals is responsible 

for the formation of the rods. Further, the polarity of the alcohols affects the length of 

the rods due to interplay between dipole-induced assembly and alcohol-induced 
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colloidal crystalisation. The latter drives the nanocrystals into formation of cubic 

colloidal particles. 

The cubic particles have sizes greater than 100nm and are assemblies of 

nanocrystals and polymer. Although the particles give monocrystaline-like diffraction 

patterns, bright and dark field imaging show they are clearly polycrystalline. That 

means that the incorporated nanocrystals present very good crystallographic 

alignment. 

Electron microscopy shows that the nanocrystals are also oxidised during 

precipitation and their oxidation is related to their crystallographic alignment. Sheet-

like meso-structures present in the composites are composed of hundreds of 

nanocrystals embedded in a PbSO4 matrix. There is a perfect epitaxial relationship 

between the sulphate matrix and the nanoparticles. This alignment is partly 

responsible for the alignment of the nanoparticles in the 3D structures of the 

composite. The shape of the nanocrystal/oxide particles may be related to anisotropic 

oxidation of the nanocrystals.  

Finally, solar cells from the nanocrystal: MEH-PPV composites were 

fabricated and their efficiency was tested. The efficiencies were low and this is 

attributed to the extended aggregation and oxidation of the PbS nanocrystals. 

Attempts to prevent these effects via ultrasonication of the composites and use of 

butylamine were not fruitful. Further experiments using strong Lewis base surfactant 

molecules were judged to be outside the scope of this project and alternative routes to 

implementation of PbS nanocrystals in photovoltaics were pursued as described in the 

following chapters. 
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3 Chemistry and electronic levels of PbS nanocrystal films 
 

3.1 Synopsis 

 

This chapter signals a passage from the study of inorganic/organic 

composites to all inorganic solar cells based on PbS nanocrystal thin films and 

concerns basic research on the chemistry and energy levels of the latter. After 

describing the motivation behind this work we continue with a detailed X-ray 

photoelectron spectroscopy (XPS) study of the surface chemistry of PbS nanocrystal 

films processed with a number of physical and chemical methods commonly used for 

solar cell fabrication. Then we focus on measuring the HOMO level of these films 

using Ultraviolet Photoelectron Spectroscopy (UPS) and discuss the results 

considering physical and chemical properties.  

 

3.2 Motivation 

 

Chapter 2 closed with presentation of device results from PbS:MEH-PPV and 

CdS:MEH-PPV composites that had been characterized in detail using TEM methods.  

Moreover these results follow a trend appeared in the relevant literature over the last 7 

years
55, 66-68, 70, 71

: lead chalcogenide: polymer composites do not yield promising 

photovoltaic efficiencies anywhere close to the 2-3% reported for cadmium 

chalcogenide composites
49, 56, 59-61, 81

. One possible explanation is that PbS and PbSe 

nanocrystals do not form a clear type-II heterojunction with common conjugated 

polymers like MEH-PPV or P3HT due to the very close proximity of the HOMO 

energies (~ 5.3-5.4 eV) of the two materials
54, 68, 70

. One other reason is that lead 
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chalcogenide nanoparticles tend to aggregate severely when not passivated with 

organic ligands
95, 96

. Consequently, although the relevant literature from 2003-2006 

was focused on plastic nanocomposites with efficiencies less than 1%
124

, it turned 

later (2007-2009) to the utilization of thin solid films of lead chalcogenide 

nanocrystals in optoelectronic applications
36, 72-75, 123, 125

. 

PbS and PbSe nanocrystal films can be made by spin- or dip- coating 

substrates from nanocrystal suspensions
72, 126

. If the nanocrystals used have narrow 

size distribution and are free of aggregates then very smooth (<1% roughness) 100nm 

thick films of closely packed nanocrystals can be made
127

. The electronic structure of 

these films is determined by four parameters 1) the nanocrystal material 2) the 

nanocrystal size 3) the organic surfactants 4) the nanocrystals’ surface chemistry. 

These can be realized looking in the schematic of the electronic structure of a 

nanocrystal array shown in Figure 3.1: the electron and hole energy levels of each 

nanocrystal of radius rnanocrystal are shifted relative to the levels of the bulk material of 

energy gap Eg bulk due to the quantum confinement effect
124

. The nanocrystals are 

distanced by Lligands due to ligands which also act as energy barriers. However, 

realistically the energy barriers are of finite height and thus the nanocrystal electronic 

levels expand outside the nanocrystal volume
27

. If Lligand is small enough the Ee and Eh 

of adjacent nanocrystals overlap and electronic minibands are formed throughout the 

solid as in the case of quantum well superlattices
27, 91, 124

. Regardless of the creation of 

minibands or not, when the Lligand and barrier heights are small enough (or absent) to 

allow transport of charge carriers from one nanocrystal to the other the film is 

semiconducting. Generally, carrier transport is considered to occur through a hopping 

mechanism and the film can be considered a Mott-type conductor
128, 129

. Energy levels 

Etrap lying below the first excitonic level are charge traps which inhibit transport
120

. In 
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nanocrystals, charge traps are mostly located on the surface of the nanocrystals and 

originate from dangling bonds and oxide species and their character and density are 

greatly influenced by the ligands passivating the surface
6, 120, 130

.        

 

Figure 3.1 Band diagram of a quantum dot solid (film) in which rnanocrystal is the 

radius of the nanocrystals, Lligand is the distance between the nanocrystals set by 

the ligands passivating the nanocrystals, Ee and Eh are the LUMO and HOMO 

energy levels of the nanocrystals and Eg is the bandgap of the bulk material 

 

The knowledge of Ee and Eh energy levels relative to vacuum energy is 

necessary for the design of solar cells incorporating PbS nanocrystals because these 

levels determine the charge interaction between the PbS nanocrystals and the other 

parts of the solar cell. However these values have not been experimentally studied in a 

systematic way and few comparative reports exist. The energy level shift of PbSe 

nanoparticles as a function of their size has been studied by Jiang et al
54

 using cyclic 

voltammetry (CV). Their results explained why PbSe/ P3HT composites shift from a 

type-I   to a type-II heterojunction character when the size of the particles decreases 

<8nm: the highest occupied molecular orbital (HOMO) energy level of PbSe 

nanocrystals becomes <(-5.1eV) which is the HOMO value of P3HT
54

. Also the Silva 

group at the University of Surrey have used both ultraviolet photoelectron 

spectroscopy and cyclic voltammetry to study PbS nanoparticles
71, 85

. In their two 

papers they showed that PbS nanoparticles form a type-II heterojunction with C60 and 
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a type-I heterojunction with PCBM. They also reported two different values on the 

PbS HOMO levels: -5.7eV from their UPS experiments
71

 and -5.2eV from their CV 

measurements
85

. While Dissanayake et al.
85

 did CV to measure the HOMO level of 

PbS nanocrystals, in an other recent report by Hyun et al
131

 CV was used to directly 

measure the LUMO levels of PbS and PbSe nanocrystals of various sizes. In that 

work the LUMO level of PbS nanocrystals was found to shift from -3.5 to -4.2eV as 

the PbS nanocrystals’ energy gap changed from 0.73 to 1.7eV
131

. For the same range 

the HOMO level was found to change much less, from -5.2 to -5eV
131

. Considering 

the few recent available data and it is no surprise that contrasting values of lead 

sulphide nanocrystals’ HOMO and LUMO energy levels often appear in band 

diagrams of technology related reports and the reasons of this inconsistency are not 

yet clear
67, 71, 72, 85, 132

. Still, most technology on this material is based on the 

theoretical consideration that the HOMO and LUMO levels of this material shift 

symmetrically from their bulk material values as a function of size because the 

electron and hole effective masses are approximately equal for this material.
70, 103

   

For those reasons and ahead of utilising nanocrystal films in Schottky type 

solar cells, we performed a detailed characterisation of PbS nanocrystal films using 

X-ray Photoelectron Spectroscopy (XPS), Ultra-violet Photoelectron Spectroscopy 

(UPS). UPS was used for measuring the HOMO levels of the films as a function of 

the processing and the nanocrystal size. With XPS we studied the surface chemistry of 

the films as a function of two types of processes used in the literature for inducing a 

Mott-type insulator-to-conductor transition of nanocrystal films. These two processes 

are 1) thermal annealing of films to evaporate or dissociate the surfactants and 2) 

exchange of long ligands with shorter ones.  
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3.3 Ligand Exchange 

 

In almost all published reports on optoelectronic applications of lead 

chalcogenide nanocrystals, the nanocrystals used are synthesized using oleic acid as 

the surfactant molecule, and most work is based on the paper of Hines and Scholes on 

the synthesis of oleic acid capped PbS nanocrystals
26

. The reason for this preference is 

that the method of Hines and Scholes is: 1) simple 2) easily scalable to gram 

quantities 3) yields nanocrystals of high quantum yields (>20%) 4) yields 

nanocrystals of narrow size distribution and well defined excitonic peaks. However as 

described in 2.2 and 3.2 the long oleic acid molecules are electrically insulating and 

thus need to be removed/ replaced by shorter ones commonly by primary amines, 

thiols and alcohols. 

When oleic acid-capped nanocrystals are wetted by primary amines, 

alcohols or thiols- all being and called hereafter nucleophiles- oleic acid is partially or 

completely replaced by the nucleophiles. The most systematic study of the subject has 

been done by the Nozik group at the NREL Colorado
126, 129

 on PbSe nanocrystals and 

we believe their conclusions can be applied to the case of PbS nanocrystals as 

presented in Figure 3.2. There are thought to be two main reaction mechanisms 

explaining the ligand exchange process: 1) nucleophilic attack 2) nucleophilic 

dissociation
126, 129

. Both mechanisms presume oleate molecules chelated to single Pb 

atoms on the surface of the nanocrystals. 
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Figure 3.2 a) oleic acid removal from the PbS surface via nucleophilic attack b) 

the nucleophilic attack mechanism for EDT c) oleic acid removal via nucleophile 

dissociation for the case of EDT d) oleic acid removal via increase of solubility 

product (adapted from Luther et al.
126

 and and Law et al.
129

)  

 

The nucleophilic attack, presented in Figure 3.2.a refers to the desorption of 

oleic acid from the surface of PbS nanocrystals via the intermediate creation of a 

tetrahedral oleate-nucleophile complex featuring a highly basic oxygen atom. This is 

followed by subsequent protonation of this oxygen site and the dissorption of the oleic 

acid leaving the deprotonated nucleophile attached to the Pb atom. This process is 

enhanced at the presence of a protic solvent e.g. methanol (MethO) and explains the 

large exchange rates in the latter case relative to cases where non-polar or aprotic 

solvents e.g. acetonitrile is used. The nucleophilic attack mechanism is shown in 

greater detail in Figure 3.2.b for the simple case of ethanedithiol (EDT).  
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    The nucleophilic dissocation mechanism is shown in Figure 3.2.c for the 

case of EDT treatment. This involves the deprotonation and attachment of the 

nucleophile on the surface of the nanocrystal and the subsequent protonation of the 

oleate which becomes oleic acid and desorbs. We note that the latest stage of both 

Figure3.2. b and c can be substituted by nucleophilic dissociation of neighbouring 

oleate molecules.  

Oleate desorption can also happen purely due to the high solubility product 

of oleate in many of the commonly used nucleophiles. This is shown in Figure 3.2.d  

Practically, the ligand exchange process can be performed on both 

suspended nanocrystals and nanocrystals attached to a surface as shown in Figure 3.3. 

This figure schematically shows that due to the small size of the new ligands capping 

the nanocrystals the latter may merge as the ligand exchange proceeds and this affects 

their quantum confined optoelectronic properties. As we show in 3.5 this phenomenon 

is very common and evident in solution-based ligand exchange processes. 

 

 

Figure 3.3 Schematic representation of ligand exchange process on nanocrystal 

suspension (upper) and nanocrystal film (lower) affecting the interparticle 

distance  
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3.4 Methods 

 

3.4.1 Synthesis of PbS nanocrystals 

Oleic acid capped small PbS nanocrystals (3nm diameter, ~850nm excitonic 

absorption peak) were synthesized with a modified version
96

 of the Hines and Scholes 

method
26

: 0.9 g of PbO was dissolved in a solution of 3ml oleic acid (OA) and 6ml 1-

octadecene at 150
o
C for 1 hour under a N2 atmosphere. The temperature was lowered 

to 80
o
C and 400μl of TMS was injected in to the solution transforming its colour to 

dark brown. The reaction was instantly quenched using an ice water bath. The 

nanocrystals were precipitated from the reaction solution adding excess acetone 

followed by centrifugation at 4000 rpm for 10 minutes, removal of the supernatant 

and re-dispersion of the nanocrystals in hexane. The above cleaning step was then 

repeated twice to ensure adequate cleaning of the nanocrystals. The final 

nanocrystalline product marked as “OA” was dried overnight and stored in a powder 

form for further sample preparation. 

Larger (6nm) PbS nanocrystals with a broad excitonic peak at ~1300nm 

nm where synthesized as mentioned above with changing the oleic acid(OA) and 

octadecane (ODC) volume ratio from 1:3 to 3:1 and the reaction time to 5min.. 

