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Nederlandstalige

Samenvatting

De huidige en nieuwe generatie organische en hybride zonnecellen heb-

ben een gigantisch potentieel, niet alleen in kost reductie maar ook in

mogelijke toepassingen. Echter, om een brede toepasbaarheid te berei-

ken dienen niet alleen nieuwe materialen ontwikkeld maar ook relevante

en fysische parameters die bijdragen aan een hoge efficiëntie en stabili-

teit gekarakteriseerd te worden. Een belangrijke parameter is de lokale

morfologie en de bijhorende lokale elektrische eigenschappen. Om deze

nanoschaal karakterisatie mogelijk te maken werd gebruik gemaakt van

atomaire kracht microscopie en bijhorende afgeleide technieken zoals ge-

leidende atomaire kracht microscopie en oppervlakte potentiaal microsco-

pie. Hiertoe is dit werk verdeeld in verschillende onderdelen.

In een eerste stap proberen we te verklaren wat men juist meet met KPFM

en C-AFM. De opgemeten data insinueert dat de oppervlakte potentiaal

zoals gemeten met KPFM zeer sterk gerelateerd is aan het HOMO niveau

van het polymeer. Deze analyse laat ons toe om de opgemeten opper-

vlakte potentiaal te interpreteren als een intrinsieke barriére tussen tip en

monster. Stroom spannings curves zoals opgemeten met geleidende AFM

tonen dan aan dat indien de barriére tussen tip en monster niet te groot is

dit verloopt volgens ”SCLC” gedrag echter, wanneer de barriére te groot

wordt gaat de stroom zich volgens een Poole-Frenkel type contact gedra-

gen. Ter controle werden stroom spanningscurves opgemeten op andere

vii
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polymeren ook uitgezet en blijkt dat deze ook het voorop genoemde ge-

drag vertonen.

In een tweede stap werden hoog efficientie polymer zonnecellen gecre-

ëerd door gebruik te maken van ionische tussenlagen. Deze werden ver-

der gekarakteriseerd met behulp van atomaire kracht microscopie, uit

deze meting bleek dat de gebruikte tussenlagen de actieve laag van de

zonnecel niet volledig bedekken maar toch resulteren in een verhoging

van de efficiëntie. Een diepere karakterisatie met geleidende AFM en be-

lichte KPFM leert ons dat de best presterende interlaag niet alleen gaten

transport tegengaat maar ook zorgt voor elektrontransport.

In een derde stuk passen we geleidende AFM toe op een nieuwe generatie

van zonnecellen, namelijk perovskieten. Deze metingen tonen duidelijk

aan dat in het geval van op lood halide gebaseerde perovskieten de kor-

relgrenzen niet geleidend zijn terwijl de korrels zelf zeer goed geleiden. Uit

KPFM belicht en onbelicht volgt dat sommige korrelgrenzen actief zijn, ter-

wijl de meeste echter geen speciaal effect onder licht vertonen. Een ana-

lyse van de lokale stroom spanningskarakteristieken toont aan dat deze te

verklaren zijn door ladingsopbouw aan het raakvlak tussen de perovskiet-

laag en het titaanoxide.

In het laatste onderdeel werd KPFM toegepast om de degradatie van cal-

cium/aluminium contacten in organische zonnecellen te bestuderen en te

verklaren. Hiertoe werden polymeerzonnecellen geprepareerd met con-

tact en zonder contact en hierna opgewarmd op relatief hoge tempera-

turen voor korte tijden. Door cellen uit deze twee experimenten te ver-

gelijken werd duidelijk dat de degradatie voornamelijk beperkt bleef tot

de contacten. De cellen opgewarmd met contact werden opgemeten met

KPFM en vertoonden een lokale vervorming van het contact en een bij-

horende stijging in oppervlakte potentiaal. Metingen gebruik makend van

een elektronenbundel toonden aan dat de lokale vervorming van het con-

tact te verklaren is door een (lokale) verdunning van het aluminium en

mogelijks diffusie van het calcium in het aluminium.
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MDMO-PPV poly[2-methoxy-5-(3’,7’-dimethyl-

octyloxy)-1,4-phenylenevinylene]
MEH-PPV Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4--

phenylenevinylene]
MPP maximum power point
OPV organic photovoltaics
P3HT poly(3-hexylthiophene-2,5-diyl)
PC71BM [6,6]-phenyl C71 butyric acid methyl es-

ter
PCBM phenyl-C61-butyric acid methyl ester
PCDTBT poly[[9-(1-octylnonyl)-9H-carbazole-2,7-

diyl]-2,5-thiophenediyl-2,1,3-benzothia-
diazole-4,7-diyl-2,5-thiophene-diyl]

PCE power conversion efficiency
PCNEPV poly[oxa-1,4-phenylene-(1-cyano-1,2--

vinylene)-(2-methoxy-5 -(3,7-dimethyl-
octyloxy)-1,4-phenylene)-1,2-(2-cyano-
vinylene)-1,4-phenylene]

PCPDT-DTTzTz (poly([4-(2’-ethylhexyl)-4-octyl-4H-cyclo-
penta[2,1-b:3,4-b’]dithiophene-2,6-diyl]--
alt-[2,5-di(3’-hexylthiophen-2’-yl)thia-
zolo[5,4-d]-thiazole-5’,5”-diyl])

PCPDTBT Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclo-
penta [2,1-b;3,4-b’]dithiophene)-alt-4,7
(2,1,3-benzothiadiazole)]

PEDOT:PSS poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate

PF-QNM PeakForce quantitative nanomechanical
property mapping

PF-Tapping PeakForce tapping
PF-TUNA PeakForce tunnelling AFM
PFN poly[(9,9-bis(3’-(N,N-dimethylamino)-

propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)

PPV poly(1,4-phenylene vinylene
Pt/Ir platinum/iridium
PV perylene tetracarboxylic derivative
PV technologies photovoltaic technologies
RS series resistance
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RSH shunt resistance
RF radio frequency
SCLC space charge limited current
SEM scanning electron microscopy
SPM scanning probe microscopy
STM scanning tunnelling microscopy
TEM transmission electron microscopy
UHV-KPFM ultra high vacuum kelvin probe force mi-

croscopy
VCPD contact potential difference
VOC open circuit voltage
XPS X-ray photoelectron spectroscopy
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Chapter 1

Introduction

1.1 Renewable Energy

Each increase in quality of power generation resulted in an increase of us-

ability, where initially wood was burned for heat a transition was made to

convert this heat into motion and subsequently motion was converted into

electrical energy. With the development of grid-based types of energy the

availability of energy increased while the generation could be centralized.

However, all these technologies were based mainly on fossil fuels such

as wood, coal, oil and gas and burning these traditional fuels resulted in

increased carbon emissions which eventually could result in an increase

of global temperatures. Additionally, as more and more fossil fuels are

burned less will remain and as demand and supply theory dictates prices

will rise. While nuclear technologies appear to be a short term solution

they are not in the long term as there still is a dependence on nuclear ma-

terials, additionally, the waste generated has a half-life in the thousands

of years.

Figure 1.1 clearly illustrates the difference in energy consumption per

capita for developing countries, transition countries, newly industrializing

countries and industrialized countries in 1997. The average percentage of

world population in the group of industrialized countries is dwarfed by the
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Figure 1.1: The relation between mean income (GDP per capita) and energy
consumption (per capita demand in kWh) in 1997 for different country groups. [5]

percentage of world population in the combination of what in 1997 were

developing and transition countries. If all countries are to develop towards

a similar state of industrialization it is of the utmost importance to have

reliable and renewable energy sources.

The renewable energy sources which are actively being developed are in

the form of hydropower, biomass, geothermal energy, wind power and

solar energy. And while each technique has a specific upside, the poten-

tial of solar energy is huge as the average yearly solar flux sits at around

3850000 exajoules while the primary energy use in 2013 was "only" 533

exajoules. [3,7] Figure 1.2 shows the amount of usable energy from differ-

ent energy sources such as solar radiation, geothermal energy, biomass,...

and of all of these sources solar energy has the highest potential. Espe-

cially when taking the possibility of delocalized energy generation and

storage into account.
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Figure 1.2: Direct comparison between the finite and renewable energy reserves.
From [16]
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1.2 The development and applications of

photovoltaics

Solar energy is convertible in three distinct forms: (1) solar thermal in

which energy is converted into heat by collectors on roof tops or in deserts

by concentrating incident light onto a single focus point. [11] (2) Solar chem-

ical power with the prime example of converting water into the individual

elements of oxygen and hydrogen (2). [6] (3) Direct conversion of light en-

ergy to electricity energy. [12] Direct conversion into electricity is the ap-

plication that has the best scaling factor of the aforementioned options.

Individual solar cells can be made down to the millimeter scale or up con-

verted to a size spanning 1.5 by 1 meter creating endless possibilities

towards integration into present and future technologies.

However, to understand how photovoltaic devices can be implemented in

future technologies it is important to take a look in the past and under-

stand the progress that has been made since the discovery of the photo-

voltaic effect, by studying an electrode in a conductive solution exposed to

light, by Alexandre-Edmond Becquerel in 1839. About 34 years later pho-

toconductivity was found in selenium by Willoughby Smith and in 1883 a

solar cell was developed based on selenium on a thin layer of gold. While

the first solar cell had a performance of less than 1%, interest in the tech-

nology sparked and in 1888 patents "US389124" and "US389125" were

awarded to Edwaed Weston. [19,20]

The basic semiconductor-junction solar cell based on copper and copper

oxide was developed in 1904 by Wilhelm Hallwachs, however, the biggest

breakthrough was announced in 1954 on april 25th at Bell Labs with the

invention of the first silicon solar cell with an efficiency of around 6%. And

as time passed by silicon cell efficiencies rose steadily to 14% in 1960 and

20% in 1985 as illustrated in figure 1.3. currently devices based on silicon

technologies are flirting with the border of 26%. This efficiency however,

is close to the calculated Shockley-Queisser limit of 30% for single junction

6
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solar cells. [17] And while performance of silicon based solar cells is high,

their production requires a multitude of processing resulting in a technol-

ogy with a need for high initial investment and a corresponding rather high

energy payback time. [10]

Only 4 years after the announcement by Bell labs, the first report on an

organic PV cell appeared in literature. An anthracene single crystal was

studied and demonstrated a low photovoltage of 200 mV. [8] Power con-

version efficiency of these single active layer materials remained below

0.1% due to the strongly bound excitons which were not easily split to

generate sufficient photocurrent.

The biggest breakthrough in the field of organic photovoltaics happened

in 1986 with the work of Ching W. Tang with the demonstration of bilayer

photovoltaic cells from organic semiconductors with offset energy bands.

The cells reached efficiencies close to 1% due to the increased exciton dis-

sociation at the donor acceptor interface. [18] The effective limit in organic

bilayer solar cells comes from the inherently low excitonic diffusion length,

typically lower than 10 nm. [13]

The next improvement in efficiency was obtained by replacing the bilayer

with a bulk heterojunction in which the donor and acceptor materials were

finely intermixed down to a scale of only a few nanometers hereby limiting

the effect of the low excitonic diffusion length. This resulted in efficiencies

surpassing the 2% and eventually led to power conversion efficiencies

of up to 10% from commercially available polymers. [21] However, to be

able to reach these levels of power conversion efficiency a controlled mor-

phology is needed, material phases can’t be too large due to the limited

exciton diffusion lengths while a too fine intermixing will hinder charge

extraction.

Additionally, microstructure has been proven to be a decisive factor in

other types of solar cells, more specifically thin film based technology. For

example, conductive atomic force microscopy (C-AFM) led to the discov-

ery of the increased grain boundary conductivity in chalcopyrite based

absorber layers. [1,9]
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A tool to assess microstructure was developed in the form of scanning

force microscopy or atomic force microscopy (AFM) in 1986 by Binnig,

Quate and Gerber. They improved upon the idea of scanning tunnelling

microscopy (STM) by replacing the wire of an STM with a simple lever

made out of a diamond at the end of a thin gold strip. [2] This first type

of atomic force microscope was a contact type, in which the tip remained

in contact during scanning. This contact technique was improved upon in

the mid 1990’s by the addition of current sensing capabilities. [14]

Significant improvements towards lateral resolution were made with the

development of dynamic mode AFM techniques. [4] Moreover, Nonnen-

macher et al. were able to combine dynamic mode AFM with the vibrating

plate idea of Zismann to determine local potential differences. [15,22]

It is on this premise that the work presented here is built, "How can mor-

phology and electronic properties be studied in current and novel genera-

tion solar cells using advanced AFM techniques?"

1.3 Goal and structure of the thesis

1.3.1 Goal of the thesis

The goal of this thesis was to investigate the applicability of advanced

atomic force microscopy techniques on novel materials as used in the

most recent generation solar cells and possibly further quantify the results

obtained by kelvin probe force microscopy (KPFM) and C-AFM through a

deeper analysis of local current-voltage curves. The materials under inves-

tigation were conjugated polyelectrolytes (CPEs) - used as an intermediary

layer between the cathode and the bulk heterojunction (BHJ) -, perovskite

in the form of methylammonium lead tri-iodide/chloride (CH3NH3PbI3−-

Cl) as an absorber layer and the more standard poly(3-hexylthiophene-

2,5-diyl) (P3HT) and poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thio-

phenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophene-diyl] (PCDTBT)

donor polymers.

8



CHAPTER 1. INTRODUCTION

Figure 1.3: Overview of the record cell efficiencies. From the National Renewable
Energy Laboratory.
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1.3.2 Structure of the thesis

Chapter two details the working principle of (organic) semiconductors

as used in photovoltaic applications and it gives an overview of the pos-

sible charge injection mechanisms into organic thin films. It ends with

an overview of the need for nanoscale characterization to elucidate the

processes as observed on the macroscale.

Chapter three gives an overview of the basic and more advanced charac-

terization techniques as used in this work. A short discussion on profilom-

etry, analysis of current voltage curves and external quantum efficiency

is given. A more in depth discussion on the working principles of atomic

force microscopy is presented as the second part of this chapter.

Chapter four contains the results and discussion. The first section dis-

cusses the possible injection mechanisms and the applicability to study

local current voltage curves as obtained by conductive AFM. Moreover, it

relates the measured contact potential difference between tip and sample

as measured by KPFM to the local injection mechanism.

The second section explicates the use of advanced atomic force microscopy

techniques on conjugated polyelectrolytes as interlayers for high perfor-

mance organic solar cells. A combined analysis of both the mechanical

and electrical properties led to the conclusion that the interlayers stud-

ied in this work do not need full coverage to have a clear effect on the

electrical properties.

The third section shows novel results on the nanoscale characterization

of lead halide based perovskite. From conductive AFM it can be deduced

that the local conduction does not appear to be uniform, moreover, the

uniformity in this case is not linked to the local contact potential difference

or grain orientation.

The fourth and final section shows how KPFM can be used to analyse the

local degradation mechanisms of the cathode as used in standard organic
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solar cells. By analysing the surface potential of the calcium aluminium

contact both on P3HT:PCBM (phenyl-C61-butyric acid methyl ester (PCBM))

and on indium tin oxide (ITO) it can be seen that the degradation detected

can be attributed to the calcium layer and can be independently studied

from the degradation of the organic layer.

The final chapter contains the conclusion and suggestions for future

work and possible pitfalls when applying AFM (and derived techniques)

to novel material systems.

The appendix contains all relevant information pertaining sample prepa-

ration and characterization.
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Chapter 2

(Organic) semiconductors

for photovoltaic

conversion

The following chapter will describe the basic working principles of exci-

tonic solar cells and perovskite based solar cells, starting from the fa-

miliar concept of a bilayer similar to the device layout as used in tra-

ditional silicon based photovoltaic technologies (PV technologies) moving

onto the concept of bulk heterojunctions and ending with perovskite based

solar cells. Additional attention will be given to the description of metal-

semiconductor contacts as these are of the utmost importance when dis-

cussing conductive atomic force microscopy results.