 

3.4.2 Preperation of XPS-UPS samples 

Solution-based ligand exchange of oleic acid with 1-butylamine (resulting in 

nanocrystals marked as “Butyl.-solut.”) was conducted by dissolving 100mg of OA-

capped NCs in 3ml of 1-butylamine and left for two days. Then the nanocrystals were 
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extracted by a precipitation-centrifugation-drying step as described above using 

acetonitrile instead of acetone.  

Nanocrystals marked as “Oxidised” where prepared by further processing of 

“Butyl. Solute.” nanocrystals using an additional precipitation step using anhydrous 

methanol. The nanocrystals where left as a precipitate in the methanol solution for 18 

hours before extracting them.    

OA- NC,  Butyl.-solut. NC and Oxidised NC thin films (~200nm) on ITO 

covered glass substrate were produced by spin casting from 100mg/ml 

nanocrystal/toluene solutions. Spin casting was performed via a single step of 800 

rpm for 40 sec.   Solid state replacement of the oleic acid ligands from butylamine 

(yielding samples marked as “Butyl.- solid”) was performed by immersing OA- NC 

thin films in a small petri dish filled with a 2:8 volume ratio 1-butylamine: acetonitrile 

solution for two days, then left drying overnight following a method described by 

Konstantatos et al.
96

. An “Annealed-NC” thin film was prepared by heating a OA-NC 

thin film in a vacuum oven at 300
o
C for 1hour. All samples were transferred within 24 

hours from the glovebox to the XPS-UPS facility at the University of Nottingham 

inside air-sealed containers and were exposed to air for 2 minutes total upon their 

loading in the instrumentations sample holder. 

 

3.4.3 XPS-UPS   

XPS and UPS are based on the photoelectric effect: when a photon of energy 

hv is incident on the surface of the sample it may excite an electron bound in a state at 

energy Eb into the surrounding vacuum. If using a photodetector of a known work-

function Φ located close to the surface of the material and we measure the kinetic 
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energy Ekin of the electrons (photoelectrons) emitted from the surface we can calculate 

Eb as follows: 

 kinb EhvE        (Equation 3.1) 

As stated by their names the two techniques differ in the wavelength used 

for excitation: X-rays of energies >1MeV are used in XPS and deep ultraviolet light is 

used in UPS. Because of the high energy of X-rays, XPS is used to resolve the energy 

spectrum (kinetic/binding energy VS intensity) of photoelectrons originating from the 

atomic core states of the sample. The energy of these electrons indicates the element 

and the chemical substance from which they originated and the spectrum can be used 

for qualitative and quantitative chemical characterisation of the sample’s surface. The 

photoelectron peaks are analyzed by deconvolving them in terms of Lorentzian and 

Gaussian functions
133

. There the Gaussian distribution is the heavier part and 

Gaussian broadening originates from a number of experimental artifacts like the line 

shape of X-rays and intrinsic conditions like local chemical and structural 

inhomogeneities of the sample, thermal excitation processes and the instrumental 

response
133

. The Lorentzian distribution originates from the limited lifetime of the 

core hole state
133

.  At the end, the peak positions and their relative areas indicate the 

chemical stoichiometry of the probed surface. 

In UPS only photoelectrons originating from shell atomic states and valence 

bands can be extracted, however the energy of those can be measured with greater 

accuracy typically 0.1eV. UPS is regularly used to measure the absolute HOMO or 

work-function energy levels of materials. This is done by fitting straight lines to the 

onset and offset curves of the UPS spectra. The intersection of these lines with the flat 

background signal gives: Φ at the onset and Ekin-HOMO  at the offset.  The Ebind-HOMO 

can be then calculated from Equation 3.1.        
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In our experiments, photoelectron spectra were measured using a Kratos 

AXIS ULTRA with a mono-chromated Al kα X-ray source (1486.6eV) operated at 

15mA emission current and 10kV anode potential for XPS studies and a HeIium (21.2 

eV) source for UPS studies. Dr. Emily Smith from the University of Nottingham set 

up and operated the instrument. Samples were exposed to air for less than five 

minutes during loading on the instruments holder on which they were grounded via a 

copper clip making contact with the ITO substrates and the films. In situ argon 

etching was performed using a Kratos minibeam III ion gun with a stable emission at 

10mA. The settings for that were 4kV, in the main chamber pressure was 

approximately 3x10
-8

 Torr of argon gas and the sample was earthed during this 

procedure. Raster voltages were applied to scan the etching spot over the surface 

(slow setting). The etched area was approximately 5mm square at the settings used.  

The etch crater was not visible to the naked eye.  

XPS spectra were calibrated using the C peaks. Then following the 

methodology of the Sargent group the photoelectron peaks were analysed by de-

convolving them in Lorentzian/Gaussian products with the Lorentzian part being 

<20%
125

. UPS spectra were analysed as described above and in agreement with the 

methodology reported by Dissanayake et al
71

. 

 

3.4.4 STEM and Optical absoprtion   

TEM samples were prepared by immersing a copper grid in a low 

concentration NC/toluene suspension for 5sec. TEM was performed by Dr. Rebecca 

Nicholls on a 3000F JEOL transmission electron microscope equipped with a 
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Fischione  high angle annular dark field (HAADF) detector.  The inner  semi-angle of 

the HAADF detector was 67 mrad. 

The optical absorption spectrum of the NC films was measured using a 

Varian Cary 5000 UV-visible-NIR spectrometer.  

 

 

3.5  Results and Discussion  

 

3.5.1 XPS 

i) As prepared films 

XPS spectra of all as prepared samples show they composed of lead, 

sulphur, oxygen and C as expected. The Pb4f double peaks, the S2s double peaks and 

the O1s photoelectron peaks were measured with high spectral resolution to compare 

the chemical states of the above elements in each sample.  

Each of the Pb4f peaks, shown if Figure 3.4, is deconvolved into three sub peaks from 

three different chemical states as expected according to Konstantatos et al
120

: a peak 

at 137.8 eV from PbS, a peak at 138.4 eV from PbSO3 and PbSO4 and a peak at 139.1 

eV from lead oleate (Pb-oleic acid complex). The Pb4f spectra of all but one of the 

samples are dominated by the PbS peaks, as they are more intense. They are followed 

by the oxide states peaks and then the oleate peaks. The only exception comes from 

the thermally annealed film. For this, the above relative intensity rule appears 

reversed with the lead oleate phase dominating the surface, followed by sulphate 

phase and PbS. All relative peak intensities for all six samples are presented in Table 
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3.1. From Table 3.1 it can be seen that the surface chemistry of the nanocrystals 

depends on their processing. 
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Figure 3.4 Pb4f spectra of as prepared NC films indicated in legends. Each 

spectrum has been deconvolved considering Pb4f7/2 peaks from PbS at 137.8 eV, 

from PbSO3 and PbSO4 at 138.4 eV, and from Pb-carboxylate at 139.1 eV, and 

the respective Pbf5/2 peaks. 

 

Solution based ligand exchange of oleic acid with butylamine results in a 

decrease of lead oleate on the surface of the nanocrystals compared to those made 

with oleic acid. This result agrees with previous FTIR results
134

. The process also 
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causes a small decrease of the sulphate state on the surface of the nanoparticles. 

Similar sulphate reduction is observed for the solid based ligand exchanged 

nanoparticles. In this case though, both sulphate and lead oleate are reduced less 

compared to sample solution based ligand exchanged nanoparticles. When the 

solution exchanged nanoparticles are precipitated in methanol, the sulphate state peak 

increases compared to PbS, verifying that methanol treatment oxidises the surface of 

the nanoparticles. Heat treatment of the nanoparticles at 300
o
C completely alters the 

“seen” film surface. Annealing at 300
o
C is expected to remove oleic acid which boils 

at 360
o
C, and is not expected to result in evaporation of the much heavier lead 

compounds like Pb-oleate and PbO e.g. the last evaporates at ~1000
o
C

135
. Thus the 

process used is known for removing oleic acid from the surface of the films 

decreasing the interparticle spacing and thus improving the film’s electric 

conductivity
71, 129

. Our results however add to this picture indicating that lead oleate 

complexes are removed from the surface. Thermally induced detachment of the oleic 

acid ligands is accompanied by etching of the nanocrystal inorganic surface. 

Dissanayake et al. had reported that the main effect of heat treatment was from the 

formation of PbO
71

. In their analysis however they neither consider sulphate and lead 

oleate phases nor made a distinction between the latter and PbO.  

Table 3.1 

Atomic ratios relative to Pb in PbS from the Pb4f spectrum of each sample 

extrapolated from the Pb4f, S3p and O1S high resolution spectra 
 Pb4f S2p O1s 

Sample PbS Oxides Pb-

oleate 

Pb PbS polysulphide S PbSO3 PbSO4 PbO Hydroxyl. 

O 

B-solut small 1 0.32 0.09 n/a 0.85 0.13 n/a 0.96 0.39 0.04  

B-solid small 1 0.60 0.15 n/a 0.93 0.17 n/a 1.20 0.43 0.13 0.06 

B-solid large 1 0.5 0.14 n/a 1.06 0.14 n/a 0.89 0.11 0.02 0.08 
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Oxidised small 1 0.63 0.21 n/a 1.03 0.18 n/a 1.34 0.22 0.13 0.06 

Annealed small 1 1.41 10.01 n/a n/a n/a n/a 26.56 1.16 1.78 2.99 

OA small 1 0.68 0.23 n/a n/a n/a n/a 1.65 0.25 0.12 0.18 

Etched B- solid 

small 

1 n/a 0.12 0.82 0.54 n/a 0.35 n/a n/a n/a n/a 
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Figure 3.5 O1s spectra of as prepared NC films indicated in legends. Each 

spectrum has been de-convolved considering peaks from PbO at 529.3 eV, from 

PbSO3 at 530.8, PbSO4 at 531.8 eV, and from hydroxylated O at 533.3 eV. 
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The oxide states on the surface of the films are difficult to resolve from the 

Pb4f peaks. To do so we examine the O1s spectra which are shown in Figure 3.5. 

These spectra were analysed similarly to Klem et al.
125

  by considering four different 

compounds: PbO, PSO3, PbSO4 and hydroxylated O from the oleic acid, each with 

characteristic O1s peaks at 529.3
136

, 530.8
125

, 531.8
136

 and 533.3eV
137

 respectively. 

The spectra shows that PbSO3 is the main oxygen containing compound. It is 

interesting that both butylamine treated small nanocrystal films have increased PbSO4 

relatively to PbSO3, an effect which has also being observed on OA capped PbS 

nanoparticles treated with ethanedithiol
125

. Since both Pb4f and O1s analysis show that 

the total oxide species concentrations for butylamine treated samples compared to the 

OA-capped particles have been decreased, we attribute the increase of  PbSO4 relative 

PbSO3 to further oxidation of the PbSO3 states upon the films’ brief exposure to air 

prior to insertion into the instrument’s vacuum chamber. Oleic acid is known to 

inhibit oxidation of PbS nanoparticle’s surface from air and moisture
138

. All treated 

films have less OA and thus they are more vulnerable to oxidation. Finally the 

quantitative analysis shown in Table 3.1 verifies that methanol treatment of the 

nanocrystals results in an increase of oxide concentration on their surface. We note 

that in the annealed sample O atomic concentration relative to Pb in PbS is 25 times 

higher compared to the other samples, attributed to oxidation of the surface upon 

thermal decomposition of oleic acid. We also note the increase of the hydroxylated 

O1s peak for the annealed nanocrystals compared to the rest samples. This confirms 

that heat treatment resulted in the accumulation of carboxylic groups on the surface of 

the film. 
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 It was unexpected that butylamine treatment would promote transformation 

of PbO and PbSO3 to PbSO4 while successive methanol would counter the effect. 

However, these results are verified by analysis of the S peaks. The S spectra were 

analysed considering possible presence of PbS, polysulphide species, PbSO3 and 

PbSO4 with peaks at 160.9, 164, 165.7, 168eV respectively 
125

. Each of these was 

followed by its satellite at 1.2 eV separation and each pair had an area ratio close to 

2:1. The quantitative data on S in PbS gives a 1:1 ratio between Pb and S in PbS 

which strongly supports the validity of the quantitative analysis. Figure 3.6 compares 

the S spectra for butyl-solid treated nanocrystals and annealed nanocrystals. Both 

have significant PbSO3 components; however the first have a much stronger PbSO4 

signal compared to the second. Finally, we note that the OA capped nanoparticles and 

annealed nanoparticles have a relatively weak S signal, an effect attributed to the 

strong organic contamination of both materials’ surfaces. The surfaces’ organic 

contamination and surface oxidation triggered us to clean film’s surfaces in-situ using 

argon sputtering. 
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Figure 3.6 S2p spectra of as prepared NC films indicated in legends. Each spectra 

has been deconvoluted considering S2p3/2 peaks from PbS at 160.9 eV, from 

polysulphides at 163 eV, from PbSO3 at 165.7 eV, PbSO4 at 168 eV. Each peak is 

followed by the respective S2p peak separated by 1.2eV. 
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Figure 3.7 a and b)  Pb4f spectra of two etched samples showing creation of 

elemental Pb on the surface identified by a Pb4f7/2 peak at 136.8 eV. Peaks at 

137.8 and 139.1 correspond to Pb-carboxylate. c) S2p spectrum of an etched 

sample showing creation of elemental sulphur identified by a S2p3/2 peak at 163.2 

and its doublet. The other doublets correspond to PbS, PbSO3 and PbSO4. d) O1s 

spectrum of an Ar etched sample showing a weak O1s peak.  