2.1 Working Principle

The bilayer organic solar cell of Tang (figure 2.1 (a)) consisted of 30 nm

of copper phtalocyanine (CuPc) and 50 nm of perylene tetracarboxylic

derivative (PV) derivative deposited by vacuum deposition on ITO, the

other electrode consisted out of silver. Upon illumination incident pho-
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tons will generate excitons, mostly in the CuPc layer, which are thereafter

separated in case they reach the interface between the two organic ma-

terials or recombine. After separation, holes are transported in the CuPc

towards the ITO while the electrons are transported through the PV layer

onto the Ag electrode. [49] This paragraph illustrates the five essential pro-

cesses in (organic) solar cells namely: (1) absorption, (2) exciton diffusion,

(3) exciton separation, recombination, (4) charge transport and (5) charge

collection at the electrodes. [35] A novel concept was the introduction of

the bulk heterojunction, in this approach donor and acceptor are finely in-

termixed (fig. 2.1 (b)). The discussion on the basic physics remains the

same however.

(a) (b)

(c)

Figure 2.1: Working principle (c) and overview of the initial morphology (a) and
of the currently used configuration for high efficient donor-acceptor blends (b).
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The starting point for a highly efficient solar cell is a good absorption,

as a high absorption will result in a high yield of exciton creation. Organic

semiconductors typically have high absorption coefficients, thereby allow-

ing devices with an active layer which is only a few hundreds of nanome-

ters thick. However, compared to inorganic semiconductors the band gaps

of organic semiconductors tend to be large and the corresponding absorp-

tion window narrow (Figure 2.2). The aforementioned band gap is defined

by the energy difference between the highest occupied molecular orbital

(HOMO) and the lowest occupied molecular orbital (LUMO) and typically for

P3HT this is in the order of 2.0 eV (620 nm). Significant progress has been

made towards creation of low band gap polymers and a prime example is

the carbazole-based Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1--

b;3,4-b’]dithiophene)-alt-4,7 (2,1,3-benzothiadiazole)] (PCPDTBT) with a

band gap of 1.5 eV. [6,46]

Figure 2.2: Air mass 1.5 (AM1.5) spectrum, combined with the integral of the
spectrum showing as a percentage of total number of photons that can contribute
to the current density. From [9]

With proper absorption ensured, the generated excitons now need to be

efficiently separated as otherwise the strongly bound electron-hole pair

will decay either via a radiative or a non-radiative process. The generated
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excitons will only properly dissociate at a donor - acceptor interface (D/A

Interface) interface and thus as average diffusion lengths are quoted be-

tween 1 and 20 nm, the only option to maximize photocurrent from exciton

dissociation is to have a D/A interface present within the exciton diffusion

length. [21,22,27,28,41,44]

Upon reaching the donor-acceptor interface, the exciton can dissociate

into free charge carriers via the charge transfer state. This concept de-

scribes the process in which the holes remain in the HOMO of the donor

material while the electron is transferred to the acceptor. Additionally, the

charge transfer process is highly efficient due to its corresponding time

scale in the femtosecond range and no competing recombination process

exists on this time scale. [7,20,42]

As separate free charges are now present in donor and acceptor phases

the charges will start to move within these materials due to drift and diffu-

sion. The applicable model strongly depends on the morphology of the D/A

interface relative to the electrodes, e.g. diffusion will dominate in a bilayer

while in a bulk-heterojunction device with a random distribution of donor

and acceptor interfaces the net diffusion will be small and as a result drift

will dominate. [5,10,12,29] When the free charges are moving through the

material they can encounter impurities, defects, bad pathways,. . . which

will possibly act as recombination centers and thereby limit the photocur-

rent and open circuit voltage of the device. [47] The efficiency of charge

transport is therefore important as it is competing with (interfacial) re-

combination processes.

Eventually the generated charges will encounter the electrodes and ei-

ther recombine at the interface between electrode and bulk heterojunction

or be transported out of the device. The description of the charge extrac-

tion process heavily depends on the alignment of the Fermi levels of con-

tacts with HOMO and LUMO levels of donor and acceptor respectively. [36]
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In the most simple picture for charge extraction either hopping or tunnel-

ing is the dominant process depending on the height of the energy barrier

and temperature. However an exact description of the process is far more

complex due the morphology at and chemical structure of the organic-

electrode interface. [4,34,43] Traditionally contacts are evaporated and ion

or metal diffusion into the organic layer is possible, moreover, it has been

proven that interfacial dipoles and band bending are possible effects that

can affect the injection or charge extraction process. [8]

2.2 Charge injection and transport in organic

thin films

This section discusses some of the possible injection mechanisms at

metal/semiconductor interfaces. The description as given here uses the

electron in the conduction band (LUMO) as current contributing particle,

however, the discussion is equally valid with the holes in the valence band

(HOMO) as current carrying particles.

2.2.1 Schottky emission

Schottky emission is a mechanism in which an electron is thermally acti-

vated and thereby gains sufficient energy to overcome the energy barrier

at the metal-organic interface. The energy barrier itself can be modified

by an image force, which is called the Schottky effect. [17,43] This type of

conduction mechanism is mainly found at high temperatures. The general

expression for Schottky emission is given by:

J = A∗T2ep

�

−q(ϕB −
p

q(V/4dπεrε0)

kT

�

(2.1)
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The term A∗ is the effective Richardson constant and is given by the fol-

lowing relation:

A∗ =
4πqk2m∗

h3
=
120m∗

m0
(2.2)

The other parameters are J the current density, m0 the free electron mass,

m∗ is the effective electron mass in the thin film, T is the temperature

in Kelvin, q the electronic charge, ϕB the Schottky barrier height, V the

applied voltage, k the Boltzmann constant, h Planck’s constant, d the

thickness of the layer, ε0 the permittivity in vacuum and εr the optical

dielectric constant. The square root factor in the exponential term takes

the effect of barrier lowering, due to charge transfer from the metal to the

(organic) semiconductor ,into account. From these equations it can be de-

duced that for true Schottky emission the plot of og(J/T2) should increase

linearly with V1/2 and it is possible to determine the barrier height from

the intercept of the Schottky plot.

2.2.2 Poole Frenkel

This type of conduction mechanism is similar to Schottky emission: it is

due to a field enhanced thermal excitation of trapped electrons in the con-

duction band. The difference with Schottky emission is the height of the

trap potential wall (the square root factor in the exponential term) which is

smaller than in the case of Schottky emission. [18] The field enhancement

is expressed by the V/d factor in the equation. The current for the Poole

Frenkel type conduction is given by the following equation:

J ∼ V/d · ep
�

−q
�

ϕB −
p

qV/dπε
�

kT

�

(2.3)

The symbols as used here have the same definition as for Schottky emis-

sion.
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2.2.3 Fowler-Nordheim Tunneling

Classical physics dictates that when electrons encounter an energy bar-

rier they are not able to cross the barrier and are simply reflected. How-

ever, according to quantum mechanics the electrons are able to penetrate

the barrier whenever the barrier is sufficiently thin. Fowler-Nordheim tun-

neling occurs whenever the applied electric field (E = V/d) is high enough

so that electrons are able to penetrate a triangular potential barrier. The

current in that case has the following relation to the potential barrier and

applied electric field.

J =
q3V2

8d2πhqϕB
ep

�

−8dπ(2qm∗
T
)1/2

3hE
ϕ3/2
B

�

(2.4)

In this case m∗
T

is the tunneling effective mass while the other notations

remain the same. Equation 2.4 shows that whenever n(J/V2) is plot versus

1/V the resulting curve should be linear. This theory is mostly valid at high

electric fields due to the triangular barrier formed at high fields. [23,26]

2.2.4 Direct Tunneling

Direct tunneling is quantum mechanical tunneling through a square bar-

rier, which is valid at intermediate fields. [26] The current density and the

applied electric field have the following relation:

J ∼
V

d
· ep

�

−
2d

ℏ

Æ

2m∗ϕB

�

(2.5)

Therefore, whenever a linear behaviour is found between the current and

the applied bias direct tunneling is a possible injection mechanism. In

addition to the notation as used above, ℏ is the reduced Plank constant

and m∗ is the effective mass.
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2.2.5 Space charge limited current

When carriers can enter a material system and freely move through the

system the resulting current and carrier densities will be higher than in the

previous injection models. This higher charge carrier density will result in a

field gradient and thereby limit the current density. Space charge limited

current in the most general form is given by equation 2.6, often called

the Mott-Gurney law, and can be derived from the expression of the drift

current and Gauss’s law. [40]

J =
9

8

εrε0μV2

d3
(2.6)

This equation describes a mobility dependent current density, moreover, it

has been shown for organic layers that the mobility can be field dependent

which in turn leads to the Murgatroyd equation (eq. 2.7). [48]

J =
9

8
εμ0

V2

d3
ep

�

0.89β
p
V

p
d

�

(2.7)

However, for the current to be space charge limited the contact barrier

between metal and organic needs to be smaller than 0.3 eV. [3] If this is

not the case, the contact cannot be considered ohmic and the current will

be injection limited.

2.2.6 Ohmic conduction

Ohmic conduction is the simple case in which the current varies linearly

with the applied electric field, proportionally with the resistance of the

material through which the current flows.

J = σ
V

d
= nqμ

V

d
(2.8)

n = NCep
�−(EC − EF)

kT

�

(2.9)
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The parameters in this equation are μ the mobility and n the charge den-

sity. The charge density is defined by equation 2.9 with EF the Fermi en-

ergy, EC the conduction band edge and NC the effective density of states.

2.2.7 Ionic conduction

Ionic conduction is a mechanism in which the movement of ions con-

tributes to the current, which is similar to a diffusion process. This type of

conduction can be easily assessed from the time dependence of the con-

ductivity. As the ions can’t be injected or extracted, the dc conductivity

generally speaking decreases in function of time as long as the electric

field is applied. Moreover, this will result in charge build up near the elec-

trodes and distarts the potential distribution. As the field is turned of or

inverted hysteresis effects can be seen as the ions slowly move back to

the equilibrium positions. [11]

J ∼
V

dT
ep

�−ΔE
kT

�

(2.10)

Equation 2.10 describes how the current varies in function of the applied

voltage (V) and ΔE is the activation energy of ions.

2.3 The need for nanoscale characterization

Optimization of devices heavily depends on tuning the electronic prop-

erties and interaction of the donor and acceptor materials as this will de-

termine the eventual absorption, exciton generation and separation and

charge transport while keeping recombination to a minimum. These pro-

cesses heavily depend on the morphology of the donor/acceptor blend

which in turn is tunable from several parameters during the deposition

process. [50]
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An analysis of the finely intermixed layer of bulk heterojunction organic

solar cells requires a high-resolution tool allowing a spacial mapping of

the active layer. An apparatus extremely well suited to this goal is an

atomic force microscope. Not only does it allow imaging at a 10 to 100

nm scale, the techniques derived from AFM such as conductive AFM and

kelvin probe force microscopy give additional information on local com-

position, electric and electronic properties. Electron beam based analysis

techniques such as scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) give information at a similar scale and addition-

ally are able to study the exact composition however, they often induce

structural changes or damage the sample. scanning probe microscopy

(SPM) and electron beam based techniques are therefore mostly comple-

mentary. The mostly non-destructive nature of atomic force microscopy

and derived techniques resulted in a more thorough understanding of the

material systems currently used for organic photovoltaics (OPV).

The first conjugated polymers used in OPV were poly(1,4-phenylene

vinylene (PPV) based polymers, these were also the first system on which

advanced morphological studies were performed. An extensive TEM anal-

ysis of Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-

PPV) mixed with buckminsterfullerene (C60) revealed that a bicontinuous

network formed at a 1:1 weight composition ratio evidencing the existence

of a true bulk heterojunction. [51] It was the work on PPV’s that laid the ba-

sis for further research into the effect of morphology on the photovoltaic

properties. With the further development of poly[2-methoxy-5-(3’,7’-di-

methyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) efficiencies of up to

3% were reached. Moreover, further morphological analysis showed a

strong dependence of the organic layers’ morphology and structure on

the used solvent and the duration of the subsequent annealing, affecting

the photovoltaic properties.
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A replacement for MDMO-PPV was found in P3HT which has a semi-

crystalline structure and showed a strong dependence of the electro-optical

properties on the crystallographic orientation of the P3HT. Moreover, the

reduced bandgap of P3HT (1.9 eV)) compared to MDMO-PPV (2.2 eV) al-

lowed for a higher absorption and a corresponding higher short circuit cur-

rent. Similar to MDMO-PPV the solvent had a large influence on the initial

morphology of the bulk heterojunction and subsequent annealing further

improved the morphology and the corresponding solar cell characteristics.

Glatzel and Hoppe et. al. used ultra high vacuum kelvin probe force

microscopy (UHV-KPFM) to study the morphology and local work function

of MDMO-PPV:PCBM blends both in dark and under a 675 nm laser diode

illumination. They showed that the solvent had a significant impact on

the local morphology, moreover, the discrepancy between morphology

and KPFM images from the toluene casted blends showed that the PCBM

clusters will be either covered by the surrounding matrix or uncovered re-

sulting in very different photovoltaic behaviour for the two cases. [19,24,25]

Further work of Maturova et. al. developed a morphological device model

in which the three dimensional nature of phase separation was developed

into a two-dimensional model which was used to study and replicate the

experimental results from drift-diffusion equations. [30,31]

As KPFM is sensitive to local electric fields it can also be used to study lo-

cal (induced) trap formation as presented by O.G. Reid et al. They showed

that it was possible to correlate the local charging rate to the quantum

efficiency of photochemically degraded areas of the film. However, the

photovoltage as determined via KPFM did not show a direct correlation to

any of the photochemically induced changes in the devices characteris-

tics. [38] In a different work, David Ellison was able to directly link the open

circuit voltage of organic bilayers to the photovoltage response as mea-

sured with KFM. [16] Siddiki et. al. further investigated the energy barriers

between interfaces in double-junction organic solar cells and were able to
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determine the effect of energy barriers and energetically favorable offsets

for charge transport in interlayers. [45]

The first report of nanoscale charge transport as studied with conduc-

tive AFM on organic layers was produced by Alexeev in 2006. The ma-

terial under investigation was a mixture of MDMO-PPV and poly[oxa-1,4-

phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5 -(3,7-dimethyloctyloxy)-1,-

4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV) and a clear

contrast was seen between the MDMO-PPV donor and the PCNEPV accep-

tor. [2] Further investigations mainly focused on the local morphology and

phase separation of the materials in the bulk heterojunction blend. [1,13–15,39]

Additional research invested time in extracting physical properties from

local current - voltage (IV) curves. Reid proposed a semi-empirical ex-

pression with a scaling factor to account for the tip-sample geometry. [37]

The experiments done by Moerman et. al. however indicated a differ-

ent behaviour for P3HT nanofiber thin films. They showed via theoretical

calculations and lateral C-AFM measurements on patterned channels with

differents widths that the space charge limited current (SCLC) type be-

haviour exists mostly in a spherical region of a few tens of nanometers in

diameter immediately below the AFM tip. [32,33]

This short overview of the status of kelvin probe force microscopy and

conductive AFM shows a promising field to further understand the physics

of organic semiconductors and bulk heterojunction solar cells at the nano-

scale, and that several different options exist to correlate the nanoscale

properties to the macroscale. Moreover, the overview on AFM techniques

presented above indicates the necessity to consider the complementary

nature of KPFM and C-AFM
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Chapter 3

Characterization

techniques

3.1 Introduction

Any OPV based device needs a thorough characterization in order to de-

termine the relevant physical properties that regulate the measured per-

formance. This chapter will discuss the basic characterization techniques

such as current-voltage characteristics and external qantum efficiency

(EQE) measurements and the more advanced atomic force microscopy,

a technique extremely well suited to assess the nanoscale morphology.