 

 

ii) Etched films 

The surface chemistry of all films after etching by Ar ions changed 

drastically, specifically oxygen contamination was almost eradicated, the nanocrystals 

were etched and carbon contamination reduced. Oxygen removal from the films is 

evident from the very weak, almost disappeared O1s peak. From this we conclude that 

the oxygen content of the surface is insignificant for etched samples. In the same line, 

sulphate and lead-oleate components are absent from all Pb4f spectra of all etched 

samples. These are now composed of elemental Pb, PbS, and lead-oleate peaks. For 
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all but the large nanocrystal samples the elemental Pb component is ~0.8 times the 

PbS component.  The S2p spectra of all samples are weak. This is attributed to the high 

energy expansion of the Pb peaks neighbouring with the S2p and not to disappearance.  

The S peaks seen in the general spectra get stronger after etching. Back to the S2p 

spectra, these show a presence of PbS, polysulphide and not surprisingly elemental 

sulphur. The PbSO3 and PbSO4 peaks are very weak as shown in Figure 3.7. 

All the above data point to the conclusion that argon ions etched the 

inorganic surface of the films, destroying the organometallic and inorganic oxide 

species. Also the atomic concentration of elemental lead leaves no doubt that argon 

also etched part of the PbS core of the top surface nanocrystals. This is discussed in 

greater detail below following the UPS results. 

 

3.5.2 UPS 

Ultraviolet photoelectron spectroscopy was used to study how the HOMO-

level of the nanocrystals changes as a function of the particles’ organic passivation 

and the changes in the quantum confinement. The absorption spectra from the films is 

shown in Figure 3.8.a. It shows that OA-capped and Butylamine-solid capped 

nanocrystals retain a distinct first excitonic transition indicating that the nanoparticles 

are monodisperse in size and well separated retaining their individual band structure. 

Butylamine capped nanoparticles with ligand exchange done in solution lose their 

excitonic peak. This originates from aggregation of the nanoparticles in solution due 

to the short length of butylamine. As the Sargent group has shown before, the 

nanoparticles self-assemble across 1 dimension forming chains
96

. We have verified 

their observation, the STEM micrograph in Figure 3.8.d shows this linear self 
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assembly of the nanoparticles in contrast to the well dispersed OA capped 

nanocrystals shown in Figure 3.8.c. The absorption onset shifts further to the red for 

the annealed film with simultaneous broadening of the excitonic peak. Again this 

means that necking of the nanoparticles takes place as the OA is carbonylized and/or 

removed upon annealing. The methanol-processed butylamine capped nanoparticles 

aggregate further. We expected that considering the mechanisms described in Figure 

3.2. Finally the 6nm nanoparticles have a large size distribution and their absorption 

onset extends further than the rest of the samples. We expected the ionisation 

potential of the films to shift to lower values as their absorption onset is red shifted as 

shown in Figure 3.8.a. 
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Figure 3.8 a) Absorption spectra of nanocrystal films on ITO/glass b) 

Photograph of films loaded on the XPS-UPS holder. The films are grounded with 

copper clips c) STEM micrograph of OA-small nanocrystals d) STEM 

micrograph of butyl-solution small nanocrystals. The nanocrystals self assemble 

forming linear structures. 
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The HOMO-level of the films was calculated by measuring the kinetic 

energy onset and offset of the photoelectrons emitted upon UV illumination using the 

two line method
71

. The onset corresponds to the instrument photomultiplier work 

function and the second to the kinetic energy of the photoelectrons emitted from the 

material’s lowest HOMO level. The UPS spectra for the as prepared butyl-solid and 

the annealed films are shown in Figure 3.9.a. The onset regions are shown in Figure 

3.9.b. The onset kinetic energy is identical for all samples, meaning the work function 

of the detector was stable during the course of the study (6.5eV). Figure 3.9c shows 

the offsets for these two samples. The high slope components of the offsets close to 

y=0 are used to extrapolate the kinetic energy of the electrons originating from the 

HOMO levels of the films
71

. For the un-etched sample this component consists of data 

points with x=19-21ev and y<1000c/s, clearly forming straight lines (Figure 3.9.c) . 

For the etched samples the data points used correspond to the same energy range for 

which the intensity of the photoelectron spectra is much stronger, up to 

40000counts/s. For all samples data points beyond 21eV were not used because for all 

samples similar spectral features in this low count region were also observed in UPS 

spectra of blank ITO and considered not related to the nanocrystal film surface. For 

the two samples shown in Figure 3.9.c, the offsets are 20.6eV and 20.4eV ±0.1eV. 

Thus applying Equation 3.1 and knowing that the photon energy is 21.2eV the 

HOMO levels were calculated to be 5.9eV and 5.7eV ±0.1eV for the butyl-solid and 

annealed samples respectively. Similarly, the HOMO level of the 6nm Butyl-solid 

sample was found 5.3 ±0.1eV. 

From the absorption spectra we calculate that the energy of the first 

excitonic transition of the butyl-solid nanoparticles is 1.4eV. Dissanayake et al. 

reported that the ionisation potential of nanocrystals with bandgap (Eg) of 1eV results 
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in a HOMO level of 5.7eV 
71

.  The 0.4eV Eg difference between the exciton energies 

in our nanocrystals and those of Dissanayake et al
71

 should be shared equally on the 

HOMO and LUMO shifts of the nanoparticles according to a 4-band effective mass 

model for PbS nanocrystals 
103

. Thus the 0.2 eV difference between the two 

corresponding ionisation potentials is consistent with the theoretical model.  
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Figure 3.9 a) Two typical UPS spectra of two materials studied b) Magnified 

onset of the spectra shown in (a), and identification of the photodetector’s work-

function Φ=6.5 eV via the two line method c) Magnified offsets of the spectra 

shown in (a) and measurement of the kinetic energy of the HOMO level electrons 

via the two line method (further magnified in figure’s inset). d,e,f) The same as 

a,b,c for two etched samples and clean ITO. The energy step at Ekin~21eV, is 

considered an artefact because it is has been observed also in measurements 

from clean ITO surfaces and un-etched samples (inset of Figure 3.9.f) 
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The 0.2eV difference between the butyl-solid and annealed samples also 

follow the energy gap shift shown in the absorption spectra, considering that the 

annealed particles’ absorption onset goes beyond 1200nm. Excluding the oxidised 

sample, the remaining as-prepared materials measured HOMO energy levels are 

shown in Table 3.2 and follow the qualitative progression expected from the 

absorption spectra. The oxidised sample gives a 5.8 eV HOMO value which fits with 

the rest of the data considering the position of its excitonic peak but not of its 

absorption onset.  

 

Table 3.2 

HOMO levels of films calculated from UPS spectra. Experimental error is ±0.1 

eV. 

Sample As prepared (eV) Ar- etched (eV) 

Butyl-solut. 3nm n/a 6.5 

Butyl-solid 3nm 5.9  6.5 

Butyl-solid 6nm 5.3 6.1 

Oxidised 3nm 5.8 6.4 

Annealed 3nm 5.7 6.4 

OA- 3nm n/a 6.6 

 

Examples of the UPS spectra after etching are shown in Figures 3.9.d,e,f. for 

the Butyl-solid small and large nanoparticles. The intensity of the photoelectron 

spectra of the etched samples close to offset is stronger compared to the un-etched 

samples, and this can be explained considering that the Ar-etching removes organic-

inorganic contamination. In addition, spectral features beyond 21eV are more 

pronounced for the etched samples (Figure 3.9.f. and its inset). These features are also 
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observed in the UPS spectrum of ITO (Figures 3.9.d,f). This may mean that the 

etching process reveals ITO surface on the samples, or that the features are generally 

an artefact on the measurement. A definite explanation for the features beyond 21eV 

can not be deduced from the available data, and if we would take them into account 

the HOMO level of all samples, etched and un-etched, would be >7eV which seems 

very unrealistic. In any case because of their “step” shape and their relative low 

count/sec values we are able to easily distinguish them from the rest of the data points 

and excluding them offers good quality straight line fittings with ±0.1nm uncertainty 

on the calculated HOMO levels. All the argon etched films have a much higher 

ionisation potential as shown in Table 3.2 compared to the ones before etching. These 

values are beyond theoretical expectations considering the ex-situ optical and 

morphological data. Possible answers should be related to the effects of etching which 

we examined with the XPS: we showed that argon ions etched almost entirely the 

oxide species on the film’s surfaces and also etched part of the PbS phase. If true, the 

second explains the high electron affinities seen in UPS because etching of the 

nanoparticles mean a decrease in their size and thus blue shift of their energy gaps and 

electron affinities. The etching induced shift of the nanoparticles’ electron affinities 

we report can be used in optoelectronic applications, like in the creation of quantum 

well structures. 

 The progression of the measured ionisation potential for all samples follows 

the morphological changes of the nanoparticles indicated by the absorption spectra. 

More importantly these results show that ultraviolet photoelectron spectroscopy can 

be used to study quantum confinement of PbS nanoparticles, and detect changes 

created by the organic molecules passivating the surface of the nanoparticles. The 
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0.6eV difference between the Butyl-solid-3nm and the Butyl-solid-6nm particles also 

demonstrates that size-related shift of the HOMO levels can be studied. 

 

 

3.6 Conclusions 

 

 In conclusion, we performed detail investigation of the surface chemistry 

and the HOMO-levels of PbS nanoparticles. We showed how these depend on various 

physical and chemical treatments of nanocrystals. The main findings regarding the 

nanocrystal chemistry are the following: thermal treatment results in accumulation of 

lead-oleate on the surface of the nanocrystals. It also results in heavy oxidation of the 

nanocrystals. Thus thermal treatment is not recommended for applications because it 

creates a “dirty” film surface and also oxidation is generally considered bad as oxide 

states act as charge traps. Butylamine treatment results in a small reduction of oxide 

species relative to as-grown OA capped nanocrystals. It also promotes formation of 

PbSO4 relative to PbSO3. The latter is not desirable as PbSO4 acts as a deeper trap 

state with a longer lifetime compared to PbSO3
120, 125

. Methanol treatment results in 

further increase of the oxide states, mostly PbO. However, it promotes the formation 

of PbSO3 which is good for optoelectronic applications
125

. It also results in the 

removal of oleic acid and aggregation of nanocrystals if following a butylamine 

treatment.  

It was also demonstrated how UPS can be used to detect changes on the 

ionisation potential of PbS nanocrystals as a function of nanocrystal processing. We 

showed that solid-based ligand exchange alters little the quantum confinement 

compared to that observed after solution-based ligand exchange. We also showed that 
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the measured HOMO level dropped from 5.7 to 5.3eV when the film’s absorption 

onset changed from 1.3 eV (950 nm) to 0.6 eV (2000 nm). This may explain the range 

of HOMO values for PbS nanocrystals in the literature. It also indicates that the 

electronic structure of a nanocrystal film will be highly inhomogeneous if the film is 

made with nanocrystals of broad size distribution. Finally, etching of the films with 

Ar atoms may clean the nanocrystal surface from oxides but it also cause a huge 

increase of the surface’s work function due to etching of the nanocrystals. This means 

that Ar etching creates a potential barrier at the surface of the nanocrystal films. 
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4 PbS nanocrystal films- Schottky type solar cells 
 

 

4.1 Synopsis 

 

This chapter examines the utilisation of PbS nanocrystal films, fabricated via 

a dip coating method, in photovoltaic Schottky junctions. After a brief introduction to 

the Schottky junction formation mechanism the chapter focuses on the optimisation of 

the dip-coating fabrication method and understanding of the photovoltaic properties of 

the junctions as a function of fabrication parameters and device aging. Current-

voltage and external quantum efficiency measurements are compared with the 

literature aiming to secure an experimental background for the further advancement of 

these solar cells following in Chapter 5.          

 

 

4.2 Motivation 

 

Lead chalcogenide nanocrystal/ metal Schottky junctions have been 

intensively developed over the last 3 years and present some of the highest 

photovoltaic efficiencies (3.1%)
139

 among all types of nanocrystal-based solar cells
72, 

74, 124
. In addition, compared to all plastic and hybrid (organic/inorganic) solar cells, 

all- inorganic PbSxSe1-x (x=0-1) nanocrystal Schottky cells present the highest power 

conversion efficiencies of infrared light: 4.2% and 2.4% at 1 micron and 1.5micron 

wavelengths respectively for PbS cells compared to 0.9% and 4*10
-4

% respectively 

for other the other types of organic and organic/inorganic cells
124

.  
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The above result is particularly impressive considering that the nanocrystal 

films used in the Schottky devices are ~200nm thick and absorb only 10-60% of the 

incident light depending on wavelength
124

. The good power conversion efficiencies of 

these devices originate from their high external quantum efficiencies (up to 90%) as 

opposed to the observed Voc (typically <0.4V) and FF (below 50%) which are lower 

than most competing cell architectures
124

. Recent reports also indicate realisation of 

multiple exciton generation in working devices
30

. It is believed that the external 

quantum efficiencies of these devices originate from their high electron and hole 

mobilities (~10
-3

 cm
2
 V

-1
 s

-1
)

123
 and carrier diffusion lengths (100-400nm)

73, 123
 which 

allow sufficient extraction of both majority and minority carriers from the film and 

more specifically from the depletion region of the Schottky barrier which typically is 

150nm
73, 123

 wide when using Al as the top electrode. 

Most of the above literature data and technological advancements refer to 

thiol passivated PbS nanocrystal films and are a great improvement over initial 

experiments with amine passivated films ( Voc<0.3V, PCEIR <1%, μ=10
-5

 cm
2
 V

-1
 s

-

1
)

140, 141
. It is believed that thiols improve the electronic properties by reducing oxide 

species, particularly PbSO4, which as deep surface trap states on the surface of 

nanocrystals
120, 130, 141

. Up to August 2009, the are two leading research groups in the 

field following different methods on fabricating their films. The Sargent group 

fabricates amine capped PbS nanoparticle films via spin-casting method then replaces 

amines with thiols during a solid state ligand exchange
123

, while the Nozik group 

focuses on PbSe nanocrystal film fabrication using a layer-by-layer dip coating 

method which is also based on a solid state exchange of oleic acid with thiols
129

. We 

decided to focus on the second method for making PbS nanocrystal films for solar 

cells considering it to be open to optimization for the case of PbS, compatible with 
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our desire to work on multijunction cells examined in Chapter 5, and finally more 

attractive for potential future scaled-up applications in industry.  

 

4.2.1 Nanocrystal/metal Schottky junction 

When a p-type semiconductor of valence and conduction bands Ev and Ec 

and work function wp=EFp comes into contact with a metal of work function 

wm=EFm<EFp the Fermi levels of the two materials EFp and EFm line up as a condition 

for the establishment of thermal equilibrium
4, 142

. This corresponds to bending of the 

vacuum level Evac at the materials’ interface and is achieved by flow of electrons from 

the metal to the semiconductor so as to bend Ev and Ec at the interface where the 

semiconductor and metal become negatively and positively charged respectively. This 

creates an electrostatic field capable of separating electrons and holes with the 

electrons travelling to the metal contact and the holes away of it.   

 

 

Figure 4.1 Schottky barrier between a p-type PbS film and the top Al electrode 

in a ITO/PbS/Al solar cell 
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Assuming an ideal interface with no trap states, the built-in electrostatic 

potential energy step θbi fielding the device will be equal to the total change (wm-wp) 

of Evac between the two sides of the interface and the electrostatic field F at the 

interface will be )(/1 Evacq  . The potential difference Vbi= θbi/q is shared between 

both sides of the interface according to Poisson’s equation: )()( xqF
dx

d
s    where x 

is the distance from the interface, εs is the local dielectric permittivity and ρ the local 

charge density
4
. Because the metal can generate a very large charge density at the 

interface virtually all the potential difference drops at the semiconductor. The 

semiconductor region required for this is called the depletion region and is net 

negatively charged for the case discussed here. The Ev and Ec in this region are 

changed parallel to Evac so the energy gap Eg and electron affinity χp of the 

semiconductor are invariant. The length l of the depletion region is given by the 

relationship
75

: 

qN

V
l bio )(
  

where ε is the static dielectric constant of the nanocrystal, εo is the dielectric 

permittivity of vacuum, V is the applied bias and N is the free carrier density in the 

nanocrystal film. Using temperature dependent capacitance-voltage and current- 

voltage measurements the values of the above have been measured for PbS 

nanocrystal films with good photovoltaic efficiency (>1%) and are: N≈10
16

cm
-3

, 

ε≈17, θbi≈ 0.3eV and l=150nm
72, 73

. We note that for PbS nanocrystal films the 

experimentally measured θbi is up to 0.6V smaller than the theoretical prediction wm-

wp due to interfacial charge traps Etrap and an insulating interfacial layer which can be 

attributed to oxidation, surfactants and nanocrystal surface states
72

.  
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The small open circuit voltages and fill factors, <0.44Volts and <0.48 

respectively for the best reported PbS devices
123, 139

, limit the power conversion 

efficiency of the nanocrystal Schottky solar cells. Another limiting factor is that in 

Schottky type junctions Voc can not be more than Eg/2
4, 75

. A third drawback is that in 

ITO/PbS/Al solar cells the largest electric field and therefore most efficient exciton 

dissociation occurs at the back Al contact, whereas most excitons are generated by the 

ITO contact through which the light enters the device. Thus holes created at the 

PbS/Al interface may recombine with electrons travelling from the back to the front 

contact
124

. A consequence of the above is that for layers above 200nm thick the 

interplay between light absorption and carrier recombination turns in favour of the 

latter and that decreases the power conversion efficiency of the cell
124

. However, 

200nm thick PbS films may absorb small portions of incident IR light,  e.g. ~ 41% 

and 14% for 950nm and 1550nm light respectively, and this limits the cell’s 

photocurrent despite huge internal quantum efficiencies of up to 90%
74, 124

. 

There are two methods reported for fabricating PbS films for Schottky type-

photovoltaics: spin coating and dip coating. The first is faster but often results in films 

with cracks and rough surfaces. Cracks may cause short circuiting in the solar cell and 

this is tackled by applying two spin casting steps with the second intended to cover 

cracks and pinholes created during the first step
123

. We have tried making cells with 

spin casting but always found that the cells formed short circuits and the results are 

not presented. However, we were able to fabricate working solar cells using a recently 

reported dip coating method
126

. 
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4.2.2 The Dip coating method  

A layer-by-layer dip coating method for the fabrication of high quality 

semiconducting nanocrystal films has been recently reported for the case of PbS, 

PbSe and CdSe nanoparticles
126

. It is based on the deposition of monolayers of oleic 

acid capped nanoparticles on a flat substrate via dipping the latter in dillute 

hexane/nanocrystal suspensions (0.005g/ml) followed by a ligand exchange process of 

the long and non-polar oleic acid with a shorter polar ligand like ethylenedithiol 

(EDT) by dipping the substrate in an EDT/acetonitrile solution (0.01M EDT). EDT 

may replace oleic acid via the mechanisms discussed in 3.3 of Chapter 3. The ligand 

exchange process is schematically described in Figure 4.2. The ligand exchange step 

reduces the inter-particle spacing in the film making it semiconducting, and 

transforms the surface of the nanoparticles from non-polar to polar making them 

insoluble in hexane. This last effect allows deposition of successive layers up to the 

desired film thickness. 
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Figure 4.2 Schematic description of the dip-coating method for fabrication of 

PbS nanocrystals films, and PbS film thickness Dektak measurements on devices 

of various PbS thicknesses made by changing the number of the dip cotating 

cycles.    
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The advantages of this method are: a) the ligand exchange occurs on 

nanoparticles immobilised on the film and thus it is not accompanied by uncontrolled 

aggregation of nanoparticles
96

 as in the case of solution based ligand exchange 

methods examined in Chapter 3, b) the method offers fine control over film thickness 

c) it is easily scalable d) EDT molecules are believed to passivate some surface 

charge-trap states improving the film’s carrier mobilities
123

 and photovoltaic 

performance. A disadvantage of the method is that is slow compared to spin casting. 

 

 

4.3 Experimental Methods 

   

4.3.1 PbS nanocrystal synthesis/processing 

PbS nanocrystals with an excitonic peak at 780nm were synthesized as 

described in 3.4.1 with the following modification: 380μl of TMS was used. 

Compared to 3.4.1 a slightly different post-synthesis step was followed as this is 

described in the literature on PbS Schottky cells
75, 123

: the nanocrystals were 

precipitated from the reaction s olution adding a 1:1 volume ratio mixture of ethyl 

acetate and methanol followed by centrifugation at 4000 rpm for 10 minutes, removal 

of the supernatant and re-dispersion of the nanocrystals in hexane. The above cleaning 

step was repeated twice to ensure adequate cleaning of the nanocrystals. 

PbS nanocrystals with an excitonic peak at 920nm were made using the 

same synthesis and post synthesis methods with the following variations: the 

synthesis reaction was conducted at 140
o
C using 420μl of TMS. 
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4.3.2 Device fabrication 

We fabricated devices composed of glass/ITO/PbS films/Al with the 

geometry, glass/ITO substrate preparation and Al thermal-vapour deposition as 

described in 2.4.7 and Figure 2.3.  

Thin films of PbS nanocrystals were fabricated via the dip-coating method 

described elsewhere
2
 using 0.007g/ml nanocrystal/hexane solutions and a second 

0.01M ethyldithiol in acetonitrile solution. For deposition of a ~6nm monolayer, 

etched ITO/glass substrate was vertically dipped by hand (holding the substrate from 

its corners) in the NC solution, then slowly (~0.3cm/sec) retracted from the solution 

and left to dry for 20sec. The film was subsequently dipped quickly in to the EDT 

solution for 3sec then retracted quickly (~1cm/sec) and left to dry for 30sec more. The 

above process was repeated to increase the film thickness. On each repeat the device 

was rotated by 90 degrees. Film thickness was measurements using a Dektak 

Profilometer as shown in Figure 4.2 for 3 devices of 140nm, 200nm and 300nm PbS 

thicknesses.  

 

4.3.3 Device Testing and Repeatability 

Device I-V testing at dark and 80mW/cm
2
 AM.1.5 illumination was 

conducted as described in 2.4.8.     Each of the I-V results reported was verified for at 

least three working devices in total from two different substrates. Results from fully 

optimised 200nm PbS film devices reported in 4.4.2 originate from measurements on 

six devices from two different substrates.       
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For spectral response measurements (EQE Vs wavelength) a Keithley 

64585 picoammeter was used to record the photocurrent of the devices at short circuit 

conditions under different wavelengths. Monochromatic illumination in the 400nm-

1800nm optical range was provided by a Newport 50W Quartz Tungsten Halogen 

(model 101-70527) coupled to a Cornerstone™ 130 1/8m motorized monochromator. 

Each of a 400nm, a 650nm and a 1000nm long-pass optical filter was placed in front 

of the monochromator’s exit port during measurements at each of the 400-680nm, 

680-1100nm, 1100-1800nm optical ranges respectively.  Light was focused, over 

illuminating the device pixels using a set of collimating lenses. Illumination spot-to-

device area mismatch was considered when calculating EQE. Light intensity was 

measured using two calibrated Newport diode photodetectors: a Si detector for 

400nm-1100nm optical range and a Ge detector for the 1100-1800nm range. To 

calculate Isc from the EQE measurements, we used the AM1.5 1 sun standard data 

provided in Renewable Research Data Centre of NREL laboratories website
3
 

considering light intensity mismatch for 80mW/cm
2 

 

4.3.4 Optical absorption 

Optical absorption measurements of nanocrystal/hexane solutions and thin 

films were conducted using a Varian Cary 5000 UV-visible-NIR spectrometer using 

quartz cuvettes for the solutions and ITO/glass substrates for films. All nanocrystal 

spectra were referenced against blank samples located at the reference port of the 

instrument. 
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4.4 Results and Discussion 

 

4.4.1 The effect of EDT and optimization 

We started fabrication of solar cells using 0.4M EDT in acetonitrile solution. 

The purpose of this was to investigate whether high concentrations of EDT, compared 

to the 0.01M concentration used by Luther et al, are beneficial for the optoelectronic 

properties of the PbS films. The I-V curves in the dark and under illumination of a 

200 ±20nm PbS film device with ITO and Al as electrodes are shown in Figure 4.3. It 

is obvious that the device exhibits no photovoltaic effect. Although the device is not 

short circuited and under applied bias behaves as a photoconductor, its I-V response is 

almost linear with little difference between forward and reverse bias. At this point we 

define forward bias as the application of a positive voltage at the ITO electrode in 

agreement with previous reports and will use this definition for the remainder of the 

Chapter.  

The lack of observed rectifying behaviour implies the absence of a 

significant Schottky barrier at the nanocrystal/Al interface. We considered three 

possible reasons  causing that: 1) necking of the nanocrystals during the ligand-

exchange process and subsequent loss of quantum confinement and reduction of the 

film’s Eg 2) presence of interface trap states attributed to surfactant molecules and/or 

charge trap states on the nanocrystals’ inorganic surface 3) insufficient p-type doping 

of the nanocrystals. 

All three of the above mechanisms can be the result of high EDT coverage 

of the nanoparticles: EDT is a small molecule and replacement of oleic acid with EDT 

is generally accompanied by a red-shift of the nanocrystals’ absorption onset and 

excitonic peak
126

, the ligand exchange process may leave lead oleate molecules on the 
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surface of the films and EDT reduces the majority (hole) carriers concentration in PbS 

nanocrystal films
123

. As an obvious next step, we fabricated films varying the duration 

time of dipping them in the 0.4M EDT solution. Figure 4.4.a shows the resulting dark 

I-V curves of the devices. Films dipped in EDT for 3sec have a much better rectifying 

behaviour compared to the 15sec ones, and surprisingly their conductivity at +1V 

bias, at which the Schottky barrier is expected to be eliminated, is higher than the one 

of the 15sec device despite the fact that in the second device less oleic acid molecules 

acting as insulators around the nanocrystals’ surface are expected to be present. This 

behaviour can be associated with cracks on the films: a) less EDT is believed to cause 

less cracks
123

 b) cracks act as short circuiting spots and inhibit diode behaviour.       
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Figure 4.3 Current-voltage measurements of a 200 ±20nm PbS device at dark 

and under 80mW/cm
2
 AM.1.5 illumination. Device was fabricated using 0.4M 

EDT solution 

 

A quick way of comparing the diode behaviour of the devices is looking at 

their I1V/I -1V ratios. That is because a Schottky type-cell follows the simple diode 

equation: 

)1(  nkT

Vq

o eII  
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Where I the current under an applied bias V, Io the leakage current, q the elementary 

charge, k is Boltzmann’s constant, T the temperature and n is the diode’s ideality 

factor with minimum n=1 for ideal diodes. From this equation we derive that: 

nkT

q

V

V e
I

I
2

1

1 


 

where we have used the fact that at 300K, kT << 1 eV. Thus in the simplest model 

that the devices follow this equation in the voltage range -1V to 1V, the highest the 

absolute value of the I1V/I -1V ratio is, the smallest the ideality factor of the diode. Thus 

Figure 4.4.b shows that the less EDT is used for fabricating the device’s the better 

their diode-like behaviour is. 
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Figure 4.4 a) I-V and b) I1V/I-1V for 200nm thick devices made with varying 

dipping time in 0.4M EDT. Points represent average values and bars’ limits the 

minimum and maximum measured values. 