3.2 Basic Characterization Techniques

3.2.1 Dektak

Profilometry is required to determine the absolute thickness of photo-

voltaic layers as the thickness leading to optimal device performances

varies with the type of absorber layer. [1,21] Profilometry is performed us-

ing a sharp tip to mechanically scan a surface. Whenever the thickness of
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a layer was determined, it was measured using a Dektak stylus profilome-

ter from Bruker unless otherwise stated.

3.2.2 Current-Voltage measurements

The traditional way to assess the efficiency of (organic) solar cells is

through the analysis of current density - voltage (JV) curves, usually ac-

quired both in dark and under standard AM1.5G illumination at 1 sun (1

sun = 100 mW/cm2) as this best represents the solar spectrum of sunlight

reaching the Earth’s atmosphere. Figure 3.1 shows a possible IV-curve.

The most interesting characteristic parameters extracted from this curve

are the short circuit current density (JSC),open circuit voltage (VOC) and

maximum power point (MPP). The short circuit current is defined as the

current value at zero applied voltage, while the open circuit voltage cor-

responds to the voltage at which zero current is measured and the maxi-

mum power point is defined as the current-voltage point (Jm and Vm)

at maximum power. From these well defined parameters the efficiency

and fill factor can be calculated.

Figure 3.1: Current-Voltage characteristic and the relevant parameters that can
be extracted.
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The power conversion efficiency (η) is defined as the ratio of the maxi-

mal extracted power to the incident light power (Pght):

η =
Pot

Pght
=
Jm ∗ Vm

Pght
(3.1)

The fill factor (FF) is defined as:

FF =
Jm ∗ Vm

JSC ∗ VOC
(3.2)

Including the fill factor in the equation of the efficiency leads to the follow-

ing definition:

η =
JSC ∗ VOC ∗ FF

Pght
(3.3)

The fill factor can be interpreted as a loss factor, as a low fill factor indi-

cates possible interfacial problems. These interfacial problems can either

come from the interface between bulk heterojunction and electrode or

from the interface between donor and acceptor.

Figure 3.2: Single diode model as used to extract series and shunt resistance.
From [7]

A device model to describe these JV-curves is the simple single diode

model as shown in figure 3.2. This equivalent circuit consists out of four

separate parts: the photo-current (Jph) as generated by the solar cell, the

current through the diode Jd, the shunt resistance (Rsh) and the series

resistance Rs. The series resistance is attributed to the individual resis-

tivities of the used materials while the shunt resistance is related to the
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recombination of charge carriers near the D/A Interface.

The power conversion efficiencys (PCEs) of the BHJ solar cells were charac-

terized using a Newport class A solar simulator (model 91195A) calibrated

with a silicon solar cell to give an AM 1.5G spectrum.

3.2.3 EQE

The external quantum efficiency is defined as the ratio of the number of

charges collected at the electrodes to the number of incident photons at

any given wavelength.

EQE(λ) =
Ne(λ)

NPh(λ)
(3.4)

EQE spectra were measured on a commercial setup from Bentham. A

xenon arc lamp (300-670 nm) and a quartz halogen lamp (670-900 nm)

were used as an illumination source, the incident light was chopped, cou-

pled into a monochromator and aimed at the device in short circuit current

conditions. The resulting current is sent through a Bentham477 current

pre-amplifier and thereafter arrives in a Bentham485 lock-in amplifier. The

setup was calibrated with a certified silicon cell.

3.2.4 Proton NMR

Proton nuclear magnetic resonance (H-NMR) is mainly used as a charac-

terization technique to determine the chemical composition and molecu-

lar structure of a material. [23] As the atomic nucleus is a spinning charged

particle it generates a magnetic field. Without any externally applied mag-

netic field the nuclear spin is random. However, with the presence of an

external field, the nuclear spins will align themselves with or against the

direction of the field. Alignment against the field will cost energy while

alignment with the field will allow the atoms to gain energy, the energy

difference between these states is equivalent to the energy of radio waves

of about 100 MHz. By monitoring the emission of the absorbed radio fre-
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quency (RF) energy at either a fixed frequency and a sweeping magnetic

field or fixing the magnetic field and sweeping the frequency of the RF ra-

diation, a NMR spectrum can be recorded. The NMR shifts (δ, in ppm) were

determined relative to the residual 1H absorption of CHCl3 (7.26 ppm) or

to the 13C resonance shift of CDCl3 (77.16 ppm).

3.3 Atomic Force Microscopy

Scanning force microscopy or atomic force microscopy was invented in

1986 by Binnig, Quate and Gerber to circumvent the problem of STM being

only able to measure conductive samples. They replaced the wire of an

STM with a simple lever made out of a diamond at the end of a thin gold

strip. With atomic force microscopy the tip height was controlled in such a

way to keep the force between tip and sample constant. The resolution of

such a system is in essence limited by the shape of the tip. [3] As illustrated

in figure 3.3 an atomic force microscope thus needs the following parts: a

chip or cartridge to hold a cantilever with a probe (also called tip), a photo-

detector, a laser/light source and a piezoactuator to move the sample on

the micro/nanometer scale (not shown). The laser is set on the top of a

reflecting cantilever so it hits the center of the detector, the probe is then

brought into contact with the sample by moving the piezoactuator towards

the tip. The tip is thereafter brought into the repulsive force regime (Fig.

3.4) and scanning at a constant cantilever deflection will be started. Any

mechanical deviation is detected from a deviation of the laser spot on

the photo-detector. The topography can be determined from this signal

by moving the piezoactuator up or down depending on the shift of the

spot on the photo-detector. Careful calibration of the piezoactuator thus

results in accurate height measurements. The method of measurement

as described here is commonly referred to as contact mode AFM and is a

static mode. This technique is sensitive to the elasticity of the sample as

any change in softness could possibly appear as a change in height.
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Figure 3.3: Basic overview of an AFM setup. Reprint from [4]

The following sections will discuss the used AFM techniques and the

inherent drawbacks and benefits of each technique.

3.3.1 Contact and Conductive AFM

As mentioned before in contact AFM the probe is brought into contact by

moving the piezoactuator towards the tip, this will result in a perpendicular

force which is given by Hooke’s law (F = −k · δz, with F the force applied

during measurement, δz the deflection distance and k the force constant

of the cantilever). This equation clearly shows that to minimize the forces

on the sample, the force constant and the deflection setpoint need to be

kept to a minimum. Generally speaking the cantilever has to be softer than

the bonds between the bulk atoms in tip and sample. However, as figure

3.4 illustrates proper tip-sample contact is only ensured when working in

the repulsive regime.

One of the biggest pitfalls in the analysis of contact-AFM images is the

interpretation of height images, since the apparent height can be heav-

ily influenced by the composition of the sample. Imagine an atomically

flat sample consisting of two polymers with different mechanical proper-
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Figure 3.4: A standard force-distance curve as can be obtained from AFM. Reprint
from [19]

ties being imaged by contact AFM with a pre-set force, during scanning

the polymers will display different indentations and thus will show a differ-

ent apparent height. Furthermore, the operating principle of Contact AFM

implies that during measurement the tip remains in full contact with the

sample possibly resulting in either tip or sample damage. In addition to a

perpendicular force a lateral force exists as well, which in turn will result

in torsion of the cantilever. By detecting and analysing this torsion it is

possible to determine the local friction properties.

Conductive AFM was derived from contact AFM in the mid 1990’s to

be able to measure currents through silicon gate dielectrics on the nano-

scale. [20] The main difference from standard contact AFM is the fact that

a probe with a thin conductive metallic layer is brought into contact with

the surface and a fixed voltage applied to simultaneously map topogra-

phy and current. It is however possible to use a different measurement

configuration in which the probe is fixed at a set position and the volt-

age is sweeped over a predefined range. Most of the time however, the

techniques are combined as first a topographic and current mapping of

the sample is done, followed by IV-spectroscopy on interesting areas e.g.:

grain boundaries in copper indium gallium sulphur/selenium (CIGS), cop-

per zinc tin sulphur/selenium (CZTS) samples or local measurements on

phase separated materials. [9,14,17]
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In addition to the drawbacks of contact AFM such as sample and probe

damage, conductive AFM can be heavily influenced by sample topography.

A rough sample will have locations with an increased tip-sample contact

area, thereby resulting in increased current. Or possibly, when measur-

ing in ambient condition, a thin water meniscus can form on the sample

surface and as a result show an increased conduction. [16]

3.3.2 Dynamic AFM

A different option is the use of dynamic modes in which the cantilever

oscillates near the sample surface. Two main modes exist: dynamic force

microscopy and amplitude modulated atomic force microscopy (AM-AFM).

In dynamic force microscopy, a self-driven cantilever (eigenfrequency ƒ0,

spring constant k) is subjected to a feedback loop as to have an oscillation

at a frequency (ƒ ) with a constant amplitude (A). When in close proxim-

ity to the sample the forces between tip and sample will result in a small

change in frequency and phase. These detected changes will go through

a bandpass filter to remove any unwanted noise, the signal is thereafter

interpreted into a topographical image. To be absolutely sure that the

restoring force at the lower turning point (when tip movement changes

from down to up) is larger than the attractive force between tip and sam-

ple an appropriately large oscillation amplitude has to be selected. To be

able to use a self-driven cantilever the measurements need to proceed in

vacuum, this removes any dampening from the surrounding atmosphere

and results in high quality factors.

Compared to contact AFM dynamic force microscopy has the ability for

true atomic resolution and this has been shown by Giessibl on a 7x7 re-

constructed Si(111) surface. [11] Moreover, other semiconductors such as

TiO2, InP, GaAs and InAs have been studied successfully as well. [12]
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Alternatively to frequency shift detection it is also possible to use the

amplitude of the cantilever oscillations as a control parameter during AFM

imaging. AM-AFM uses tip oscillation amplitudes of 20 to 100 nm at a

frequency close to the resonance frequency of the cantilever. In this mode

the root-mean-square value of the deflection detector is used as a control

parameter for the tip-sample distance. The main benefit compared to

contact AFM is a reduction in the lateral forces while maintaining a similar

resolution only limited by the tip shape. This method is generally referred

to as tapping AFM.

Similar to dynamic force microscopy the phase shift between excitation

and cantilever oscillation can be used to obtain additional information, this

is however limited to soft materials and when using sharp tips. In phase

imaging local phase separation between materials tends to show up as

contrast, however, this contrast can invert in between measurements and

is therefore harder to interpret.

3.3.3 KPFM

The initial macroscopic Kelvin probe works based on the principle that if

two metals are brought into electrical contact a current will flow from the

metal with the lower work function to the metal of the higher work function

which in turn will lead to a contact potential difference between the two

metals. [2] This idea was improved upon by William Zisman, who mounted

a vibrating plate above the sample electrode. Due to the vibration of the

plate the output voltage varies periodically. Moreover, the peak-to-peak

voltage depends on the difference between the contact potential and the

externally applied voltage. Thus any change in contact potential can be

detected by varying the external potential to get a zero output voltage.

This technique however averages over the entire plate area and therefore,

has a severely reduced lateral resolution. [25]
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Figure 3.5: Overview of a KPFM setup

Nonnenmacher et al. were able to measure the local contact potential

by modifying a standard AC force microscope by adding a heterodyne in-

terferometer to detect the motion of the force sensor. [22] Most modern mi-

croscopes now include the possibility of measuring local contact potential

differences between tip and sample through either amplitude modulated

KPFM (AM-KPFM) or frequency modulated KPFM (FM-KPFM).

Figure 3.5 shows an overview on how a KPFM can be implemented on

an AFM. In a first step an alternating voltage Vc is applied to the tip at a

frequency ω. The resulting mechanical oscillation due to the electrostatic

tip-sample interaction is detected on a photodiode. In the third step the

oscillation of the cantilever is isolated via a lock-in amplifier and fed back

into the circuit. In a final step this feedback is used to minimize Fωc by

applying a DC bias voltage onto the tip.

The electrostatic force between tip and sample has a quadratic depen-

dence on the difference between the tip bias voltage (VDC) and the con-

tact potential difference (VCPD) between tip and sample and it is possible

to model this using the simple model of a capacitor. The resulting electro-
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static force in that case is

Fe =
−1

2

∂C

∂z
[Vdc − VCPD + VACsn(ωACt)]2 (3.5)

∂C/∂z is the capacitance gradient and VCPD is the work function difference

between the tip and the sample.

VCPD =
smpe − tp

q
(3.6)

Expanding equation 3.5 allows one to write it as a sum of forces with

Fe = Fdc + FωAC + F2ωAC . The result of the first term FDC (eq. 3.7) is a fixed

deflection. The second term Fωc (eq. 3.8) varies with the frequency of

the applied electrical signal and is mainly used to determine the contact

potential difference. The last term F2ωc (eq. 3.9) does not depend on

the contact potential difference and has been used to determine the local

capacitance.

Fdc = −
∂C

∂z

�

1

2
(Vdc − VCPD)2 +

V2
AC

4

�

(3.7)

Fωc = −
∂C

∂z
(Vdc − VCPD)VACsn(ωACt) (3.8)

F2ωc = −
∂C

∂z

V2
AC

4
cos(2ωACt) (3.9)

As can be seen from equation 3.6 to determine the absolute work func-

tion of the material under investigation the probe needs to be fully cal-

ibrated using a sample with a known work function. Moreover, to have

an exact and absolute work function all measurements need to be done

in ultra-high vacuum as the work function is very sensitive to any surface

adsorbates.

As the definition of VCPD (
smpe−tp

q or
tp−smpe

q ) tends to vary be-

tween different microscopes and software versions a selection of samples

were prepared. The first two were a low (Al) work function metal [18] and a
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transparant conducting oxide (ITO) [13], the second set consisted out of a

MeOH treated and normal a PEDOT:PSS layer [24] covering this surface. The

results are shown in figure 3.6, it can be clearly seen that VCPD behaves

as the opposite of the work function. I.e. a decrease in surface potential

correlates to an increase in work function. Moreover, this implicates that

the effective work function of the tip as used here is in the order of 5.2 eV

making it a nice average for the quoted values for platinum and iridium.

Figure 3.6: Plot of several reference materials (Al, ITO, PEDOT, MeOH treated
PEDOT) to determine the correct definition of the contact potential difference.

3.3.4 PeakForce Tapping and TUNA

PeakForce tapping (PF-Tapping) is a novel measurement mode for AFM.

It uses a standard AFM probe and differs by not oscillating the probe at

or near resonance frequency but instead uses a low frequency oscillation

(1-2 kHz) of either probe or piezo-actuator. Each time the AFM tip touches

the surface a force-distance curve is captured by the AFM controller and

analysed. The nature of this technique completely removes any lateral

force component while keeping the resulting perpendicular force on the

sample to a minimum.
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Figure 3.7: (a) A single curve as obtained by Peak Force Tapping. (b) The curve
from (a) reworked into a force distance curve. From this curve different mechan-
ical properties such as adhesion, energy dissipation and Young’s modulus can be
estimated. [10]

Figure 3.7 shows a single curve obtained by PeakForce Tapping and the

corresponding force-distance curve as used for analysis of morphology and

corresponding mechanical properties by employing the Darjaguin-Muller-

Toporov (DMT) model of elastic contact. As a single linescan takes 1 second

and an average number of 512 points per line is selected this leads to an

averaging of 3 to 4 of these force-distance curves per pixel. The process-

ing power needed to analyse force-distance curves on the fly is rather high

therefore, any fits based on this model are done by the AFM controller and

sent to the software afterwards. [5]

To be able to compare absolute values measured for the mechanical

properties all tips need to be fully characterized. This characterization is

a three step process, in the first the deflection sensitivity is characterized

by analyzing a force-distance curve on an extremely hard sample. The

second step is a thermal tuning of the cantilever to determine the spring

constant. The final step is a characterization of a sample with a known

hardness to set the correct parameters for subsequent imaging. However,

for bulk heterojunction organic solar cells relative differences within a sin-

gle sample are sufficient as one is more interested to determine whether

or not phase separation is present. Moreover, by omitting the character-

ization steps as described above any expected initial tip damage is pre-
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vented.

PeakForce tunnelling AFM (PF-TUNA) works in a similar fashion as Peak-

Force Tapping with the addition of current sensing capabilities. The main

difference with standard conductive AFM is the time that the AFM probe is

in contact with the sample. Figure 3.8 shows the definition of the different

currents that are measured during PeakForce TUNA. The first current is

defined as the Peak Current, this is measured at maximum force during a

force distance curve. The second current is called the Contact Current and

defined as the current measured during the time when the AFM probe is

in contact with the sample. The third and final current is termed the TUNA

current and is defined as the number of charges measured over the entire

measurement time of a single force distance curve. [6]

Figure 3.8: Overview of the different currents measured with PeakForce TUNA. [8]
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Of all currents the Contact Current is most closely related to the current

as measured by conductive AFM however, there will be some discrepan-

cies as the force applied during PeakForce Tapping and TUNA can be as

low as 50 pN while C-AFM can be down to the sub-nN range. [8]

A small overview of the electrical AFM techniques with corresponding

typical resolution and used tips can be found in table 3.1. The electrical

and topographical resolution of C-AFM and PF-TUNA is similar however,

the topography image resulting from PeakForce TUNA is far less distorted

compared to a topography image of C-AFM due to the severely reduced

lateral force. An example of this can be found in chapter 4 section 4.2.4

on figures 4.28 (c and i) and 4.29 (a and b) on page 89 and 92

Table 3.1: Overview of the electrical techniques with the corresponding probes.

C-AFM PF-TUNA KPFM

Typical x-y resolution 25 nm [15] 25 nm [15] 25 nm [19]

Typical z resolution 0.5 nm 0.5 nm 0.5 nm
Resolution limiting factors Tip diameter,z-scanner Tip diameter,z-scanner Tip diameter,z-scanner

Type of contact Contact Intermittant contact Non contact Tapping mode
Tip coating Pt/Ir Pt/Ir Pt/Ir

Quoted spring constant ∼0.4 N/m ∼0.4 N/m 4.0 N/m
Quoted tip resonant frequency ∼70 kHz ∼70 kHz ∼75 kHz

Single or Double pass Single Single Double
Type PFTUNA PFTUNA SCM-PIT

Nanoscale characterization was done on a Bruker Multimode 8 AFM with

a V series controller either in ambient atmosphere or in an inert N2 atmo-

sphere with a relative humidity less than 6%. The relative humidity was

monitored using a home built set-up based on relative humidity sensors

with an accuracy of 3%.
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Chapter 4

Results and Discussion

4.1 Charge injection and extraction in Poly-

mer/Donor:acceptor blends

4.1.1 Introduction

Organic solar cells are usually based on the bulk heterojunction concept

in which electron donor and acceptor molecules are deposited together

to form an intermixed film. How fine these materials mingle will in part

determine the efficiency of the final solar cell. [70] However, as this type

of intermixing is happening on the nanoscale, characterization techniques

with a resolution at the same scale are needed. Atomic force microscopy

and derived techniques are extremely well suited for this type of research

as they combine a non-destructive nature with a high lateral resolution.

Moreover, these techniques have been successfully employed to study

the local electrical properties of organic semiconductors. [9,20,22,58,60,71,89]

To be able to effectively describe the nature of charge transport between

a metal contact (or conductive AFM tip) and a semiconducting polymer

it is of the utmost importance to get information on the barrier existing

between the two materials. This is mainly due to the fact that charge

injection (extraction) at a metal contact into (from) an organic semicon-
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ductor is heavily influenced by the nature of the contact between the two

materials. Having perfect alignment between the metal’s work function

and HOMO or LUMO levels is not needed, however, the discrepancy in

energy levels between the two materials can’t be too large and it is on

this premise that currently local IV-curves are analysed. [22,58,71] Moreover,

early work places the barrier at which transport changes from bulk to injec-

tion limited current at 0.3 to about 0.4 eV thereby confirming the validity

of using ohmic transport. [19] Contrary to fixed barriers, more recent work

describes an intermediate quasi-ohmic region with varying limits. [87] Se-

lection of a proper model to describe the measured data is the only way

to ensure that the extracted parameters can be attributed to real physical

processes. This section will show that depending on the barrier between

tip and sample either ohmic conduction and with it space charge limited

current is valid or that a Poole-Frenkel type conduction between tip and

sample exists. [26]

4.1.2 Determining the tip/sample barrier for injection

Kelvin Probe Force Microscopy is ideally suited to determine the tip sam-

ple barrier as it works on the presupposition of determining the work

function difference between the probe and the metal under investiga-

tion. In the case of semiconductors however, the difference between the

work function of the tip and the fermi level of the semiconductor is mea-

sured. [3,4,73] However, organic semiconductors do not have the classic

definition of a work function such as traditional semiconductors making

the interpretation of kelvin probe force microscopy data far more diffi-

cult. [66]

As shown in section 3.3.3 the contact potential difference is defined as

VCPD =
tp−smpe

q . Therefore by analysing both the VCPD of the aluminium

cathode and the blend (or pure organic layer) it is possible to estimate

the difference of the work function of the metal and the surface poten-
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tial of the polymer. This allows a direct comparison of different areas of

a single sample irrespective of the work function of the used AFM tip as

long as the AFM tip is not changed within the measurement of a single

sample. The effect of composition, thickness and substrate will be deter-

mined in the following sections. To this end three different samples sets

were analysed by KPFM. The first set composed of P3HT:PCBM films with

varying ratios deposited on poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOT:PSS) on ITO/glass. The second set consisted out of P3HT

layers with varying thickness spincoated on PEDOT:PSS on ITO/glass. The

third sample set investigated the effect of PEDOT:PSS as an interlayer in

between P3HT:PCBM and ITO the surface potential of P3HT:PCBM as mea-

sured by KPFM. Finally, the I-V curves as obtained by C-AFM from different

polymers were analysed to confirm the proposed injection and transport

model. The experimental details can be found in IV.

Table 4.1 shows the measured surface potential from KPFM on a set

of P3HT:PCBM samples with a varying composition, these results already

show that the absolute value of the contact potential difference between

tip and blend is in the order of 0.2 to about 0.4 eV. Another very interesting

point to note is that the VCPD of pure P3HT and for P3HT:PCBM blends is

positive, while pure PCBM has a negative contact potential difference. This

strongly indicates that the presence of PCBM in the blend does not have an

influence on the tip sample barrier. However, there is a distinct possibility

that the P3HT:PCBM shows vertical phase separation and that the resulting

surface potential is solely due to the presence of P3HT. [91] Interestingly

the blend with the highest PCBM content also has the highest contact

potential difference, which is completely counter intuitive when comparing

to the contact potential difference of pure PCBM (-0.23 eV). These results

show that the measured contact potential difference on aluminium is very

stable, moreover, a work function of 4.1 eV for aluminium [56] would set the

work function of the AFM tip to 5.5 eV which is high but not impossible for

the materials (platinum/iridium (Pt/Ir)) making up the AFM tip. [45,78] This
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work function for the AFM tip would set the measured energy level of the

pure P3HT to about 5 eV which is very close to the HOMO level of P3HT as

this is generally cited at 5.1 eV. [58] When applying a similar correction for

the ITO substrate it can be seen that VCPD as measured here coincide with

the fermi levels as quoted in literature, however, the variation is larger

as the PEDOT:PSS and polymer covering the ITO have to be removed. [38]

The removal of PEDOT:PSS consisted out of a thorough scrubbing with a q-

tip dipped in H2O. Any remaining PEDOT:PSS and a water meniscus could

have a significant effect on the eventual work function and can explain the

large variation when comparing these values for ITO. [4]

Table 4.1: The measured surface potential of P3HT:PCBM thin films in different
ratio’s with an aluminium contact deposited on top.

Sample Al (V) Blend (V) ITO (V) Corrected energy level Corrected energy level
- Blend (eV) - ITO (eV)

Pure P3HT 1.36 ± 0.01 0.39 ± 0.01 0.73 ± 0.01 5.07 ± 0.02 4.74 ± 0.02
Pure PCBM 1.39 ± 0.01 -0.23 ± 0.01 0.54 ± 0.01 5.72 ± 0.02 4.95 ± 0.02

P3HT:PCBM 1:1 1.42 ± 0.02 0.30 ± 0.05 0.90 ± 0.04 5.22 ± 0.07 4.62 ± 0.06
P3HT:PCBM 1:2 1.38 ± 0.02 0.40 ± 0.05 0.85 ± 0.04 5.08 ± 0.07 4.63 ± 0.06
P3HT:PCBM 2:1 1.35 ± 0.02 0.22 ± 0.05 0.88 ± 0.04 5.23 ± 0.07 4.57 ± 0.06

To exclude vertical phase separation the samples containing P3HT were

imaged by C-AFM at a fixed voltage. The results are shown in figure 4.1

and images at a positive bias clearly show that the addition of PCBM re-

sults in areas with a considerable increased conduction. Applying a neg-

ative bias during C-AFM imaging results in areas showing no conduction

and the location of these non-conducting regions coincide with the spikes

seen at positive bias. A similar behaviour was seen by Rice et. al. when

using P3HT nanowires in combination with PC61BM. [72] Therefore, it is safe

to say that the P3HT and PCBM are finely intermixed and that the amount

of PCBM in this case shows no significant influence on the surface poten-

tial. A similar result was seen by Xu et. al. when using photoelectron

spectroscopy on various P3HT:PCBM blends, they show the formation of a

P3HT rich layer at the surface. [90] This is not necessarily contradictory to

the results found here. A layer can be P3HT rich but still contain a decent
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amount of PCBM to show up in the conductive AFM measurements.

Moreover, to be absolutely sure on the interpretation of these spikes,

current-voltage curves on pure P3HT, pure PCBM and on a sample with a

2:1 ratio of P3HT:PCBM were made. The shown JV-curves were all mea-

sured by the same tip and were corrected for the area of the tip, which

in turn was determined by SEM. The current-voltage curve on pure PCBM

(Fig. 4.2 (a)) evidently shows no contribution from -10 to 0 V, undeniably

exhibiting that any conduction measured by AFM on a mixture with PCBM

under negative bias can be solely attributed to the other components in

the mixture. There even is no measurable current with a sample bias up

to 2.5 V, however, beyond this value the current unquestionably starts to

increase exponentially. Current-voltage curves measured on pure P3HT

(Fig. 4.2 (b)) show a radically different behaviour, a significant amount

of current can be measured at all times except at zero bias. However,

at a bias of 10 V the current through PCBM is about two orders of mag-

nitude higher than the current through P3HT. Finally the current-voltage

characteristics on a P3HT:PCBM mixture were measured, more specifically

an area exhibiting both a contribution of PCBM and P3HT was targeted,

this is displayed in figure 4.2 (c). These results clearly show that any cur-

rent at a low bias passes through the P3HT while if the applied bias is a

high enough current will start to flow through the PCBM, suggesting the

existence of a PCBM path towards the PEDOT:PSS through which current

can flow. More important, it is additional proof that PCBM is present at the

surface.

To exclude any other surface effects and further elucidate the surface

potential difference between the aluminium contact and the polymer film,

the KPFM tip was replaced and the P3HT:PCBM mixtures were re-evaluated.

Both tables (4.1 and 4.3) show near identical results, the calculated differ-

ence between blend and sample remains at a near constant value of ∼

1.0 V. Moreover, using a similar correction as before suggests a tip work
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 4.1: An overview of topography and corresponding conductive AFM im-
ages on pure P3HT (a,b,c), P3HT:PCBM (1:1) (d,e,f), P3HT:PCBM (1:2) (g,h,i) and
P3HT:PCBM (2:1) (j,k,l) The first column always represents the measured morphol-
ogy on a 2 by 2 μm2 scale. Column number two represents the measured current
at a fixed positive sample bias (5 V), the average current of the respective images
is 190 pA, 130 pA, 160 pA, 210 pA. While the third column shows the measured
current at a fixed negative bias (-5 V), the average current of the respective images
is -40 pA, -130 pA, -100 pA, -100 pA.

58



CHAPTER 4. RESULTS AND DISCUSSION

(a)

(b)

(c)

Figure 4.2: Current-voltage curves measured on Pure PCBM (a), pure P3HT (b)
and P3HT:PCBM in a 1 to 2 ratio (c). The black solid triangles represent the average
curve from 5 measurements, the respective standard deviations as calculated at
10 V are: 4.9∗ 106, 2.4∗ 104 and 1.7∗ 104 A/m2.
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function near 5.4 eV which is somewhat higher than the quoted values in

literature. [58,59] There is a slight discrepancy between the results in table

4.1 and those presented in 4.2, however, as some time passed (96-120h)

between the initial measurement and the follow-up experiment a surface

modification due to illumination or exposure to minute traces of oxygen or

water could have had a profound effect on the surface potential. [4]

Table 4.2: Contact potential difference results as obtained by KPFM on P3HT:PCBM
at different ratios of P3HT:PCBM with a new tip.

Sample Al (V) Blend (V) ITO (V) Corrected energy level Corrected energy level
- Blend (eV) - ITO (eV)

P3HT:PCBM 1:1 1.26 ± 0.02 0.28 ± 0.01 0.414 ± 0.01 5.08 ± 0.03 4.95 ± 0.03
P3HT:PCBM 1:2 1.25 ± 0.01 0.27 ± 0.01 0.495 ± 0.01 5.08 ± 0.02 4.86 ± 0.02
P3HT:PCBM 2:1 1.25 ± 0.01 0.28 ± 0.01 0.552 ± 0.01 5.07 ± 0.02 4.80 ± 0.02

Table 4.3 shows the results for a fresh sample set and measured with

a new tip. Again showing very little spread on the contact potential dif-

ference of the aluminium contact and suggesting that this AFM tip has a

work function at around 5.2 to 5.3 electron volts. The surface potential

difference between the aluminium and the P3HT:PCBM blend is always of

the same order of magnitude and the correction, as done before, puts the

measured values at the HOMO level of pure P3HT. These samples were

treated with the utmost care as to limit any exposure to oxygen/water

and/or illumination and the corresponding effect on surface potential. This

set of samples was hereafter analysed with conductive AFM, the results

and corresponding discussion can be found in section 4.1.3

Table 4.3: A novel set of P3HT:PCBM mixtures of different ratios measured with
KPFM.

Sample Al (V) Blend (V) ITO (V) Corrected energy level Corrected energy level
- Blend (eV) - ITO (eV)

P3HT:PCBM 1:1 1.15 ± 0.01 0.11 ± 0.01 0.49 ± 0.01 5.15 ± 0.02 4.76 ± 0.02
P3HT:PCBM 1:2 1.12 ± 0.01 0.10 ± 0.01 0.57 ± 0.01 5.12 ± 0.02 4.65 ± 0.02
P3HT:PCBM 2:1 1.13 ± 0.01 0.20 ± 0.01 0.57 ± 0.01 5.03 ± 0.02 4.66 ± 0.02

It is well known that P3HT has the tendency to form different types of

morphologies depending on the deposition and preparation method. [11]
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To rule out any effect of the crystallinity of P3HT in P3HT:PCBM on the

surface potential a set of PCDTBT:PC71BM ([6,6]-phenyl C71 butyric acid

methyl ester (PC71BM)) samples was measured as it is generally accepted

that PCDTBT is amorphous. [15] The outcome of this experiment can be

found in table 4.4, in this case the PCBM content was varied from a sim-

ple 1:1 ratio to a 1:8 ratio. The results show surface potential values of

0.9 V on the aluminium contact suggesting a tip work function of 5.0 eV

and a calculated energy level of 5.3 to 5.4 eV for PCDTBT:PC71BM which

again corresponds to highest occupied molecular orbital values quoted in

literature (5.4 eV) for PCDTBT. [5,42]

Table 4.4: PCDTBT:PC71BM at different ratios measured by KPFM.