 

To further understand whether the improvement in diode behaviour is 

associated with the amount of oleic acid bonded on the nanocrystals after EDT 

treatment, we compared a device with a second one for which an additional treatment 

in a 0.01M pyridine in acetonitrile solution was used during film fabrication. Pyridine 

is an aromatic amine which readily dissolves oleic acid and lead oleate, is a non-

solvent for PbS nanocrystals and compared to EDT should have a lower affinity to 
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PbS nanocrystal surface, as has been reported for PbSe
126, 129

. In addition amines do 

not reduce oxide species from the surface of PbS nanocrystal films as EDT does
120, 125, 

141
. Thus after the EDT step, which results in ~100% removal of oleic acid

126
, 

pyridine’s main effect on the films is expected to be removal of the small amount of 

remaining oleic acid. The EDT and EDT + pyridine treated films’ photoresponse 

curves are shown in Figure 4.5. The pyridine step caused a symmetric I-V response 

from the film. This result supports the idea that strong dependence of the films’ diode 

behaviour to EDT treatment is mainly associated with the amount of oleic acid 

removed from the nanocrystals and not the changes on the nanocrystals’ inorganic 

surface.   
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Figure 4.5 I-V response in the dark showing the effect of additional treatment of 

devices with pyridine  

 

 

The amount of EDT replacing oleic acid controls the interparticle distance 

and the electronic coupling between the nanocrystals. We sought to investigate this by 

optical absorption spectroscopy. Figure 4.6.a shows the absorption spectrum of two 

nanocrystal sample solutions in hexane- one with a first exciton peak at 780nm and 

the other at 920nm. Figure 4.6.b shows the absorption of nanocrystal films fabricated 
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by 3 dipping cycles of the EDT dip coating method with two different EDT 

concentrations using the 780nm nanocrystals. In agreement with previous reports, this 

figure shows that the nanocrystals’ excitonic peak is red shifted and strongly 

broadened in films because of electronic coupling between the nanocrystals. 

Nevertheless, the absorption spectra of the two films are identical which indicates that 

using 0.4M EDT does not alter the energy gap of the nanocrystals more than when 

using 0.03M EDT. Thus, the difference in the diode behaviour of films made with 

different EDT concentrations shown in Figure 4.7 is not related to any change of the 

electronic coupling of the nanocrystals in the films. 
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Figure 4.6 a) Absorption spectra of two nanocrystal batches in hexane b) 

absorption spectra of PbS 780nm films prepared with different EDT solutions  

 

 

Figures 4.7.a and b show a dramatic improvement of the devices diode 

behaviour when using 0.01M EDT compared to 0.1M. It also shows improvement 

when changing the EDT dipping time from 7 to 3sec. Based on the above analysis we 

conclude that using more than 0.01M EDT for film fabrication yields devices with 

poor Schottky junctions. This is most likely associated to the amount of oleic acid 

removed from the nanocrystals. Since our data indicate that this phenomenon is not 
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connected to change in the film’s bandgap or the specific chemical changes known to 

be caused by EDT on the inorganic surface of PbS nanocrystals, we consider that is 

plausible this phenomenon be connected to the previously reported role of EDT (and 

amines) as an electron trap itself
123

. In this case, the functionality of the device will 

depend on the interplay between the positive roles of EDT as a short ligand and a 

reducing agent passivating PbSO4 electron trap surface states, and its negative role as 

an electron trap itself. This model can explain our observations.   
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Figure 4.7 a) I-V and b) I1V/I-1V for 200nm thick devices made with dipping for 

7sec (3sec for point marked with x) in different concentrations EDT/acetonitrile 

solutions. Points represent average values and bars’ limits the minimum and 

maximum measured values  

 

 

4.4.2 Optimizing Film thickness 

We get the best photovoltaic response when dipping the films in 0.01M 

EDT. This agrees with the works reported by the Nozik and Sargent group on both 

dip-coating and spin-coating methods
75, 123

. Figure 4.8 shows the I-V curves of 3 

devices fabricated with 0.01M EDT with three different nanocrystal film thicknesses: 

140 ±20nm, 200 ±20nm , 300 ±20nm. The best power conversion efficiency (PCE), 

0.31±0.01%, was obtained by the 200nm device, as compared to the 0.12±0.01%, 
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0.28±0.01% and for the 140nm and 300nm respectively. We explain the observed 

dependence of PCE, Isc and Voc considering the literature values of the Schottky 

depletion region width which is 150nm
72

, the electron diffusion length which is 

150nm
123

. These values determine that charge collection in the 200nm device benefits 

from both carriers photogenerated in Schottky region and carriers generated away 

from it drifting and diffusing to the electrodes before recombining
124

. When 

decreasing the film thickness to 140nm the Isc drops slightly mainly because the film 

is fully depleted and does not offer photogenerated carriers outside the depletion 

region. Voc also drops because the device is fully depleted. On the other side in the 

300nm device Isc drops significantly because the non-depleted film region is too thick 

and holes travelling from the back (Al) to the front (ITO) contacts recombine in that 

region
75, 124

. Voc should remain unchanged compared to the 200nm, however it is 

increased probably because various morphological defects causing shorts in the films 

become less important for thicker films.   
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Figure 4.8 a) I-V curves of varying thickness PbS solar cells under 80mW/cm
2
 

A.M. 1.5 illumination b) magnification of a close to the axis origin  
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4.4.3 The effect of nanocrystal size 

The experiments discussed so far were conducted using the 780nm 

nanocrystals. In our effort to improve the device characteristics we also used 

nanocrystals with an excitonic peak at 920nm as shown in Figure 4.6.a. As shown in 

Figure 4.9.a, the I-V curves the 920nm devices shows larger Isc and smaller Voc 

compared to the devices with the 780nm nanocrystals. The drop in Voc is attributed to 

the smaller bandgap of the 920nm nanocrystals which lowers the work function and 

hence lowers the Schottky barrier. The same has been well presented before for PbSe 

nanocrystals Schottky junctions
75

. The device parameters for the two sets of devices 

can be found in Table 5.1 of Chapter 5.  

The rise of Isc can be attributed to two effects. The first is the broader 

absorption spectrum of the 920nm nanocrystals which should result in a broader 

spectral photoresponse. This is verified by the measured external quantum efficiency 

(EQE) as a function of wavelength shown in Figure 4.9.b. This Figure also indicates 

that the excitonic photoconversion peak of the 920nm nanocrystals is sharper than the 

one of the 780nm nanocrystals. For the latter we discussed above that it is associated 

with similar broadening of the excitonic absorption peak because of the ligand 

exchange process and the small length of EDT. Previous experiments have shown that 

this effect is stronger for smaller nanocrystals
96

. By comparing Figures 4.6.a. and b. 

and Figure 4.9.b we can verify this.  

Broadening of the nanocrystals’ absorption spectrum upon film deposition 

means that the nanocrystals forming the film lose their nearly identical electronic 

structure which is defined by their narrow size distribution and is manifested by their 

sharp first excitonic peak when in solution. The electronic properties of the film, 

especially the carrier mobilities, are critically influenced by this and the subsequent 
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ability of electronic coupling between neighbouring nanoparticles. As discussed in 3.2 

the electronic coupling is enhanced when the nanoparticles have the same energy 

levels. So, when the size uniformity is disturbed this has a negative impact on the 

electrical properties of the nanocrystal film and this is a second reason why the 920nm 

film gives a higher Isc e.g. this is why the ~920nm peak in Figure 4.9 is not just better 

defined but also higher. 
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Figure 4.9 a) 80mW/cm

2
 AM.1.5 I-V curves of devices made with the 780 and 

920nm PbS nanocrystals b) external quantum efficiency measurements for the 

two devices c) Various types of solar irradiance d) Photocurrent density spectral 

response of the devices      

 

The validity of the EQE measurements was verified by using them to 

calculate Isc and compare this value with the directly measured one. To calculated this 

we used the 100mW/cm
2
 AM.1.5 global flux solar spectrum (Iopt/dλ) shown in Fig 

4.9.c provided by NREL laboratories website
3
. Then, from the EQE measurements 

shown in Fig 4.9.b, we calculated the photocurrent density flux Isc/dλ, as follows 
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Isc/dλ = 0.8*EQE*Iopt/dλ 

where the 0.8 factor accounts for the fact that our solar simulation I-V measurements 

were under 80mW/cm
2
 AM1.5 illumination. Results are shown in Fig 4.9.d. We then 

calculated Isc by integrating: 



1800

400

*
1




d
d

II scsc
. 

For the devices studied we also directly measured Isc under 80mW/cm
2
 

AM1.5. The calculated values of Isc were 4.35 and 6.49 mA/cm
2
 for the 780 and 930 

nm devices respectively, compared with the directly measured values of 4.37 and 6.59 

mA/cm
2
. The two sets of values were in good agreement. 

The characteristics of the optimised PbS devices, presented in Table 5.1 of Chapter 5, 

have both similarities and differences with similar PbS nanocrystal/ Al Schottky 

junctions reported in the literature. The short circuit currents are comparable with the 

10-14 mA/cm
2
 produced by the Nozik, Sargent and Alivisatos groups for devices 

utilising nanocrystals with excitonic peaks at >1400nm
75, 123, 139

. We used smaller 

nanocrystals but considering the observable dependence of Isc with nanocrystal size 

we expect that >10mA/cm
2
 photocurrents can be obtained when using larger 

nanocrystals. However, our open circuit voltages of 0.33 V are smaller than the 0.4-

0.44 V reported by the other groups. This difference may be associated with poor 

environmental conditions often observed in the glovebox used for the experiments 

during this study. Although precautions where taken to keep good water and oxygen 

free conditions while processing materials and devices, environmental conditions 

were often poor during time in between experiments when materials were stored in 

the glovebox. This certainly caused oxidation of the nanocrystals used and negatively 

affected the quality of the Schottky junctions in our devices.  
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4.4.4 Aging of solar cells 

As mentioned in the experimental methods the devices were loaded in an 

air-tight holder before being removed from the glovebox and tested. This procedure 

aimed at preventing oxidation of the nanocrystals and devices because oxide species 

on the surface of PbS nanocrystals act as deep electron traps
120

. The oxidation process 

however also depends on the ligands passivating the nanocrystals. Amine capped PbS 

nanocrystal devices have a 0.3-5 hour lifetime at ambient conditions
74, 86

. However, 

contrasting results have been reported when using thiols: the Sargent group has 

reported that when treating butylamine capped PbS and PbSe nanocrystals with small 

thiols their lifetime increase -from an hour to > 2months and this is associated with 

the specific oxide species induced by this process
36, 143

. On the other hand, the Nozik 

group has reported that PbS Schottky devices made like ours have very small 

lifetimes on ambient conditions, <5minutes
75

.  
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Figure 4.10 a) Time evolution of I-V from an illuminated Schottky junction 

device at ambient conditions b) magnified part of a. at the axis origin  

 

 

Our devices behave similarly to the ones of Nozik and this is shown Figure 

4.10. It is evident that the devices produced by the EDT dip coating method are very 
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sensitive to oxidation. This is a problem that has to be addressed in the future 

development of this fabrication method and the solution is likely to include an amine 

based ligand exchange step and oxygen treatment of the films prior to the Al 

deposition. 

 

4.5 Conclusions 

 

We have successfully reproduced a dip-coating method for the fabrication of 

all inorganic nanocrystal solar cells. The performance of the PbS nanocrystal/ Al 

Schottky junctions depends critically on the amount of EDT replacing oleic acid on 

the surface on the nanocrystals during device fabrication. Complementary to the 

relevant literature we have shown that overtreatment of the nanocrystal films with 

EDT yields poor Schottky junctions.  