Sample Al (V) Blend (V) ITO (V) Corrected energy level Corrected energy level
- Blend (eV) - ITO (eV)

PCDTBT:PC71BM 1:1 0.91 ± 0.01 -0.30 ± 0.05 0.53 ± 0.02 5.31 ± 0.06 4.48 ± 0.03
PCDTBT:PC71BM 1:2 0.88 ± 0.02 -0.37 ± 0.04 0.56 ± 0.02 5.35 ± 0.06 4.42 ± 0.04
PCDTBT:PC71BM 1:4 0.94 ± 0.02 -0.38 ± 0.02 0.60 ± 0.04 5.42 ± 0.04 4.44 ± 0.06
PCDTBT:PC71BM 1:8 0.90 ± 0.02 -0.35 ± 0.02 0.70 ± 0.02 5.35 ± 0.04 4.30 ± 0.04

To preclude the effect of band bending a set of samples with varying

P3HT thickness by spincoating at different speeds were measured with

KPFM and Dektak. [46,65] The results are displayed in table 4.5, and illus-

trate that the surface potential is independent of film thickness at least

with a thickness larger than 30 nm. Thereby showing that any band bend-

ing does not become an issue at the thickness used in this work. Moreover,

any band bending at the tip sample interface should be limited as there is

no physical contact between tip and sample during KPFM imaging.

Table 4.5: Contact potential differences as measured by KPFM on P3HT layers of
varying thickness.

P3HT film thickness Al P3HT Film Corrected energy level - P3HT

270 nm 1.44 ± 0.01 0.47 ± 0.02 5.07 ± 0.03
140 nm 1.41 ± 0.01 0.41 ± 0.02 5.13 ± 0.03
90 nm 1.37 ± 0.01 0.41 ± 0.03 5.06 ± 0.04
50 nm 1.39 ± 0.01 0.32 ± 0.02 5.17 ± 0.03
30 nm 1.38 ± 0.01 0.29 ± 0.02 5.19 ± 0.03
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The results obtained with KPFM here show that effectively the measured

contact potential difference can be treated as an offset in work function of

the metal probe and the HOMO level of the donor. Moreover, the results

obtained with KPFM show that there appears to be a variation between

the work functions of different AFM probes suggesting that when similar

probes are used for conductive AFM the results are not always directly

comparable in between different measurements.

4.1.3 Conduction mechanisms for pure films and blends

Figure 4.3: Current-voltage curves as obtained by C-AFM in an SCLC type plot.
Only the curve obtained on pure P3HT seems to show a linear behaviour in this
plot.

Space charge limited current is a widely used model to describe current

transport in organic semiconductors. [13,40,68,75] One of the prime require-

ments however, is the necessity of an ohmic contact between the contacts

and the organic material under investigation. Moreover, the alignment of

the contact’s Fermi level with either HOMO or LUMO of the material allows

a study of either hole or electron transport. In case of SCLC transport,

when plotting the current in function of the square of the applied tip bias
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a straight line is expected. Figure 4.3 shows such a plot of the current

measured by C-AFM in function of the square of the applied tips bias for

different organic materials either in blend or as a pure material.

Figure 4.4: Current-voltage curves in an SCLC type plot with a field dependent
mobility, in which none of the curves appear to change linearly.

An extension to space charge limited current exists in the form of using

a field dependent mobility, this is more generally referred to as a mod-

ified Mott-Gurney and uses a Poole-Frenkel form for the mobility, which

should result in a linear dependence of /V2 to V1/2. Figure 4.4 shows a

plot for different organic materials of /V2 in function of V1/2 and as there

is no linear dependence this is not a viable option to describe the local

current, moreover, the fact that the slope is negative in the case of P3HT

and P3HT:PCBM suggests a negative value for β, the strength of the field-

dependence, which has no physical meaning. It can be clearly seen that

a space charge limited type of current does not give the correct depen-

dence, the primary reason for this is most likely the mismatch in work

function between the metal AFM tip and the polymer thin film.
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Figure 4.5: The data obtained from C-AFM in a Schottky plot, again the curves do
not appear to show any linear behaviour in this type of plot.

Generally speaking a Schottky type contact is referred to as a rectifying

contact between a metal and a semiconductor. These rectifying properties

are similar to those of a PN junction. The associated equation shows that

when plotting the current in function of the square root of the applied

voltage a linear dependence should assert itself, not taking into account

a field dependent barrier. Figure 4.5 shows the current in function of the

square root of the applied voltage. However, the results displayed here

imply that the model is not valid in the case of a metal AFM tip on the

organic semiconductors as studied in this work.

Fowler-Nordheim tunnelling differs from direct tunneling only by the shape

of the tunneling barrier. Direct tunneling has tunneling through the com-

plete barrier while Fowler Nordheim tunnelling has a triangular shaped

barrier. To determine whether or not this type of tunnelling is valid /V2

will be plotted in function of 1/V. Figure 4.6 displays a set of curves with

/V2 in function of 1/V, the results here indicate that Fowler Nordheim Tun-

neling is not a valid model to describe charge injection across a barrier in

the case of a metal AFM tip and an organic semiconductor.
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Figure 4.6: Fowler Nordheim plot of the local IV data. The presented curves do
not appear to be linear.

Figure 4.7: Current voltage data represented according to thermionic emission,
in this case I/V does not appear to change linearly with V2
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Figure 4.7 shows the current plotted in a thermionic field emission plot,

again, this model does not appear to be valid to describe the local cur-

rent voltage curves as obtained by C-AFM measurement on the organic

semiconductors studied in this manuscript.

Figure 4.8: Poole Frenkel type plot, all the curves appear to have a linear rela-
tionship in this type of plot.

Figure 4.8 shows /V in function of V1/2, which appears to be linear for

all the samples studied. The Poole Frenkel type charge injection, which is

a combination between Schottky type charge injection and hopping trans-

port through the polymer. Therefore, this seems to be a valid model to

describe current injection and transport in organic semiconductors in a C-

AFM measurement configuration. It should be no surprise that this could

be a valid model for organic semiconductors as hopping transport has

been shown to be valid in a wide range of organic semiconductors. [26]

The question now remains, what defines when space charge limited cur-

rent is valid and when Poole-Frenkel is to be applied. To this end the current

voltage curves of samples with varying injection barriers were compared.

Figure 4.9 shows a comparison between local IV-curves either plotted ac-

66



CHAPTER 4. RESULTS AND DISCUSSION

(a) (b)

Figure 4.9: Direct comparison of local current voltage data obtained by conduc-
tive AFM plot according to the SCLC (a) and the Poole Frenkel model (b).

cording to space charge limited current or according to Poole-Frenkel of

the samples in table 4.3. The two samples which had a lower tip-sample

barrier showed an SCLC type behaviour while the sample with a higher

tip-sample barrier showed a Poole-Frenkel type behaviour. Thus the KPFM

measurements seem to indicate that if the barrier between tip and sample

is sufficiently low, the current indeed is space charge limited. However, as

soon as the barrier is higher than a certain threshold the current can be

described by a Poole Frenkel type model.

4.1.4 The effect of PEDOT:PSS on the local conduction

Finally the effect of the underlying layer was studied, the results are

shown in figure 4.10. When looking at the transition of ITO to glass it

is clear that when the glass is covered with PEDOT:PSS that the surface

potential difference does not change, while without the PEDOT:PSS there

is a visible shift in surface potential exactly at the edge of the ITO. [29]

This clearly shows that the barrier between tip and sample will change

when using C-AFM on samples without PEDOT:PSS. Moreover, without PE-

DOT:PSS as an intermediary layer between the ITO and the P3HT or P3HT:-

PCBM blends an ohmic contact is no longer ensured.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.10: Direct comparison of the topographic, KPFM signal (10x10μm2)
and contact potential distribution of a P3HT layer deposited on PEDOT:PSS on ITO
(a,c,e) and P3HT deposited on bare ITO (b,d,f).
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The sample without the PEDOT:PSS layer shows a clear contrast in the

contact potential difference signal, while this contrast cannot be seen on

the sample with a PEDOT:PSS layer. Moreover, the observed contrast

shows that VCPD between tip and sample is larger on P3HT on glass com-

pared to P3HT on ITO thereby indicating that a possible effect on local

conduction can be seen. This effect has been investigated in further de-

tail by analysing IV curves made at different distances from the contact

on samples with and without PEDOT:PSS. It is expected that the samples

with PEDOT:PSS show a uniform behaviour while those without PEDOT:PSS

show differences in local conduction as transport will be either in plane or

out of plane depending on the measurement configuration.

Figure 4.11: An overview of the measurement configuration for the lateral and
perpendicular case, with and without PEDOT:PSS.

A direct comparison between the IV-curves plotted according to space

charge limited current and Poole Frenkel (Fig. 4.12) shows that in the case
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(a) (b)

(c) (d)

Figure 4.12: Direct comparison of SCLC type (a,b) and Poole Frenkel type (c,d)
plots for perpendicular (a,c) and lateral transport (b,d).
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of perpendicular transport the conduction can be adequately described

by either Poole-Frenkel or SCLC depending on the tip-sample barrier as

suggested above. However, in the perpendicular case neither of the two

models corresponds to the measured IV curves. The IV-curves measured in

the lateral configuration and plotted according to the Poole-Frenkel model

even suggest a negative slope, this however, seems to be physically im-

possible. Moreover, non of the injection/transport models discussed above

seem to be able to describe the nature of the transport in the lateral case.

Furthermore, it is well known that transport in P3HT heavily depends on

the stacking of the individual units thereby explaining as to why this dif-

ference exists. [9]

(a) (b)

(c) (d)

Figure 4.13: An overview of JV curves at different distances from the contact. (a)
Shows the pure P3HT sample, (b) shows the P3HT:PCBM 1:1, (c) contains IV curves
of the P3HT:PCBM 2:1 sample and (d) shows the P3HT:PCBM 1:2 ratio.
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It has been shown by Moerman in the past that the current as measured

by conductive AFM remains constant irrespective of the distance between

the AFM tip and the back electrode with a study of fibrillar P3HT. [58] A simi-

lar behaviour is found here for thin films of P3HT and P3HT:PCBM mixtures

suggesting that the current is mainly contact limited. More specifically,

the shape of the curve measured perpendicular is different than those

measured in the lateral configuration indicating a different mechanism

between the two configurations.

A similar study of P3HT:PCBM on PEDOT:PSS is possible, however, these

results are even more difficult to interpret as the injected charges can

be transported either through the P3HT:PCBM blend or through the PE-

DOT:PSS. The current measured at different distances does not seem to

vary, which is similar to the non-PEDOT:PSS case.

(a) (b)

Figure 4.14: The current measured in a lateral configuration away from the ITO
contact in an SCLC type plot (a) and a Poole Frenkel type plot (b)

The plots as shown in figure 4.14 again show that either a space charge

limited or Poole-Frenkel type current can be found. These local IV curves

were taken at a distance of 40 μm from the ITO back contact but with a

PEDOT:PSS interlayer, and now either Poole Frenkel or SCLC does seem

to be valid this strongly indicates that PEDOT:PSS is a necessary layer

when studying the local charge transport characteristics. This however, is
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well known as generally the HOMO level of organic blends not necessarily

corresponds to that of ITO.

4.1.5 Conclusions

In conclusion we have shown that the current as measured by AFM is

mainly contact limited and can be described by a Poole-Frenkel type in-

jection or SCLC, depending on the tip sample barrier. Moreover, this type

of injection does not seem to be limited to a single material type but ap-

pears to be applicable for standard P3HT, P3HT:PCBM mixtures and novel

material types such as PTB7:PC71BM and DTP based polymers. However,

to be able to link the physical properties (such as mobility) of the poly-

mers in question to the measured current voltage curves a more thorough

analysis of the interface between AFM tip and polymer is needed. Addi-

tionally, the KPFM results on P3HT:PCBM and PCDTBT:PC71BM blends with

different ratios indicate that the measured contact potential difference is

linked to the HOMO level of the polymer. Moreover, KPFM and C-AFM on

P3HT/PEDOT:PSS/ITO and on P3HT/ITO shows that PEDOT:PSS has an influ-

ence on the surface potential and that the influence on the local current

voltage curves is not negligible.
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4.2 Scanning Probe Microscopy for interlayer

characterization

4.2.1 Introduction

To render conjugated polymers soluble in more environmentally benign

solvents (rather than chlorobenzene etc.), which are highly desirable to-

ward high-throughput OPV solution processing, several synthetic strate-

gies can be adopted. Introduction of ionic moieties as side chains on the

polymer backbone affords CPEs, applicable either as active light-harvesting

materials or as interlayer materials in the solar cell stack. Ongoing syn-

thetic efforts have been directed toward the preparation of a wide range

of cationic polythiophene (co)polymers with appended ‘ionic liquid-like’

N-methylimidazole moieties through substitution on the bromohexyl-sub-

stituted precursor polymers and considerably facilitated by employing mi-

crowave heating. [10,27,44] The versatility of the Grignard metathesis (GRIM)

polymerization route [37,52,95] allows straightforward tuning of the molec-

ular weight, the built-in monomer ratio, the side chain pattern and the

polymer architecture (random versus block copolymers), combined with

narrow polydispersities and high regioregularities, while the counter ion

can be readily exchanged on the final polymer stage. [27]

4.2.2 Imidazolium-substituted polythiophenes as effi-

cient electron transport materials

For this interlayer work, one particular ionic imidazolium-functionalized

polythiophene homopolymer (with Br- counter ion) was initially selected.

Two batches with varying molecular weight (P2 and P3, with Mn = 11.2 kDa

and 32.6 kDa, respectively, for the non-ionic precursor polymers) and nar-

row polydispersity (D = 1.6) were prepared. These materials were first

evaluated as interlayer materials on top of an active layer comprising

of PCDTBT, one of the current state-of-the-art low bandgap donor poly-
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mers, [7,8,37,67] and PC71BM (Figure 4.15). The PCDTBT:PC71BM combina-

tion combines high efficiency and long operating lifetimes. To enable com-

parison with the electron transporting layer (ETL) material introduced by

Bazan et al., [74] trimethylamine-functionalized polythiophene P1 [86] was

prepared as well (Mn = 32.6 kDa) as a reference material (Figure 4.15).

Figure 4.15: Trimethylamine-functionalized polythiophene P1, imidazole-
functionalized polythiophenes P2 and P3, the PCDTBT and PCPDT-DTTzTz donor
polymers, and PC71BM.

Additionally, poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)--

alt-2,7-(9,9-dioctylfluorene) (PFN) was also included as an additional ETL

material in the device set. For ionic polythiophenes P1-P3, complete func-

tionalization and material purity were confirmed by 1H NMR (Figure 4.16). [27]

The optical absorption spectra show typical polythiophene features, with

a small red shift (in film) for P2 and P3 (λmax = 504 nm) compared to

P1 (λmax = 482 nm) (Table 4.6). ‘P3HT-like’ electrochemical behavior

was observed for all three materials by cyclic voltammetry (Table 4.6), the

main difference being located at the reduction onset. The presence of

the ionic groups in these hydrophilic polymers makes them soluble in al-

cohols, hence enabling processing from more benign non-chlorinated sol-

vents. Moreover, as orthogonal solvents are applied for the photoactive

layer and CPE film, integrity problems due to redissolution of the underly-

ing BHJ layer are readily avoided.
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(a)

(b)

Figure 4.16: 1H NMR spectra of ionic polythiophenes P1 (top) and P3 (bottom).
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Table 4.6: Cyclic voltammetry and UV-vis data (both in film) of the P1-P3 ionic
polythiophenes (and P3HT/PCDTBT under the same conditions).

Polymer λm Eo
onset

Ered
onset

HOMO LUMO EEC
g

EOP
g

[nm] [V] [V] [eV] [eV] [eV] [eV]

P1 482 0.34 -1.98 -5.20 -2.88 (-3.19) 2.32 2.01
P2 504 0.33 -1.91 -5.19 -2.95 (-3.25) 2.24 1.94
P3 504 0.10 -1.93 -4.96 -2.93 (-3.00) 2.03 1.96

P3HT 519 0.27 -2.24 -5.13 -2.62 (-3.23) 2.51 1.90
PCDTBT 579 0.47 -1.63 -5.43 -3.33 (-3.57) 2.10 1.86

a In film (P1-P3 from tetrafluoropropanol, P3HT from chlorobenzene,
PCDTBT from chlorobenzene/dichlorobenzene 70/30)
b Based on the onset of reduction c Values between brackets are based
on: LUMO = HOMO + EOP

g
d Mn = 2.5 x 104 g/mol, D = 2.1.

For the evaluation of the ETL features of the novel ionic polythiophenes,

the standard solar cell stack glass/ITO/PEDOT-PSS/polymer:PC71BM/CPE/Al

was employed. [74] In a first experiment, the optimal concentration of the

CPE materials (in methanol) was investigated for PCDTBT:PC71BM active

layers (data not shown). The optimum was found around 0.02 w/v% and

hence all further experiments were performed using this concentration. [74]

Next, the devices with interfacial charged polymer layers were compared

to cells with traditional Ca/Al electrodes (Table 4.7). Ca is commonly ap-

plied as a low work function metal to optimize electrical contact but suffers

from high air-sensitivity and is therefore increasingly replaced by solution-

processed metal oxides (ZnO, TiO). The overall increase in PCE due to the

ETL materials could mainly be attributed to an increase in short-circuit cur-

rent density (Jsc), with only minor contributions from open-circuit voltage

(Voc) and fill factor (FF) (Figure 4.17, Table 4.7).

Comparing the three interlayer materials, the novel high-Mn ionic poly-

thiophene P3 afforded the best results, with a top PCE of 6.7% (average

6.2%). Compared to the reference ETL material P1, derived from the same

precursor polymer batch, there is an increase in PCE of 0.2% (both for

the best and average PCE). In comparison with the device utilizing Ca,
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Jsc increased from 10.7 mA/cm2 to 12.1 mA/cm2, which is an increase of

roughly 20%. The increase in Jsc was confirmed by extracting the currents

from external quantum efficiency (EQE) measurements (Figure 4.18, Table

S2). The enhanced current can partly be explained by increased reflection

upon removing the Ca layer (which shows some ‘parasitic’ absorption; Fig-

ure 4.19). [31] The addition of the CPE layers seems to provide an optimal

balance between improved ohmic contact and mirror effects.

Table 4.7: Photovoltaic performance of PCDTBT-based BHJ solar cell devices with
and without the addition of CPE layers.  Averaged over 4 devices.

Layer Sequence Voc[V] Jsc[mA cm−2]b FF Average η [%] Best η [%]

. . . /PCDTBT:PC71BM/Al 0.73 11.36 0.41 3.39 ± 0.36 3.82
. . . /PCDTBT:PC71BM/Ca/Al 0.87 10.66 0.57 5.23 ± 0.33 5.71
. . . /PCDTBT:PC71BM/P1/Al 0.88 11.82 0.58 6.03 ± 0.46 6.48
. . . /PCDTBT:PC71BM/P2/Al 0.84 11.67 0.55 5.32 ± 0.24 5.57
. . . /PCDTBT:PC71BM/P3/Al 0.87 12.05 0.59 6.22 ± 0.43 6.69
. . . /PCDTBT:PC71BM/PFN/Al 0.88 11.84 0.58 5.96 ± 0.42 6.33

. . . /PCDTBT:PC71BM/MeOH/Al 0.88 11.68 0.57 5.81 ± 0.17 5.99
a Stack: glass/ITO/PEDOT-PSS/PCPDT-DTTzTz:PC71BM/X/Al with X = Ca or CPE.
b Uncorrected data.

Table 4.8: Photovoltaic performance of PCPDT-DTTzTz-based BHJ solar cell de-
vices with and without the addition of CPE layers. 

Layer Sequence Voc[V] Jsc[mA cm−2]b FF Average η [%] Best η [%]

. . . /PCPDT-DTTzTz:PC71BM/Ca/Al 0.68 12.2 0.54 4.50 ± 0.20 4.78

. . . /PCPDT-DTTzTz:PC71BM/P3/Al 0.68 12.9 0.55 4.86 ± 0.40 5.43
a Stack: glass/ITO/PEDOT-PSS/PCPDT-DTTzTz:PC71BM/X/Al with X = Ca or CPE.
b Uncorrected data.

Table 4.9: Photovoltaic performance of PCDTBT-based BHJ solar cell devices with
and without the addition of CPE layers, as applied for the EQE measurements.

Layer Sequence Voc[V] Jsc[mA cm−2]b FF Best η [%] JEQE [%]

. . . /PCDTBT:PC71BM/Ca/Al 0.81 9.26 0.62 4.66 9.05

. . . /PCDTBT:PC71BM/P1/Al 0.87 10.2 0.65 5.79 10.6

. . . /PCDTBT:PC71BM/P3/Al 0.85 10.4 0.67 5.90 10.7
a Stack: glass/ITO/PEDOT-PSS/PCDTBT:PC71BM/X/Al with X = Ca or CPE.
b Uncorrected data.

Utilizing the same ionic polythiophene material with a lower Mn (P2)

resulted in a clearly lower performance, indicating that the efficiency of
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Figure 4.17: J-V curves under illumination of PCDTBT-based BHJ photovoltaic de-
vices with and without additional CPE layers.

Figure 4.18: EQE spectra for devices containing the P1 and P3 CPEs (compared
to a reference Ca/Ag device)
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Figure 4.19: Reflectivity spectra for devices containing the P1 and P3 CPEs (com-
pared to a reference Ca/Ag device)

the interlayer is dependent on the molecular weight of the interfacial

polymer. Ionic polythiophene P3 also showed a noticeable improvement

when compared with the widely used PFN interlayer material (on average

5.96% vs. 6.22%). Finally, a reference device for which pure methanol

was spin-coated on top of the active layer was produced (Table 4.7, in-

dicated as . . . /MeOH/Al, Figure 4.20) to investigate whether the benefi-

cial factor leading to improved device performance could not be repro-

duced by the solvent only. From the data in Table 1 we can observe

a noticeable improvement with respect to the reference device utilizing

the traditional Ca/Al electrode. This observation has been made before,

leading to the statement that the methanol treatment results in the for-

mation of an interface dipole between the active layer and the metal

layer. [14,16,23,35,69,74,85,92–94] The incorporation of the CPE layers did, how-

ever, result in further improvements in Jsc, resulting in higher overall PCEs.

This suggests that, on top of the formation of an interface dipole, the

presence of the CPE layer leads to additional beneficial factors improving

charge extraction.
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Figure 4.20: J-V curves under illumination of PCDTBT:PC71BM BHJ photovoltaic
devices with and without additional CPE layers.

In a follow-up experiment, the highest performing ETL material P3 was

also tested on top of an active layer comprising of a different low bandgap

polymer, i.e. (poly([4-(2’-ethylhexyl)-4-octyl-4H-cyclopenta[2,1-b:3,4-b’]-

dithiophene-2,6-diyl]-alt-[2,5-di(3’-hexylthiophen-2’-yl)thiazolo[5,4-d]-thia-

zole-5’,5”-diyl]) (PCPDT-DTTzTz). [27] As can clearly be seen from the data

in Table 4.8 (and the J-V curves in Figure 4.21), the results confirmed the

beneficial effect of the novel CPE layer, with an increase in Jsc and FF lead-

ing to a similar overall PCE improvement. It has to be noted here that the

efficiency obtained for the reference device (4.78% best, 4.50% average)

is the highest PCE reported for this donor polymer (4.03% before).

To get a more clear view on the potential loss mechanisms in the de-

vices, dark J-V curves were measured, revealing information on the series

and shunt resistances (Rs and Rsh). Figure 4.22 shows the dark curves for

the best performing CPE material P3 and for the reference devices with

solely Al and Ca/Al as top electrodes. Utilizing P3 as a CPE resulted in a

strong increase of Rsh in comparison to the two reference devices. As for
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Figure 4.21: J-V curves under illumination of PCPDT-DTTzTz:PC71BM BHJ photo-
voltaic devices with and without additional CPE layers.

Rs, there was a slight improvement when comparing the CPE-containing

device with the Ca/Al reference. However, compared with the Al reference,

Rs was much lower. Moreover, in the negative half of the x-axis, the pho-

tovoltaic device with a P3 ETL layer showed much less leakage current,

confirming the positive influence of the interlayer on the performance of

the solar cell device.

Atomic force microscopy (AFM) measurements were performed to inves-

tigate the interlayers when deposited on top of the PCDTBT:PC71BM active

layer (Figure 4.23). The roughness in all cases increased compared to

non-covered PCDTBT:PC71BM films. The ETL materials P1-P3 did not com-

pletely cover the active layer surface. The calculated surface coverage

seemed to be similar for all ETLs ( 55%), but the observed morphology

was noticeably different. Figure 4.23(a-c) shows the topography, whereas

Figure 4.23(d-f) reveals the adhesion images, reflecting the ‘sticking’ of

the AFM tip to the surface (additional images can be found in Figure 4.24

and 4.25). The topography images (a-c) show the presence of rather large
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Figure 4.22: J-V curves of PCDTBT-based BHJ photovoltaic devices under dark
conditions with and without additional CPE layers.

‘holes’ (average diameter 110 nm) for P1, whereas for P3 a much finer

and more random network is formed. From the adhesion images (d-f) it

can be seen that the regions with low adhesion (dark spots) correspond

with the higher topography features, and the regions with high adhesion

(bright spots) correspond with the lower features on the height image.

From these observations, it looks like the active layer is not completely

covered and is directly exposed by the presence of holes in the ETL ma-

terial. The density of these holes can possibly be correlated to the final

device performance.

4.2.3 Thickness effect

The study as presented above did not include any further research on

whether or not the electrical properties improved with increasing ETL thick-

ness. A study with varying ETL concentration was done, the JV-characteris-

tics (fig. 4.26) clearly show that with higher concentrations in solution the

short circuit current decreases. At concentrations of 1 and 2 mg/mL the

series resistance increases massively with a resulting drop in efficiency.
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(a) (b) (c)

(d) (e) (f)

Figure 4.23: AFM (a,b,c: topography; d,e,f: adhesion) images (500 x 500 nm2

) of layer stacks with and without additional CPE materials: a,d) PCDTBT:PC71BM,
b,e) PCDTBT:PC71BM/P1 , c,f) PCDTBT:PC71BM/P3 .

Figure 4.27 shows the morphology (a-c) and adhesion images (d-f) as

obtained from atomic force microscopy. At the lowest concentration of

0.25 mg/mL a clear contrast in the adhesion signal is visible, indicating

that the ETL does not cover the complete surface. The concentration of 0.5

mg/mL only shows a few distinct areas on the adhesion signal, indicating

an improved coverage for the ETL. Thereby confirming the notion that

increasing the concentration improves the coverage. While 0.50 mg/mL

isn’t sufficient to completely cover the surface it is however, sufficient to

act as a barrier for electron extraction. Increasing the concentration even

further did increase the coverage to a point where the complete surface

was coated with the ETL however, the JV-characteristics already show that

cells with such thick interlayers do not behave thereby showing that a

trade-off exists between coverage and increasing the short circuit current.
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(a) (b)

(c) (d)

Figure 4.24: AFM (a,b: topography; c,d: adhesion) images (500x500 nm2) of
layer stacks with and without additional CPE layer: a,c) PCDTBT:PC71BM/P2, b,d)
PCDTBT:PC71BM/MeOH.
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(a) (b) (c)

(d) (e) (f)

(g) (h)

(i) (j)

Figure 4.25: AFM (a-c, g-h: topography; d-f, i-j: adhesion) images (4x4 μm2)
of layer stacks with and without additional CPE layers: a,d) PCDTBT:PC71BM;
b,e) PCDTBT:PC71BM/P1; c,f) PCDTBT:PC71BM/P2; g,i) PCDTBT:PC71BM/P3; h,j)
PDCTBT:PC71BM/MeOH.
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Figure 4.26: Current-voltage characteristics of devices with varying ETL thick-
ness.

(a) (b) (c)

(d) (e) (f)

Figure 4.27: Topography (a-c) and adhesion images (d-f) (4x4μm2) of
PCDTBT:PC71BM coated with CPE layers from 0.5 (a,d), 1 (b,e) and 2 mg/mL (c,f)
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4.2.4 Morphology and mechanical properties

The following section will go into deeper detail on the morphological,

electric and electronic properties of the best performing ETL.

PeakForce quantitative nanomechanical property mapping (PF-QNM)

probes the morphology and the mechanical properties at the same time,

by making a force distance curve at each point and fitting this force dis-

tance curve with the Derjaguin-Muller-Toporov (DMT) model of elastic con-

tact. [61] Depending on the types of materials under investigation, a suited

AFM probe needs to be selected. With a fully calibrated tip it is possible

to gain insight on the absolute values of the local mechanical properties

(e.g. Young’s modulus, adhesion, deformation depth). If absolute values

are not of importance, a single uncalibrated cantilever is sufficient. This

still allows a study of the coverage or the intermixing of certain materi-

als. [12] In this case, PeakForce QNM was used to study surface coverage

and therefore relative differences are sufficient to draw conclusions.

When looking at the film morphologies (Fig. 4.28 (a), (b) and (c)) it is

clear that the calculated RMS roughness (0.6 nm, Table 4.10) is similar for

both the reference and methanol treated samples. The biggest change

in morphology was visible when the CPE was added. However, from the

morphology images it is not clear if the additional CPE layer completely

covers the surface or if the lower lying regions actually reveal the under-

lying active layer.

Table 4.10: Values for the roughness, image averaged contact current and con-
tact potential difference determined from respectively, topography, contact cur-
rent and contact potential images.

Sample RMS Roughness Contact current Contact potential
difference

Reference 0.67 nm -1.31 pA -0.30 V
MeOH 0.62 nm -2.22 pA -0.26 V
CPE 2.64 nm -9.47 pA -0.10 V
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Reference

(a) Height

Methanol

(b) Height

CPE

(c) Height

(d) Adhesion (e) Adhesion (f) Adhesion

(g) Contact Current (h) Contact Current (i) Contact Current

Figure 4.28: Overview of the morphology, adhesion and local current for the
different samples, as analysed by PeakForce QNM and TUNA on a 4x4μm2 scale.
Images (a), (b) and (c) show the morphology of the reference, methanol treated
and CPE covered sample, respectively; (d), (e) and (f) show the adhesion for the
reference, methanol treated and CPE covered sample, respectively; (g), (h) and
(i) show the cycle averaged local currents for the reference, methanol treated and
CPE covered sample, respectively. The image averaged currents are displayed in
table 4.10.
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In this manuscript the adhesion is presented, the adhesion represents

how much your tip interacts with the surface. As interaction forces are

different for different materials this will also result in different adhesion

properties. Figures 4.28 (d), (e) and (f) show that there are clearly two

distinct regions for the CPE treated sample compared to the reference and

methanol treated samples. Moreover, a nice correlation between topog-

raphy and adhesion exists for the CPE coated sample, thus it is possible

to conclude that the CPE forms a web on top of the bulk heterojunction.