The optimum film thickness for the solar cells is 200nm. The dependence of 

the device characteristics on the PbS film thickness agrees with the literature. The 

obtained photocurrents follow closely the relevant state of the art literature and 

originate from high the external quantum efficiency of the devices. The spectral 

photoresponse extends into the near-infrared spectrum and can be tuned by the 

nanocrystal size. The open circuit voltages of our devices are smaller than literature 

values, propably because of oxidation or other contamination in the glove box we 

used. However small values Voc are an intrinsic problem of this type of cells. This 

problem is addressed in Chapter 5. Finally the solar cells are highly unstable under 

ambient conditions. 
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5 PbS/SnS nanocrystal heterojunction photovoltaics 
 

 

5.1 Synopsis 

 

Chapter 5 examines a method for increasing the efficiency of Schottky-

junction PbS nanocrystals solar cells. It employs SnS nanocrystals between the lead 

nanocrystals and the transparent conductive electrode as schematically shown in 

Figure 5.1. The chapter starts with the motivation behind this work, followed by the 

presentation of the SnS nanocrystal synthesis and characterisation. Then, using 

different top electrodes and film thicknesses, we focus on the study of SnS:PbS 

bilayer solar cells. The results indicate that the two materials form a type-II 

heterojunction. The chapter continues with optimisation of the bilayer devices and 

systematic comparison between single and bilayer devices showing that bilayer 

devices are more efficient.  
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Figure 5.1 Schematic representation of a SnS-PbS nanocrystal bilayer device and 

thickness measurements (Dektak) of single 60 ±20nm SnS and 200 ±20nm PbS 

and bilayer 60nm SnS/200nm PbS films 
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5.2 Motivation 

 

Lead chalcogenide nanocrystal Schottky junction solar cells
73, 75, 124

 have 

achieved impressive short circuit currents >20mA cm
-2

 
75

. However the overall power 

conversion efficiency is limited by small open circuit voltages generated at the metal-

nanocrystal Schottky barrier as demonstrated in Chapter 4. This chapter examines a 

solution to this problem by employing a Tin Sulphide (SnS) – Lead Sulphide (PbS) 

nanocrystal heterojunction within the active layer of the cell. 

The Schottky barrier formed between low work function metals such as 

calcium or aluminium, and p-type lead chalcogenide nanocrystal films has been 

extensively studied
72, 75

. The barrier height for aluminium is between 0.1 and 0.3eV 

and depends on the nanocrystal material, size, surface chemistry and device 

processing conditions
74, 75

. Mild oxidation of PbS in the presence of thiols has been 

shown to improve the Voc of such devices to 0.43V
123, 144

, though it should be noted 

that thiol-passivated PbSe devices show contrasting results
36, 75

. These Voc values 

limit the power conversion efficiencies of PbS and PbSe Schottky-type cells to around 

1.8% despite having up to ~70% external quantum efficiencies at 500-550nm optical 

wavelengths (37% for 975nm IR)
36, 73

. One other limiting factor is that the Schottky 

barrier is formed at the back contact and creates a depletion width of only around 150 

nm
73

. This limits the optimum active layer thickness to 230 nm which is not sufficient 

for complete absorption of incident solar light
73

. Both problems could be solved by 

using a second nanomaterial to form a type-II heterojunction with PbS NCs. In the 

past organic materials like MEH-PPV
55

 and C60
71, 86

 have been shown to work to 

some extent with PbS. An alternate approach would be to use a second 

nanocrystalline semiconductor to form a nanocrystal bilayer
57

. 
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We have chosen SnS to form a good junction with PbS. SnS nanocrystals 

have two structural phases, namely zinc blende and orthorhombic
145

. The bulk 

orthorhombic SnS has a weak indirect band gap at ~1.1 eV
146

 and a strong direct band 

gap at ~1.43 eV
147

. The equivalent band gaps for zinc blende SnS are ~1.24eV and 

1.77eV respectively
145

. Therefore SnS is potentially photovoltaic in a wide 

wavelength range and is transparent the infrared spectrum where PbS is efficient. 

Thus studying and improving the optoelectronic properties of SnS nanocrystals in a 

photovoltaic SnS-PbS heterojunction could potentially improve the cell’s 

photoresponse across a wide wavelength range. Furthermore, SnS has some unique 

characteristics: i) it is non toxic  ii) both its constituents Sn and S are abundant and 

cheap iii) it has a large absorption coefficient 10
4
cm

-1 
near the fundamental absorption 

edge
148

 iv) SnS is regarded as an enviromentaly and chemically stable material, 

resistive to oxidation
149

. Thus any advantages made in the course of this study on SnS 

nanocrystals can be used in future studies of non-toxic cheap solar cells    

Bulk CdS/SnS/PbS multilayer solar cells with Voc = 0.32 V and Isc = 1.6 

mA/cm
2
 
150

 have been demonstrated before but little is known about the alignment of 

the energy bands in a SnS/PbS heterojunction. There have been studies of the 

electronic structure of SnS2
151

 but the electronic structure of SnS is not well 

understood; in particular quantum confinement effects, structural phase effects, 

absolute energy values of the ionization potential and the electron affinity referenced 

to zero vacuum energy. For the above reasons synthesis, characterisation and 

utilisation of SnS nanocrystals in photovoltaics is both interesting and useful. 

Furthermore, the dip coating method for film fabrication which was explored 

for PbS nanocrystals in Chapter 3 should be also applicable for colloidal SnS 

nanocrystals as a IV-VI semiconductor. Fabricating SnS-PbS nanocrystal bilayer 
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junctions via the dip coating method opens possibilities for fabricating more complex 

device architectures, such as alternating layers (e.g. SnS-PbS-SnS-PbS-…) and other 

multilayer structures necessary for tandem cell technology.  

 

5.3 Experimental Methods 

 

5.3.1 Synthesis of SnS nanocrystals 

In a 25ml vial furnished with a thermocouple and a magnetic stirrer, 

0.444g of SnCl2 dihydrate, 6ml of oleic acid and 5ml of octadecane were mixed for 40 

minutes under vigorous stirring, heating at 150
o
C and nitrogen flow. This allowed 

dehydration of the salt complex as was indicated by water bubbles coming off the 

solution. By the end of this step bubbling had stopped and the anhydrous salt was a 

fine powder attached to the sides of the vial. Then 2ml of oleylamine was injected in 

the solution completely dissolving the salt within 30 minutes. The temperature was set 

to the desired value, between 80
o
C and 170

o
C, and keeping O2 free conditions 200μl 

of TMS were injected in to the solution causing rapid nucleation of SnS nanocrystals, 

as manifested by a change of the solution’s colour from transparent to dark brown. 

Then, the reaction was instantly (<5sec) quenched by dipping the vial in an ice bath 

causing the temperature of the vial to drop below 40
o
C in less than 20 seconds. 

 

5.3.2 Post synthesis processing of SnS nanocrystals 

The product solution was transferred to a 50ml plastic centrifuge tube. SnS 

nanocrystals were precipitated from the reaction solution by adding 40ml of a 
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premade 3:1 volume ratio mixture of ethyl acetate and methanol followed by a 10 

minute centrifuge at 4000rpm. The supernatant solution was then removed and the 

brown precipitate was either re-dissolved in hexane for device fabrication or further 

cleaned using a 2:1 volume ratio mixture of Ethyl acetate and Acetonitrile (denoted as 

EAA). In this second cleaning step the EAA solution was added to the centrifuge vial 

dissolving residues of oleic acid and oleylamine still present to the wall of the vial and 

in the precipitate, without dissolving the SnS nanocrystals. To enhance this effect, 

after adding the EAA solution, the vial was gently shaken before removing all of the 

solution. This procedure was repeated 2 times before final drying and redispersion of 

the nanocrystals in hexane. All material processing took place in an oxygen free 

(<10ppm O2) dry (<4ppm H2O) glovebox. 

 

5.3.3 Synthesis and processing of PbS NCs 

 PbS nanocrystals with excitonic peaks at 780nm and 920nm were 

prepared and processed as dedcribed in 3.4.1 and 4.3.1. 

 

5.3.4 TEM, Optical Spectroscopy, XRD 

TEM samples were prepared by dipping lacy carbon films in light hexane/ 

nanocrystal solutions, then leaving them to dry for 1 minute. Low magnification TEM 

and HRTEM was performed using a 4000HR JEOL microscope equipped with a 

Gatan camera.  
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Optical absorption measurements of nanocrystal/hexane solutions were 

conducted using a Varian Cary 5000 UV-visible-NIR spectrometer using quartz 

cuvettes. 

XRD was conducted by Mr. Christopher Cattley on a Philips th2th 

diffractometer using monocrystalline Si substrates on which SnS NC synthesized at 

170C were drop cast from a 0.1mg/ml hexane solution.   

5.3.5 Device fabrication and testing  

Solar cell Devices were prepared as described in 2.4.7 and 4.3.2 using two 

0.007g/ml solutions, one of SnS nanocrystals in hexane and one of PbS nanocrystals 

in hexane. The IV and spectral responce of the devices were tested as described in 

2.4.8 and 4.3.3.  

 

5.4 Results and Discussion 

 

5.4.1 Characterisation of SnS nanocrystals 

X-ray diffraction (Figure 5.2.a) of drop cast SnS nanocrystals on silicon 

and comparison with reference structures
145

 shows co-existence of orthorhombic (a= 

3.99 Å, b= 4.34 Å and c= 11.2 Å) and zinc blende (a=b=c=5.845 Å) phases, with the 

latter dominating. Such coexistence has been reported before for oleylamine assisted 

synthesis of SnS nanocrystal at growth temperatures below 200
o
C

145
. Unmatched 

peaks in Figure 5.2.a are attributed to un-reacted precursors and possible side 

products, as previously reported
145

. The minor presence of orthorhombic phase 
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nanocrystals is also verified by HREM imaging of individual nanocrystals as in 

Figure 5.2.b,c. 

 

 

Figure 5.2 a) XRD pattern of SnS nanocrystals grown at 170
o
C with positions of 

orthorhombic (Or) and zinc blende (ZB) reflections indexed b) HREM 

micrograph of an orthorhombic SnS NC and c) its FFT pattern indexed 

 

Transmission electron microscopy of as-prepared SnS nanocrystals (Figure 

5.3.a,c) shows them to be well dispersed, which suggests they are well passivated by 

oleylamine/oleic acid molecules. The nanocrystal size depends on the reaction 

temperature, 9.6nm ±1.5nm for 170
o
C and 6.8nm ±1.5nm for 120

o
C as shown in 

Figure 5.4 while the shapes are irregular but most nanocrystals appear quasispherical. 

Optical absorption of a nanocrystal suspension (Figure 5.5.a) shows an 

absorption onset at 1.47eV (845 nm) and the flat baseline beyond 845 nm suggests an 

absence of any bulk or aggregated material which would cause light scattering. The 

blue shift of the absorption onset compared to the 1.1-1.24eV absorption onset of bulk 
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SnS suggests that bandgap of the SnS nanocrystals is increased due to the quantum 

confinement effect similarly to what is reported elsewhere for SnS nanocrystals
149, 152

.  

When we tried further cleaning of the nanocrystals by applying a second precipitation 

step (with alcohol) the nanoparticles aggregated and became insoluble to hexane 

which indicates that the surface ligands were stripped-off when precipitated more than 

once. Similarly alcohol-induced stripping of oleic acid from the surface of PbS 

nanocrystals has been reported before
7
 and can be explained by the mechanism 

presented in 3.3. 

Thin nanocrystals films were fabricated using the ethylenedithiol (EDT) dip-

coating method reported before for PbS and PbSe nanoparticles
4
. To test whether the 

EDT dip coating method is applicable for SnS nanoparticles, TEM samples of as 

prepared SnS nanocrystals were dipped in a 0.01M EDT in acetonitrile solution for 5 

sec. TEM imaging shows that, as compared to Figure 5.3. a and b, the interparticle 

distance is greatly reduced after EDT treatment as shown in Figure 5.3.c and d. This 

demonstrates the effectiveness of the ligand exchange method on SnS. 

 

 
Figure 5.3 TEM micrographs of SnS nanocrystals passivated with oleylamine 

(a,c) and passivated with EDT following a ligand-exchange process on the TEM 

grid (b,d).  
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The current-voltage (I-V) characteristics of a 400nm SnS film sandwiched 

between ITO and Al in the dark and under 80mW/cm
2
 AM.1.5 solar illumination are 

shown in Figure 5.5.b. These measurements show that the SnS nanocrystal films act 

as photoconductors with a 130 times increase in current under 1V bias. There is 

negligible open circuit voltage (Voc) and short circuit photocurrent (Isc) indicating the 

absence of any significant Schottky barrier formed at the NC/electrodes interfaces. 
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Figure 5.4 Size distribution histograms showing control of SnS nanocrystals’ size 

with growth temperature 

 

 

 

Figure 5.5 a) Absorption of SnS nanocrystals grown at 120C suspended in 

hexane in two different concentrations. The inset zooms in to the absorption 

onset b) I-V characteristics of an ITO/400nm SnS NC/ device in the dark and 

under A.M. 1.5 illumination. 
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5.4.2 Study of SnS-PbS heterojunction 

The first bilayer devices examined were made of 140 ±20nm SnS/ 140 

±20nm PbS thin films with the following two architectures: ITO/SnS/PbS/Al and 

ITO/PbS/SnS/Al using PbS with a 780 nm first excitonic peak and SnS NC 

synthesized at 120
o
C. Both bilayer devices exhibited largely increased Voc and fill 

factor values (FF) compared to a control ITO/140nmPbS/Al devices as shown in 

Figure 5.6.a. The power conversion efficiencies (PCE) of the two bilayer types were 

0.26% and 0.07% larger than the 0.02% of the control devices, despite the bilayer’s 

smaller Isc. We note, that our control device has a significant lower Voc compared to 

the same devices described in Chapter 4 which presented Voc= 0.19V and 0.12% PCE 

and we are not sure about the reasons of this difference. Despite this, although the 

bilayer and control devices we present in this Chapter were made under the same 

conditions, the 0.26% efficient bilayer is also more efficient than the 140nm devices 

presented in Chapter 4.  