The coverage is about 43 %, as calculated by bearing analysis from 1 by

1 μm2 and 4 by 4 μm2 images.

The average thickness of the CPE layer was calculated by analysis of

the thickness histogram of figure 4.28 (c). Fitting the two peaks with a

normal distribution and calculating the difference between the centers of

the two peaks gives the average thickness of the CPE layer. This results

in an average thickness of about 3.56 nm. At these thicknesses, the ef-

fect of tunneling can be excluded, as this phenomenon only has a major

contribution to the current for layers thinner than 0.5 nm. [30]

4.2.5 PeakForce TUNA and Conductive AFM

While tunneling can be excluded as a possible mechanism, the local cur-

rent is still of major importance. As the CPE layer is very thin, traditional

conductive AFM might result in destruction of the interlayer. PeakForce

TUNA is similar to PeakForce QNM with one major difference: PFTUNA tips

have a conductive coating which means that when the tip is in contact

with the sample it is possible to measure the current while applying a cer-

tain bias. Due to the nature of this technique, the applied contact force is

constant over the entire image regardless of the applied DC bias. More-

over, the applied force is perpendicular to the sample while conductive

AFM has a resulting force parallel with the sample. Thus using PeakForce

TUNA should ensure the least amount of sample damage. Nevertheless,
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conductive AFM images at both a negative and positive sample bias are

included for completion. From PeakForce TUNA measurements three dif-

ferent currents are deduced, namely peak, contact and total current. The

peak current is the current at the maximum amount of force during a force

distance measurement, the contact current is the current during contact

of the tip with the sample and the total current is the time averaged cur-

rent over the duration of a force distance curve, which also includes the

time when the tip is not in contact with the sample.

As the workfunction of the Pt/Ir coated tip is in the same range as the

HOMO levels of the probed organic materials the contrast obtained by

conductive AFM and PeakForce is due to a hole current. [18,42] Therefore,

when applying a negative bias to the sample holes will be injected from

tip into the organic layer. Fig. 4.28 (g), (h) and (i) show the local contact

current maps at a DC sample bias of -1.8 V.

In this work the contact current is shown as it lies closest to the classi-

cal current measured by conductive AFM. Small differences in hole current

between the reference and the MeOH treated sample are visible (Table

4.10 and Fig. 4.28 (g) and (h)) they are however negligible as on this scale

the samples will always show some form of inhomogeneity. As evidenced

from the KPFM results in table 4.10 there is a small difference in contact

potential and thus a small difference in barrier between tip and sample

when comparing the reference and MeOH treated samples however, the

applied bias of -1.8V should be sufficient to overcome any barrier at the

interface between surface and tip. The biggest difference is seen when

looking at the CPE treated sample, wherever the CPE is present the hole

current seems to be severely limited. The hole blocking nature of this in-

terlayer could explain the increase in short circuit current as seen in [42] by

reducing the interface recombination and thus resulting in more electrons

reaching the aluminum top contact.
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These results are confirmed by classical conductive AFM measurements

clearly showing that at both negative (hole injection) and positive (hole ex-

traction) bias the hole current is severely limited by the conjugated poly-

electrolyte interlayer. (Fig. 4.29)

(a) (b)

Figure 4.29: Topography (a) and corresponding C-AFM results (b) top part made
at a negative sample bias of -1.3 V while the bottom was made at a sample bias
of 2.4V

4.2.6 KPFM

In the case of metals, Kelvin Probe Force Microscopy probes the local

workfunction, while for blended organic materials one most likely mea-

sures a combination of the HOMO levels of the materials present in the

bulk heterojunction. [47]

Fig. 4.30 (d), (e) and (f) show the contact potential difference for the

reference, the methanol treated and the CPE coated sample, respectively.

A shift of 30 mV is seen (Table 4.10) when going from the reference to

the methanol treated sample, an effect also described recently by Zhou et

al. [97] When the CPE is added, a contact potential difference shift of around

0.2 V compared to the reference sample is observed. This difference in

surface potential coincides with the estimated difference in HOMO level of
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PCDTBT (5.4 eV) and the CPE (5.2 eV). [42] This change in contact potential

difference indicates a lower barrier between the Pt/Ir tip and the sample.

Reference

(a)

Methanol

(b)

CPE

(c)

(d) (e) (f)

Figure 4.30: Morphology and surface potential images of the reference (a) and
(d), the methanol treated (b) and (e) and the CPE covered samples (c) and (f),
respectively.(5x5μm2)

From the analysis of the KPFM image of the CPE coated layer it becomes

clear that there are areas with a lower surface potential, which are corre-

lated with the holes that are present in the CPE layer. Topographic arte-

facts can be excluded as the lateral resolution of KPFM is about 25 nm [57]

and the holes present in the CPE are in the order of 100 nm in diame-

ter. This means that there are areas with a higher and a lower surface

potential, indicating the existence of a built-in electric field. From simple

electrostatics and a measurement of the CPE layer thickness, this field can

be estimated at about 106 V/m. Moreover, Hoven et al. have shown that

tetrakis(imidazolyl)-borate ions will redistribute when used as a counterion

in a PFN based CPE. As the Br- ions used in this work are much smaller they

93



CHAPTER 4. RESULTS AND DISCUSSION

are most likely mobile and will react to a change in local electrostatic po-

tential and the resulting redistribution of the internal electric field can act

as a mechanism to enable efficient electron extraction. [34]

Further insights into the mechanism at work can be obtained by mea-

suring the change in surface potential upon illumination. Without illumina-

tion, the potential difference inside a lower lying region and on top of the

CPE layer is around 50 mV, while with illumination, estimated at 0.7 suns,

this potential difference is lower, around 20 mV (Fig. 4.31). Two possible

explanations can be proposed. At first, one could think that this is merely

a screening effect. However, the surface potential difference between

the donor-acceptor blend and the CPE layer decreases upon illumination,

and this contradicts the idea of a screening effect. A second possibility is

charge transfer. A difference in surface potential indicates the existence

of regions with a certain amount of positive and negative charges. When

the potential difference between the donor-acceptor blend and the CPE is

high (in dark), the difference in charges is high. With illumination, both

positive and negative charge carriers will be generated inside the active

layer. These charges will feel the effect of the built-in potential coming

from the CPE layer. Electrons generated in the donor-acceptor blend will

move to the CPE, resulting in a decrease of positive charge in the CPE and

thus reducing the potential difference, as seen in Fig. 4.32. Moreover,

the aluminum top contact acts as an electron extracting contact and the

energy barrier between these two materials is most likely beneficial for

electron transfer from one layer to the next as shown by Siddiki et al. [76]

Fig. 4.33 shows the response of the surface potential to a square wave

pulse. This square wave was achieved by simply turning the illumination

on and off. Every drop in surface potential corresponds with the illumi-

nation being turned on. The drop in surface potential seen here is in the

same order of magnitude and direction as shown by Maturová et al. [55]

Moreover, the response seems to be a process on a millisecond time scale
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Figure 4.31: Morphology and the corresponding surface potential image
(5x5μm2) of a CPE covered sample with illumination of 0.7 sun (bottom part, top
half is measured in dark).

Figure 4.32: Linescan from the uncovered photoactive layer to the part covered
by the interlayer at light and dark conditions.

95



CHAPTER 4. RESULTS AND DISCUSSION

(fig. 4.33 (c)), indicating that the electrons transferred from the donor-

acceptor blend are weakly bonded. This is of crucial importance as strong

bonding would act as a trap center for electrons and thus not result in an

increase in short circuit current.

(a) KPFM image (b) Line scan

(c) Single line linescan

Figure 4.33: Response of the surface potential (1x1μm2) to turning the light on
and off and the corresponding linescan (a) and (b). The time response estimated
from combining the scan rate and a single line scan when turning the illumination
on (c)
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4.2.7 Conclusions

The presented study confirms that high-efficiency polymer solar cells

can be prepared by insertion of appropriate ionic polymer films at the

electrode/active layer interface. Interface engineering provides a simple

pathway to BHJ OPV efficiency improvement, but its full potential has yet

to be explored. The imidazole-substituted ionic polythiophene introduced

here combines a number of features that favor this ETL material above

most competitive polymer and/or fullerene materials. It is a simple poly-

thiophene derivative, prepared via the straightforward GRIM polymeriza-

tion method - providing structural versatility and scalability - and its sta-

bility and alcohol solubility enable easy processing from environmentally

acceptable solvents. The material also seems to be applicable to different

polymer:fullerene active layers. Moreover, by tuning the chemical struc-

ture of the ionic polythiophene, further improvement is conceivable, e.g.

by varying the density and organization of ionic groups at the surface.

Additionally, we propose the following mechanisms to contribute to an in-

crease in short circuit current and power conversion efficiency upon appli-

cation of an imidazole-functionalized ionic polythiophene interlayer. First

of all, the CPE layer acts as a hole blocking layer resulting in less recom-

bination at the interface. Moreover, the addition of the CPE also increases

the surface potential and thus has an influence on band alignment. Finally,

it creates an extra built-in electric field promoting electron transfer from

the active layer to the CPE under illumination. The SPM results suggest

that increasing the coverage without increasing the ETL thickness should

result in even higher device efficiencies.
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4.3 Advanced scanning probe microscopy for

perovskite based solar cells

Introduction

Perovskites are promising new materials for hybrid solar cells with re-

ported efficiencies of over 15% for devices based on organometal halide

perovskites (e.g., CH3NH3PbI3−Cl). [50] However, there are still a mul-

titude of unknowns about the current materials. Specifically their be-

haviour at the nanoscale is of interest as recent reports show different

morphologies as measured by scanning electron microscopy depending on

the different implementation method for perovskite based solar cells. It is

well known from early research on polycrystalline silicon type absorbers,

kesterite or chalcopyrite based layers and even organic solar cells that mi-

crostructure will have a significant impact on the electric characteristics of

the eventual solar cells. [1,32,39,53]

Edri et. al. have started a first investigation into the effect of this mi-

crostructure by using electron beam induced current (EBIC) on lead methy-

lammonium tri-iodide perovskite based solar cells. Their research shows

differences between CH3NH3PbI3−Cl and CH3NH3PbI3 suggesting a non-

uniform grain behaviour in the latter case. Additionally by using KPFM

they were able to show an upward bending for grain boundaries under il-

lumination indicating the presence of a small potential barrier for electron

transport in the case of CH3NH3PbI3−Cl. [24,25] This work focusses on the

use of scanning probe techniques to further elucidate the possible effect

of grain boundaries on the electrical conduction in CH3NH3PbI3−Cl thin

films is. Conductive AFM and KPFM are the most viable options for this

type of research as these techniques have been successfully applied on

different types of absorber layers such as CIGS and CZTS and the results

there showed that due to band bending at grain boundaries they mostly

act as highly conductive pathways for charge carriers. [1,43,48]
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Results and discussion

A first logical step is an analysis of the surface by Kelvin Probe Force Mi-

croscopy as done by Edri et al. [24] They found an upward band bending at

the grain boundaries indicating the presence of a potential barrier for elec-

tron transport between grains. Under illumination the barrier was reduced

and thus had no limiting effect on photovoltaic performance. Figure 4.34

shows the contact potential difference in dark and under white light illumi-

nation for the used mixed halide, the surface potential measured in dark

and light do not show large variations over the measured surface, with the

exception of a few grain boundaries, as expected for a phase pure mate-

rial. As the VCPD is defined as VCPD = ϕtp − ϕsmpe the work function of

the sample will be defined as ϕsmpe = ϕtp − VCPD and a decrease of the

CPD corresponds to an increase in work function at the grain boundaries,

indicating the formation of a similar barrier as found by Edri et. al. [24,25]

These initial results are thus confirmed in different experiments by differ-

ent groups, moreover, the behaviour of lead methylammonium tri-iodide

perovskite appears to be opposite to that of polycrystalline kesterite thin

films effectively suggesting that the grains and not the grain boundaries

are the major centers of conduction. [2,43]

(a) (b) (c)

Figure 4.34: Local morphology (a) and contact potential difference (6x6 μm2) of
CH3NH3PbI3−Cl. (b) Was measured in dark and (c) was measured using front
side AM1.5G illumination.
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Zhang et al. have shown that kelvin probe force microscopy is capable of

measuring the conduction and valence bands of intrinsic semiconductors

by relating the measured work function (Fermi level) to the conduction and

valence band by adding or subtracting half of the bandgap energy to the

measured surface work function. [96] However, for doped semiconductors

this analysis is no longer valid as n or p type doping shifts the fermi level

closer to either conduction band or valence band. Taking into account a tip

work function of 5.1 eV leads to an average surface fermi level of around

4.7 eV as calculated from the measured CPD by KPFM in dark (fig. 4.34

(b)). The conduction and valence band for CH3NH3PbI3−Cl are usually

quoted at 3.75 and 5.3 eV suggesting that the measured energy level in

this work lies very close to the center of the bandgap. Moreover, this

value of 4.7 eV coincides with the sub-band centered around 4.7 eV due

to lead. [17]

Illuminating the layer during measurement did result in an overal shift

of the surface potential and some boundaries are indeed affected by the

illumination and show an increase in CPD (fig. 4.35). The fact that not all

edges show a surface photovoltage shift indicates that these edges belong

to a single grain and that grain formation results in terrace structures, this

idea is confirmed by the conductive AFM results as not all edges show zero

current at a non-zero sample bias (Fig. 4.36 b and c).

Figure 4.36 shows the local morphology and current at a fixed positive

and negative bias. Interestingly there seem to be areas with increased

conduction and areas with no conduction under negative sample bias, the

areas with increased conduction seem to coincide with what one would

call grains while the non-conducting areas coincide with grain boundaries.

Another interesting point is that the current does not appear to be uniform

over the entire image but is uniform within a single grain. It would be easy

to attribute the local differences in conduction to a different composition at

the microscale as is done for CIGS absorbers. [41] However, initial research
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(a) (b)

Figure 4.35: (a) Histogram of the dark and illuminated contact potential images.
(b) Surface photovoltage measurement calculated from the dark minus the illumi-
nated surface potential at two different locations to illustrate the effect of surface
photovoltage at the grain boundaries.

showed that the material under investigation is a phase pure mixed halide

perovskite with an orthorombic crystal structure. [17] Suggesting that all

grains have near identical compositions and thus composition should not

affect local current. EBIC measurements on CH3NH3PbI3 showed a sim-

ilar uniform grain to grain contrast as the C-AFM measurements in this

work exhibit (fig. 4.36). [24] The local variation in C-AFM current is a strong

indication that the contrast seen in EBIC is not due to a local increase

or decrease in charge generation but is related to either local transport

mechanisms or charge recombination.

There is however the possibility that the contrast as seen here is a re-

sult of the barrier between individual grains and the TiO2 film at the back

contact. Recent research demonstrated that even the selection of the sub-

strate has a strong influence on the structural properties of the film. [28] It

is therefore possible that as fairly large crystals are formed at slightly el-

evated temperatures certain stresses will occur and thereby could wedge

and lift smaller preformed grains off the substrate. This could explain why

certain smaller grains show no current at the sample bias voltages of -950

mV and 500 mV.
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An important difference between the EBIC results as presented by Edri

et. al. and the C-AFM results presented here is the fact that the differences

in EBIC contrast for different grains were measured on CH3NH3PbI3 while

the C-AFM results from this work were obtained from CH3NH3PbI3−Cl.