  Notably, the two bilayer types had different polarities at short circuit 

conditions: in the SnS/PbS type, Al acted as the cathode while in the PbS/SnS, the Al 

was the anode. For the control PbS devices Al was the cathode, i.e. under open circuit 

conditions photogenerated electrons flow to Al,  as reported before
72, 75

. We sought to 

further investigate the same polarity of the bilayers using gold as the back contact. Au 

has a lower work function than ITO and the electric field generated between ITO and 

Au is in the opposite direction to ITO/Al one
75

. In addition the PbS/Au contact is 

ohmic
72

. Indeed the ITO/PbS/Au device where ITO was the cathode exhibited a small 

Isc =0.49 mA/cm
2
 and negligible Voc, FF and PCE. However bilayer devices acted as 



Chapter 5 PbS/SnS nanocrystal heterojunction photovoltaics 

 146 

solar cells with Voc and Isc as shown in Figure 5.6.b and again polarities as in the case 

of Al. This data and the relative differences of Isc and Voc of the bilayers depending on 

the electrodes strongly indicates a type-II heterojunction between SnS and PbS as 

schematically proposed in Figure 5.6.c in which, for clarity of presentation, the 

Schottky barrier formed between PbS and Al has been omitted. We note that there is 

no direct data from experiments or from the literature on the valence and conduction 

band energies of SnS and thus we can not state specific values for the energy levels 

showed in Figure 5.6.c We only have indirect information on the band possible 

alignment between SnS and PbS and this is discussed further in 5.4.4. 

 

 

Figure 5.6 a.b) I-V measurements of 140nm SnS/140nm PbS bilayer and control 

PbS devices with Al and Au as back contacts c) schematic representation of the 

proposed type-II heterojunction in the devices at open circuit conditions     
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Figure 5.7  I-V measurements of PbS and SnS-PbS devices with various PbS 

thicknesses under 80mW/cm
2
 A.M.1.5 illumination 

 

The bilayer devices yield smaller photocurrents than the photocurrents from 

PbS only devices. To investigate the origin of this drawback we fabricated devices of 

various SnS and PbS thickness. When the PbS thickness was varied between 200 and 

300nm the Isc and Voc of the device remained the same (Figure 5.7). This was 

different to what was observed for PbS control devices where the photocurrents had 

dropped for the same thickness variation. We mentioned in Chapter 3, that this drop 

of Isc for PbS devices is due to increased recombination of holes travelling from the 

PbS/Al interface to the ITO. The fact that this does not happen for the bilayer devices 

indicates that the hole transport is impeded by the SnS layer, irrespective of the PbS 

thickness. This is a major factor in the bilayers’ small photocurrents. This is strange 

considering that bulk SnS is a p-type semiconductor with high hole mobility (~500 

cm
2
/Vs)

153
 and we would expect the SnS nanoparticle films to be p-type 

semiconductor as well. In nanoparticle films, the decreased conductivity may be also 
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caused by traps and barrier heights from the surfactant molecules on the surface of the 

nanoparticles.  
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Figure 5.8  Dependence of bilayers’ characteristics on SnS layer thickness (PbS 

layer is 200nm)  

 

Experiments with varying SnS thickness (Figure 5.8) showed that even a 

~6nm thick SnS layer is sufficient to decrease the bilayers Isc by 60% compared to the 

control PbS device. At the same time increasing the SnS thickness increases the Voc 

and fill factor (FF). Regarding the evolution of the power conversion efficiency with 

increasing SnS thickness, there seems to be an interplay between the increase in Voc 

and FF and the drop in Isc- due to this interplay and for the 200nm thick PbS layer, the 

power conversion efficiency drops when we add up to three monolayers of SnS 

nanoparticles, then it slowly increases as we increase SnS thickness. However we 

should note that bilayer devices with 140 ±20nm thick PbS layers have larger power 

conversion efficiencies compared to 140nm thick pure PbS devices, because of the 

very poor Voc and FF of the latter. 
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5.4.3 Optimization of heterojunctions 

To further study bilayers and compare with control devices we focused on 

ITO/60 ±20nm  SnS/ 200 ±20nm  PbS/ Al since 200nm PbS film thickness is nearly 

optimum for ITO/PbS/Al solar cells. Two sets of devices were initially fabricated 

using PbS nanocrystals with an excitonic peak at 780nm and two batches of SnS 

nanocrystals synthesized at 80
o
C and 120

o
C. The device characteristics of the bilayer 

and control devices are shown in Figures 5.9.a, 5.10.a and Table 5.1. Average values 

and standard deviations in Table 1 refer to 3 devices for each bilayer type and 6 for 

each control type. The Voc of the bilayer devices appears to depend on the temperature 

of the SnS synthesis, which we showed controls the nanocrystal size, with the smaller 

SnS nanocrystals giving higher Voc.  Both bilayer sets exhibited more than double the 

Voc but less than half the Isc of the control devices and the overall power conversion 

efficiencies of the bilayers was also smaller.  

 

Table 5.1 

Device characteristics for control and bilayer devices with 200nmPbS and 

60nmSnS thick films 

  Voc (Volt) Jsc (mA/cm^2) FF PCE % 

PbS 780nm 0.22 ± 0.01 4.1 ± 0.2 29 ± 1 0.31 ± 0.01 

120C SnS:PbS 780nm 0.4 ± 0.0 1.12 ± 0.15 36 ± 1 0.2 ± 0.01 

80C SnS:PbS 780nm 0.44 ± 0.01 0.87 ± 0.17 24 ± 1 0.16 ± 0.02 

80C EAA SnS:PbS 780nm 0.45 ± 0.0 1.84 ± 0.13 30 ± 1 0.31 ± 0.01 

PbS 920nm 0.12 ± 0.03 7.22 ± 0.85 32 ± 2 0.37 ± 0.11 

80C EAA SnS:PbS 920nm 0.35 ± 0.02 4.15 ± 0.45 27 ± 2 0.5 ± 0.01 

 



Chapter 5 PbS/SnS nanocrystal heterojunction photovoltaics 

 150 

Looking for ways to improve the Isc of the bilayer devices we considered 

that conductivity of the SnS film may have been limited by organic impurities since 

post-synthesis cleaning of SnS nanocrystals was limited to one precipitation step 

because of the alcohol induced ligand stripping effect. We sought to further clean the 

nanoparticles by washing them with mixture of ethyl acetate and acetonitrile (EAA). 

Ethyl acetate further removed much of the extra oleic acid/oleylamine while 

acetonitrile kept the nanoparticles precipitated preventing them from aggregating. The 

effectiveness of this cleaning step was visible to the naked eye, making the 

nanoparticle powder appear dryer, but still dispersible in hexane. The impact on the 

bilayer performance was great; EAA treatment doubled Isc while Voc remained the 

same as shown in Figure 5.9.a and Table 5.1. These results fit to the type-II model 

proposed; Voc is determined by charge interaction between SnS and PbS and the 

PbS/Al Schottky barrier and is independent of organic impurities in the SnS film. We 

hypothesise that the Isc is improved by increasing SnS charge mobility when organic 

impurities are minimised although as yet we have no direct evidence for this. Plotting 

the devices characteristics under dark as logI-V as shown in Figure 5.9.b we can 

measure
72

 and compare the ideality factors of the devices which are 1.32 for the 

control  and 2.4 and 2.07 for the bilayer and EAA bilayer respectively. In the same 

graph we observe that while in the control device the logI-V curve deviates quickly 

from the linear fitting predicted by a simple diode equation
72

, the latter holds for a 

larger forward bias in the case of the bilayers. One feasible explanation is that in the 

bilayer, electrons leaking through the PbS/Al Schottky barrier at forward bias 

conditions are blocked at the SnS/PbS interface. For clarity of presentation in Figure 

5.9.c we draw the band diagram of the bilayer device as we estimated to be: with a 

Schottky barrier at the PbS/Al interface and a type-II heterojunction at the SnS/PbS 
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interface. We emphasize that we don’t have data on the SnS HOMO-LUMO values 

but our devices’ behaviour suggest that the SnS is the electron donor (and hole 

acceptor) of the heterojunction. In Figure 5.9.c the ITO and Al energy levels and the 

PbS/Al barrier are taken from the literature
72

. 

 

 

Figure 5.9 a) I-V for 60nmSnS/200nm thick bilayer and control devices b) logI-V 

dark characteristics for the same devices c) Schematic representation of our 

estimate on the band-alignment in the ITO/SnS/PbS/Al devices.  

 

 

 

To further improve device performance we used PbS with a 920nm excitonic 

peak. Bilayer and control devices exhibited higher Isc compared to PbS 780nm 

devices and spectral measurements in Figure 5.10.b showed that this is due to the 

broadening of the spectral response. We note that these EQE measurements were 

validated by using them to calculate Isc under 80mW/cm
2
 AM1.5, the calculated 

values had less than 5% deviation from the real Isc measured. We also note that the 

shape of the bilayers’ spectral response looks similar to the control devices indicating 

that the photocurrent is mainly produced at the PbS layer. EQE measurements also 

indicate that the bilayers’ Isc is limited by the SnS conductivity because the EQE at 

wavelengths beyond 840nm where SnS does not attenuate light, is 40% less than that 

of the control. Despite this, the bilayers had higher PCE under AM1.5 because of their 

improved Voc. We believe that there is further scope for improving Isc of the bilayers 

by improving synthesis and post synthesis processing of the SnS nanocrystals.  



Chapter 5 PbS/SnS nanocrystal heterojunction photovoltaics 

 152 

 

 

Figure 5.10 a) I-V for 60nmSnS/200nmPbS thick bilayer and control devices 

using various PbS and SnS nanocrystal batches b) external quantum efficiency 

spectral measurements for selected devices. 

 

5.4.4 Discussion of the SnS-PbS heterojunction 

So far we presented the following evidence supporting the idea that SnS and 

PbS nanocrystals form a type-II heterojunction: 

1. The polarity of the bilayer devices depends on the bilayer order and not the 

electric field build up from the device electrodes; 
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2. The Isc of the bilayers doubles when SnS nanocrystals are further cleaned without 

a reduction in the Voc. This can be explained by considering that the cleaning 

improves the hole transport in the SnS layer. 

A question arising is whether this type-II model can be supported by 

previous published work on the energy levels of PbS and SnS. The electron affinity of 

bulk PbS is 4.7eV
154, 155

, the bandgap is 0.4eV
156

 and thus ionization potential is 

5.1eV as schematically shown in Figure 5.10. The bandgaps for bulk SnS are 1.1 eV 

for orthorhombic and 1.2 eV for zinc blende SnS
145

. The valence band structure of 

orthorhombic SnS referenced to Fermi levels of photodetectors has been studied by 

many
157-159

 but without any mention of the valence band energy levels referenced to 

the vacuum. Thus, this data can not be used to compare the levels of SnS with PbS 

unless the valence bands of the two materials have been studied on the same 

instrument.  

In 1977 Shalvoy et al
158

 did this experiment and reported that the first two 

valence photoelectron peaks below the detector’s Fermi level for the two materials are 

1.5 eV and 2.5 eV for orthorhombic SnS and 1.4 eV and 2.7 eV for PbS. The relative 

differences of the two peaks between the two materials are -0.1 eV and 0.2 eV. If we 

accept that this data indicates the valence band offsets between SnS and PbS we can 

draw the valence and conduction band of orthorhombic SnS as shown in Figure 5.10.  

  For the case of zinc blende SnS there is no experimental work comparing 

its electronic structure to PbS or orthorombic SnS. However Ichimura has recently 

reported density of states calculations on SnS that suggest the valence band energy 

level of bulk rock salt SnS is 0.73 eV lower than the valence band level of zinc blende 

SnS
160

. The orthorombic SnS should be closer to the rock salt case as the 

orthorhombic structure can be considered a distortion of the rock salt structure
160

. 
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Ichimura suggested that the orthorhombic SnS valence level can be considered to be 

in between those of zinc blend and rock salt. So the level of zinc blende phase may be 

higher than the level of the orthorombic phase by up to 0.73eV. Based on this report 

we draw in Figure 5.11 the valence and conduction levels of zinc blend SnS as 0.7eV 

wide uncertainty bands to compare with PbS and orthorhombic SnS.      

We continue this discussion considering quantum confinement effects in 

nanocrystals and how these may affect the HOMO-LUMO levels and the 

heterojunction band alignment. The 780 nm excitonic peak of the PbS nanocrystals 

corresponds to a 1.6 eV energy gap. This is 1.2 eV larger than the 0.4 eV bulk 

bandgap. Kang and Wise
103

 have suggested that for PbS nanocrystals the 1.2 eV 

difference should be shared to equal shift of the valence and conduction energy levels 

of the nanocrystals relative to the bulk energy levels. This model means that the 

HOMO and LUMO levels of the 780 nm nanocrystals should be 5.7 and 4.1 eV 

respectively below the vacuum level. The latter values are supported by our finding 

that the HOMO level of ligand exchanged nanocrystals with excitonic peak at 850 nm 

is 5.7eV.     

Let us consider now quantum confinement in SnS. We found that the SnS 

nanocrystals grown at 120
o
C have an absorption onset at 1.47 eV. Their difference 

from bulk SnS is 0.3 eV and 0.2 eV for orthorhombic and zinc blende phases 

respectively. Here we investigate whether SnS and PbS form a type-II heterojunction 

so let us consider for generality the extreme case that all quantum confinement in SnS 

goes to its valance band maximum level i.e. the HOMO level of the 120
o
C 

orthorhombic and zinc blende SnS nanocrystals is 0.3 eV and 0.2 eV lower (on a 

negative energy axis) than the respective bulk materials as drawn in Figure 5.11.  
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To conclude Figure 5.11 contains measured energy levels of PbS, measured 

bandgaps of SnS and the estimated energy level values of bulk and nanocrystalline 

SnS based on the relative literature. This schematic suggests that i) bulk PbS forms a 

type-I heterojunction with orthorhombic SnS and a type-II junction with zinc blende 

SnS ii) PbS nanocrystals form a type-II junction with bulk and nanocrystalline SnS 

iii) the ionization potential offsets between PbS and SnS is larger for zinc blende SnS.     

 

Figure 5.11 Proposed band levels for PbS and SnS as discussed in the text.                                        

 

5.5 Conclusions 

 

   We have developed an anhydrous organometallic route for the synthesis of 

SnS nanocrystals for photovoltaics. The size of the nanocrystals can be controlled by 

the growth temperature and their organic passivation can be altered with a ligand 

exchange route during layer by layer film fabrication. Characterisation of the structure 

and optoelectronic properties of the material has been reported and a notable result is 

that SnS nanocrystal films are photoconductive. The nanocrystals were successfully 

combined with PbS nanocrystals in bilayer heterojunction solar cells which are more 

efficient than single junction PbS control devices.    



Chapter 5 PbS/SnS nanocrystal heterojunction photovoltaics 

 156 

The bilayers have larger Voc and fill factors than the control devices and this 

gives the former higher power conversion efficiency. The Voc depends on both SnS 

and PbS nanocrystal size. Experiments on devices with different top electrodes 

indicate that the two materials form a type-II heterojunction. The same model is 

supported by drastic improvements in the Isc of the bilayers without compromising 

their Voc when the post-synthesis chemical processing of the SnS nanocrystals is 

optimised. These and other experiments on bilayers of various thicknesses indicate 

that the efficiency of the bilayer devices is currently limited by the conductivity in the 

SnS film, although the latter is not measured yet. Nevertheless the bilayers are highly 

efficient in the IR, may convert power up to 35% more efficiently compared to single 

layer PbS devices and subsequently there is further scope for improvement and 

development.     

 



Chapter 6 Conclusions 

 157 

6 Conclusions 
 

6.1 Overall Conclusions 

 

We have performed a series of experiments on the synthesis, characterisation 

and photovoltaic application of inorganic semiconductor nanocrystals specifically 

CdS, PbS and SnS. We investigated two main approaches, the direct synthesis and 

application of nanocrystal/polymer composites and the surfactant assisted synthesis 

and application of nanocrystals. The experimental findings presented so far help us 

give answers to the questions raised at the beginning of this thesis (1.1) and will be 

discussed in the context of these central questions as follows below (6.1.1-6.1.4). The 

future work that we believe will complement this thesis and go beyond where we 

stopped is described in 6.2. The Chapter and the thesis closes with an epilogue in 6.3 

on my view of our work and my thinking on the question stated at the end of Chapter 

1: what is the best material combination and device architecture for utilising 

nanocrystals in solar cells?  

 

6.1.1 How can nanocrystal/polymer composites be directly synthesized and 

with what properties?  

We have developed a method for the direct synthesis of PbS and CdS 

nanocrystals in a variety of conjugated macromolecule aromatic suspensions. The size 

of the nanocrystals can be controlled as a function of the reaction’s temperature and 

duration. Formation of nanocrystals with anisotropic shapes is also possible. Post 

synthesis processing of these composites towards solar cell fabrication is challenging: 
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for PbS:MEH-PPV composites post-synthesis purification via alcohol induced 

precipitation results in the self-assembly of the nanocrystals in 2- and 3- dimensional 

structures. Based on detailed TEM investigation we propose that the PbS rods formed 

during the precipitation step are the result of an interplay between dipole-induced self 

assembly and face-to-face aggregation of the nanocrystals. Because of this interplay 

the size of the rods can be partially controlled by the polarity of the alcohol used for 

precipitation. When highly polar methanol is used face-to-face interactions between 

the nanocrystals dominate and only 3D cubic colloidal particles are formed containing 

crystallographically aligned nanocrystals and most-likely polymer chains. The degree 

of crystallographic alignment of the nanocrystals in these 3D structures is remarkable, 

and is related to oxidation of nanocrystals. In a certain type of colloidal particles, 

hundreds of aligned nanocrystals are enclosed in a single lead sulphate crystal matrix 

epitaxially formed in between the nanocrystals. This the first evidence of oxidation-

induced crystallographic alignment of nanocrystals. Due to the extent of nanocrystal 

aggregation/self-assembly and oxidation, bulk heterojunction solar cells of the 

synthesized organic/inorganic composites did not show promising photovoltaic 

performance although there have been evidence showing type-II charge transfer 

processes between the nanocrystals and the polymer.  

 

6.1.2 How does the surface chemistry of nanocrystals affect their functionality 

in solar cells and how can it be controlled? 

We have fabricated PbS nanocrystals films and changed their surface 

chemistry using various ligand exchanged processes found in the relevant literature on 

optoelectronic applications of nanocrystal films. In most applications original long 
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ligands like oleic acid molecules covering nanocrystals need to be replaced by shorter 

ligands or removed via annealing of the film. Ex-situ XPS spectroscopy showed us 

that in general PbSO4, PbSO3 and PbO are present on the surface of PbS nanocrystals. 

Replacement of the oleic acid with butylamine is accompanied by small decrease of 

oxide species on the nanocrystals and promotes formation of PbSO4. Further 

treatment with methanol results in additional oleic acid removal and oxidation of the 

nanocrystals via an increased growth of PbSO3. Thermal annealing of nanocrystal 

films seems to remove oleic acid from the bulk of the film but is accompanied with 

two very undesirable effects: accumulation of oleic acid and lead oleate molecules on 

the surface of the film and heavy oxidation of the surface of the nanocrystals. The 

surface of nanocrystal films can be cleaned from oxide species via Ar ion etching 

however this is accompanied by creation of elemental Pb and S on the films and 

possibly etching of the PbS phase. 

The above chemical effects are accompanied by important changes of 

physical properties: removal of oleic acid causes aggregation and/or decrease of 

interparticle spacing as evident the by red-shifts of the nanocrystal films’ absorption 

onsets and excitonic absorption peaks. These changes are small when the ligand 

exchange is done on nanocrystal films and large when it is done in dissolved 

nanocrystals. In every treatment, the change of the nanocrystals’ energy gap was 

accompanied by lowering of their HOMO level, from 5.9eV down to 5.3eV, as this 

was measured by ultraviolet photoelectron spectroscopy. The HOMO level is 

important because it determines the character of the heterojunction nanocrystals form 

with other semiconductor materials. We have therefore investigated engineering of 

the nanocrystals surface chemistry and electronic functionality by changing the 

organic ligands attached to the nanocrystals’ surface. 
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6.1.3 How can different semiconductor nanocrystals be combined for the 

creation of improved all inorganic-nanocrystal solar cells? 

Different semiconductor nanocrystals can be combined as in bulk 

semiconductor technology for the creation of efficient nanocrystal film heterojunction 

and we showed this for the case of a bilayer heterojunction between SnS and PbS 

nanocrystals. We have optimised a fabrication method for the layer-by-layer 

deposition of these two materials to creation of 3D layered-structures. Via 

measurements of the photovoltaic properties of solar cell devices we have shown 

strong evidence of a type-II heterojunction formed between SnS and PbS 

nanocrystals. This model explains the directionality of the bilayers’ photocurrents in 

solar cells with different electrode combinations. It also explains the higher Voc of the 

bilayers compared to the Voc of PbS Schottky-type control devices and the 

improvements achieved for the Isc of the bilayers. In addition, the efficiency of the 

bilayers is higher than the efficiency of the PbS-only control devices and considering 

the early stage of development of SnS nanocrystals we believe that there is further 

scope for improvement of the bilayer efficiency. All the above indicate that the study 

of all-inorganic nanocrystal heterojunctions has a great technological potential. 

 

6.1.4 What is the best way of utilising PbS nanocrystals as an infrared 

photoactive material in low-cost solar cells- in plastic or in all inorganic 

cells? 

In contrast to our unfruitful experiments on nanostructured organic/inorganic 

solar cells, we have presented two types of PbS nanocrystal-based solar cells with 

high external quantum efficiencies in the IR, nearly 20% for PbS Schottky-type cells. 
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Although the ~0.5% power conversion efficiencies of our all-inorganic cells are 

behind the ~3% reported in the literature for similar devices, they are among the 

highest reported for all types of PbS nanocrystal based solar cells. Ours and others 

data show the potential of PbS nanocrystal films as both good photo-absorbing and 

charge transport media for solar cells. The above suggest that PbS nanocrystals are 

better utilized in all-inorganic devices.        

 

6.2 Future Work 

 

For the immediate future, I plan to continue working the synthesis and 

photovoltaic applications of semiconductor nanocrystals. In my intentions is to further 

investigate certain aspects of the work presented in this thesis. Firstly, the XPS-UPS 

study presented here should be expanded for case of thiol-assisted layer-by-layer 

fabricated SnS and PbS nanocrystal films. This would help us optimise the SnS 

nanocrystals and understand the heterojunction character of SnS-PbS bilayer devices. 

A detailed comparative XPS investigation of thiol, butylamine and thiol-butylamine 

treated PbS nanocrystal films may also help us through some light on the 

controversial literature regarding the photostabilty of PbS nanocrystal films in solar 

cells. It would also be interesting, to perform a comparative study of the HOMO 

levels of PbS and SnS nanocrystals from both UPS and cyclic voltammetry 

techniques, for a range of nanocrystal sizes and chemical treatments.  

The optoelectronic electronic properties of PbS and SnS nanocrystal films, 

like their charge carriers mobilities and concentrations and optical absorption 

coefficients, should also be studied for a range of nanocrystal sizes and chemical 

treatments. That would help us both to further understand the operating principles of 
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our bilayer devices and to find ways to optimise them. Experiments towards this 

direction are Hall effect measurements, time-of-flight measurements, impedance 

spectroscopy, and field effect transistor fabrication and testing. In addition the charge 

transfer processes between SnS and PbS nanocrystals should be directly studied using 

techniques like photoluminescence quenching and transient-photoluminescence decay 

measurements.  

When available the above can be combined for the solid investigation of 

many material combinations and device architectures. We have investigated the 

photovoltaic application of primarily zinc blende SnS nanocrystals and the same 

should be done for orthorhombic SnS. In addition, the heterojunction character 

between the two SnS phases is a very interesting topic for future investigation towards 

the creation of non-toxic nanocrystal solar cells. Other non-toxic and potentially air-

stable nanostructured chalcogenide and oxide nanocrystals should be also studied. 

Beyond the classic bilayer architecture, inorganic nanocrystals can be used to make 

bulk heterojunction films and alternating film structures towards creation of tandem 

solar cells. The dip-coating method we used can be applied for this purpose. 

 

 

 

6.3 Epilogue 

 

Today using a standard Shlenk line, a centrifuge, a glovebox, an evaporator 

and lots of chemicals one is able to synthesize many kinds of semiconductor 

nanocrystals and make photovoltaic devices with them. One of the great pleasures of 

this scientific field is to watch a photovoltaic device being built up within a day, from 

solutions prepared by basic off-the-shelf chemicals and the expertise of a student. It 
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becomes more exciting when realising that each of these materials and devices is a 

case-study in the basic laws of quantum mechanics, electronics and physical 

chemistry- this field is a truly interdisciplinary one where no-one coming from the 

classic areas of physics, chemistry or electrical engineering can claim adequate 

background knowledge. On the contrary, this is a new field of science and technology 

being increasingly enriched by the findings of many different kinds of science 

published every week. A career in this field requires constant attention to the 

literature, ongoing learning of theories-courses-fields outside one’s main scientific 

area and cooperation with other scientists. 

It also requires vision addressing the two really hard challenges of the field: 

to make air-stable and non toxic nanocrystal- solar cells. This is necessary not only 

for the large scale commercialisation of the investigated technology but also for the 

well being of the researchers. I spent most of my time in the lab to control the 

environmental conditions during handling my nanocrystal samples and numerous 

multistep experiments failed when the environmental conditions were compromised at 

any stage of the experiments. Facing these problems often required long hours of 

work to complete series of experiments. More importantly however, I worked with 

lots of toxic chemicals. I took all the legally and ethically required precautions to 

avoid being in any way affected by these chemicals and doing so I realised more and 

more how bad these chemicals can be for the human and the environment.  

 For the above reasons my personal opinion on the question “what is the best 

material combination and device architecture for utilising nanocrystals in solar cells?” 

is that any combination of non-toxic and air-stable photovoltaic materials is very good 

and requires further studying. Although, the efficiencies of polymer/nanocrystal solar 

cells are being constantly increased conjugated polymers are still very unstable at 



Chapter 6 Conclusions 

 164 

ambient conditions. All inorganic cadmium and lead chalcogenide nanocrystal based 

cells are also being improved in terms of both stability and efficiency however these 

materials are highly toxic. So probably the best nanocrystal solar cells are yet to be 

presented.   
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