This suggests that the deposition method of lead halide based perovskites

will have a profound influence on the formation and local properties, of

grains and grain boundaries, which in turn will lead to significantly higher

or lower devices efficiencies. [17,36]

(a) (b) (c)

Figure 4.36: Local morphology (a) and conductive AFM (4x4μm2) of
CH3NH3PbI2Cl. (b) Was measured at a negative sample bias of -950 mV and (c)
was measured at a positive bias of 500 mV.

Additionally the measurements imply that the current as measured by

AFM is contact limited. If the current is limited by the bulk any reduction

in thickness should show up as an increase in current. However, from fig-

ure 4.37 it can be seen that halving the thickness of the layer does not

result in a two-fold increase in current thereby adding to the idea that the

current is mainly contact limited. Moreover, the results as shown here

actually show a different behaviour at positive and negative bias. At pos-

itive bias only certain grain boundaries do not seem to conduct current

while at a negative bias all edges have a reduced current. Any surface

effects due to the formation of a water meniscus can be excluded as sam-

ple preparation and characterization were done in an inert and controlled

atmosphere. Additionally, the presence of a water meniscus enhances

the measured current, thereby showing that the non-conducting nature is
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their true nature.

Figure 4.37: A linescan over of the images from figure 4.36 showing that the
current is mainly contact limited.

Local composition as well as different surface fermi levels have been

excluded as possible effects to explain the grain to grain differences in

local conduction. A deeper investigation of the local IV curves is there-

fore needed. However, to understand the IV-curves it is first necessary

to understand how the system behaves which heavily depends on the
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(a) (b)

Figure 4.38: A JV-curve made on a grain (a) and on a grain boundary (b). The
current through the grain differs from the current through the grain boundary indi-
cating that the grain boundary itself is in this case non-conducting.

tip/sample interaction. The type of contact between a metal coated AFM

tip and a semiconductor will determine the eventual behaviour of the sys-

tem. Contacting a metal to a highly doped semiconductor will in turn lead

to an ohmic contact, while contacting a metal to a low doped semiconduc-

tor will lead to a Schottky type contact. [80] The average contact potential

difference between AFM tip and sample in this case is at 0.4 eV as de-

termined before from figure 4.34 (b) indicating that a substantial barrier

between tip and sample exists and thereby implying that the interaction

can be described by a Schottky contact.

Figure 4.38 shows the JV-characteristics of a grain and grain boundary,

the tip size was estimated from calibration through a titanium roughness

sample and analysed based on an algorithm developed by Villarrubia and

implemented in Gwyddion. [62,83] As the interface is considered as a Schot-

tky type contact applying a positive sample bias actually sets the device

in reverse and in that case the current can be described by the Richardson

equation.

JR = R∗T2ep(−qB/kT)(ep(−qV/kT) − 1) (4.1)

With R∗ the effective Richardson constant, q the elementary charge, T
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the temperature, k the boltzmann constant, B the potential barrier and

V the applied voltage. The JV-curves between 0.5V and 1.5V imply that

the barrier B is not fixed but depends linearly on the applied voltage.

Applying a sufficiently high bias completely suppresses the barrier (fig.

4.38 (a)).

A second possible mechanism to describe the bump in the current volt-

age characteristics takes into account the ambipolar nature of lead halide

based perovskite. As the TiO2 lines up with the conduction band and the

barrier between the Pt/Ir tip and the valence band should remain low, ap-

plying a positive bias to the TiO2 results in an electron current travelling

from the oxide into the conduction band onto the Pt/Ir tip, while holes

might initially be blocked. At increasing bias holes could be injected over

the barrier into the valence band and travel towards the TiO2, there how-

ever, they will be blocked due to a mismatch in energy levels resulting in a

build up of positive charge. This positive charge could shield the electrons

from the applied field, nonetheless at higher bias the applied electric field

is sufficiently large to overcome any shielding effect from the holes at the

TiO2. Recombination between electrons and holes is not excluded, never-

theless, recombination acts over the entire voltage range not necessarily

only between 0.6 and 2.0 V. Plotting the current in function of the square

root of the voltage (Fig. 4.39) shows a linear behaviour from 2.6 V (1.6

V1/2) and higher which suggests a Schottky like behaviour.

The JV-data from figure 4.38 (b) clearly shows that the measured grain

boundary does not show conduction over the applied voltage range indi-

cating that the grain boundaries are not contributing to conduction.

Conclusions

In conclusion we have shown that kelvin probe force microscopy and

conductive AFM can be used to analyse perovskite based layers. From
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Figure 4.39: Current as measured by AFM through a grain for a positive sample
bias including the range at higher voltage.

illuminated KPFM it is deduced that the grain boundaries show reduced

band bending while under a white light bias. From the conductive AFM

results it is clear that grains exist in this material and not all grains show

the same current however, it has to be noted that this current is limited

by the contact between tip and sample. An analysis of the current voltage

curves of a grain showed that the peculiar bump can be explained by

either a potential barrier at the tip sample interface or by charge build up

at the perovskite - TiO2 interface due to the mismatch in energy levels.

Moreover, grain boundaries do not show a measurable current. These

results indicate that decreasing the amount of grain boundaries should

result in higher device efficiencies.

106



CHAPTER 4. RESULTS AND DISCUSSION

4.4 Visualizing thermally and atmospheric in-

duced degradation of the cathode in poly-

mer solar cells

4.4.1 Introduction

In recent years the field of organic photovoltaics has seen increases in

power conversion efficiency from a mere 1% with MDMO-PPV as a donor

polymer to 10% for the PCE-10:PC71BM system. At this point, next to the

study of power conversion efficiency, also the study of degradation and

failure mechanisms gains importance. As the stability of organic photo-

voltaic devices will be determined by the different layers and their inter-

action at elevated temperatures it is of the utmost importance to prop-

erly characterize the behaviour at each of these layers. A thorough char-

acterization of the polymer:fullerene blend has been reported in litera-

ture by several groups. [6,64,77,82] Degradation of the photoactive layer

is commonly studied by transmission electron microscopy to investigate

the nanoscale in-blend phase separation. Another relevant technique is

atomic force microscopy (AFM) and its derived techniques. Douhéret et

al. have shown that phase separated blends show interesting properties

for each of the different material phases by using Kelvin Probe Force Mi-

croscopy and conductive AFM. [21] Maturová et al. showed that is was

possible to relate the local electrical properties obtained from KPFM to

the macroscopic behaviour via a two dimensional drift diffusion model.

Moreover, this model allowed an initial description of degraded cells. [54,56]

Contact degradation, another possible failure mechanism, has been stud-

ied as well and recently Vorozashi et al. demonstrated that two distinct

degradation mechanisms for the cathode at long degradation times ex-

ist. [84] However, even right after deposition voids at the calcium interface

already exist suggesting that even right after deposition contact degra-

dation can occur. [51] In particular the work presented below investigates
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the effect of cathode degradation at short times utilizing advanced atomic

force microscopy techniques to study changes in local potential and SEM

to relate these changes in local potential to the actual local composition.

4.4.2 Results and Discussion

Figure 4.40 shows an overview of the characteristics of solars cells an-

nealed at different temperatures for two hours. All samples which had a

cathode and an anode were analysed before annealing (PRE) and after an-

nealing (POST). The samples described as POST-fresh Ca/Al consisted of a

glass/ITO/PEDOT:PSS/BHJ stack without any calcium/aluminium anode but

were annealed at 85, 110 and 150 °C for two hours, the anode was de-

posited after this annealing step. The results as shown here clearly show

that samples annealed with an anode clearly have a reduced efficiency.

This drop in efficiency is due to a drop in current, open circuit voltage and

fill factor. The samples that had the top contact deposited after annealing

did not show such a reduction in power conversion efficiency, thereby in-

dicating that the annealing has a limited effect on the polymer layer. The

main issue in this case is thus the effect of the calcium aluminium contact.

As standard tapping mode atomic force only shows topography an ad-

ditional technique such as Kelvin Probe Force Microscopy (KPFM) can be

used to study the electronic properties of the surface. [33,49,66] Figure 4.41

shows the topography and surface potential as obtained from KPFM from

the reference sample, this figure (4.41 a and c) clearly shows that the

blend has a fine intermixing as can be expected from deposition by spin-

coating. Moreover, this figure shows that both the blend and the aluminum

top contact have a well-defined structure. The roughness of the reference

blend is 9.8 nm (table 4.11), while the roughness of the aluminum con-

tact is 8.6 nm. The peak to peak distances for BHJ and aluminum contact

show a similar trend. This all indicates that the aluminium follows the mor-

phology of the BHJ rather well. The average surface potential difference
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Figure 4.40: An overview of the characteristics of annealed P3HT:PCBM solar
cells. The cells were annealed at different temperatures for two hours. Depending
on the sample set, they were either annealed with contact ’POST’ or annealed
without contact ’POST-fresh Ca/Al’. This dataset clearly shows the effect of the
contact when annealing the complete cell compared to annealing just the absorber
layer.
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between tip and blend is 1.01 eV, it can be noted that this difference is of

the same order as the difference between the HOMO level of P3HT and the

work function of aluminum. Additionally it can be seen that the morphol-

ogy of the aluminium layer has no influence on the corresponding surface

potential, which is expected when using KPFM with a fixed tip-sample dis-

tance.

(a) (b)

(c) (d)

Figure 4.41: The morphology and kelvin probe signal (4x4μm2) of the aluminium
top contact (b,d) and the P3HT:PCBM blend (a,c) of the non-annealed (reference)
sample.

When looking at the morphology of the blends annealed at different

temperatures (Figure 4.42) it becomes apparent that the roughness or

the peak to peak distance as measured on the different blends do not
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change significantly. Moreover, it can be seen that the films still don’t

exhibit phase separation in the form of PCBM clusters. [79] Which is a mi-

crostructural confirmation of the parameters extracted from the JV-curves

of the samples annealed without an anode. However, the temperatures

reached in this experiment are well above the glass transition tempera-

tures of P3HT:PCBM blends which are quoted at 35 to 40 °C. [63] Moreover,

it has been established in literature that the linear expansion coefficient of

P3HT is in the order of 510−4K−1 while the linear expansion coefficients

of glass, ITO, calcium and aluminium are in the order of 5 − 8 · 10−6K−1.

Combining both the two orders of magnitude difference in thermal expan-

sion coefficient and the glass transition temperatures it becomes clear

that the annealing will have a significant impact on the interface between

Ca/Al and the bulk heterojunction layer. Additionally, the contact potential

difference (Fig. 4.42 (d)-(f)) remains uniform over the measured surface

irrespective of the annealing temperature.

(a) 85°C (b) 110°C (c) 150°C

(d) (e) (f)

Figure 4.42: Topography (a-c) and corresponding KPFM signals (d-f) (4x4μm2) of
the donor-acceptor blend annealed at different temperatures.
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As can be seen in Figure 4.43 the morphology of the aluminum top con-

tact changes significantly upon annealing at increased temperatures, the

roughness increases and peak to peak distances of 98 nm (85°C) to 215

nm (150°C) are measured on these samples. These changes in morphol-

ogy are accompanied by changes in the surface potential. The sample

annealed at 85 °C shows an increased surface potential in the top right

corner, indicating that the temperature as applied here already has an

influence. Annealing at 110 °C has a more pronounced influence both

on morphology and surface potential. The original morphology for the

aluminium as seen in figure 4.41 (b) is no longer visible, the aluminium

appears to have molten together and these areas have an increased sur-

face potential. Annealing at 150 °C significantly increases this effect, the

aluminium in this case has large areas in which the original nano particle

morphology is no longer present. Moreover, the surface potential is far

from uniform and while at 110 °C the islands had an increased surface po-

tential this is no longer valid at 150 °C. There are two important questions

in relation to this phenomenon. The first question is what the effect of

these islands is on the solar cell characteristics and the second is why or

how are they formed. These questions are closely related to each other

as any change in electronic structure or morphology will have an effect on

the solar cells characteristics.

There are several options as to why the behaviour seen here exists. A

first option would be a thermal degradation of the aluminium, if this would

be the case then a simple deposition of aluminium on glass and annealing

should be sufficient to reproduce the effect. The topography in figure 4.44

shows topography of aluminium deposited on glass and annealed at the

aforementioned temperatures, the peak to peak distances of all samples

are all in the order of 20 nm nor is any effect of melting or merging seen.

A second option is the formation of PCBM clusters under the contacts.

Although not impossible this is highly unlikely as kelvin probe force mi-
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(a) 85°C (b) 110°C (c) 150°C

(d) (e) (f)

Figure 4.43: Topography (a-c) and KPFM signal (d-f) (4x4μm2) of the aluminium
top contact from the samples annealed at different temperatures. The image av-
eraged KPFM signals are displayed in table 4.11.

croscopy did not show the formation of PCBM clusters in the photo-active

layer (cf. figure 4.42), nevertheless to exclude this as a possible effect the

contact of the sample annealed at 150 °C was etched away using HF and

measured with KPFM and these results are shown in figure 4.45. The mea-

sured surface potential of the blend under the contact is uniform and does

not show the large variations as can be seen on the contact (fig. 4.43 (f)).

The peak to peak distance as determined from the morphology however

is in this case similar to that of the aluminium, this indicates that the mor-

phology under the contact does change significantly thereby explaining as

to why the short circuit current and the fill factor drop. Moreover, a KPFM

measurement on a PCBM needle shows that the surface potential should

go down in the presence of a needle (fig. 4.46), not up. Additionally, the

height of such needles is usually far higher than height as measured on

the annealed samples in the experiments done here.
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(a) Reference (b) 85°C

(c) 110°C (d) 150°C

Figure 4.44: Topography (15x15μm2) of aluminium deposited on glass and an-
nealed at different temperatures for 2 hours.
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(a) (b)

Figure 4.45: Topography and surface potential measurement (4x4μm2) of a sam-
ple annealed at 150 °C of which the aluminium was etched away using HF.

(a) (b)

Figure 4.46: Topography and corresponding surface potential measurement
(6x6μm2) of a PCBM needle in a P3HT:PCBM blend.
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The third and final option would be the effect of calcium and it is well

known that calcium is a highly reactive material however, most research

only investigates either the reactivity of the calcium with the photo-active

layer or investigates the effect of oxidation on the calcium interlayer. [64]

Figure 4.47 gives an overview of the surface potential results of calcium-

/aluminium deposited on ITO. Even without any organic absorber layer a

similar effect is seen (cf. Fig. 4.43), indicating that the results as mea-

sured before can be attributed solely to the presence of calcium. The

degradation of the underlying calcium can happen through oxidation due

to the presence of molecular oxygen or water. The oxidation process as

described before is highly unlikely as X-ray photoelectron spectroscopy

(XPS) results on samples which degraded completely in air show that the

calcium oxide remains in between the organic absorber layer and the alu-

minium anode. [51] Moreover, the morphology of the Ca/Al on ITO annealed

at 110 °C shows that the areas with an increased surface potential have a

decrease in height at the exact locations were the surface potential is in-

creased. The fact that the height appears to decrease indicates a different

process and suggest that diffusion of calcium might have an influence.

The fact that this process is more pronounced for higher temperatures

indicates that it is temperature mediated and that the effect should in-

crease with longer annealing times at higher temperatures. This is indeed

the case as can be seen in figure 4.48 which shows a calcium aluminium

layer annealed for 10 hours at 85°C. The shape as seen here is different

from those annealed at higher temperatures, however, the change in sur-

face potential is identical suggesting that this is the same process. More-

over, the changes in surface potential are again correlated to a change in

height. A possible explanation is the inter-diffusion of metals as it is a pro-

cess which is temperature mediated moreover, this is solely linked to the

contact and thus this degradation is independent of the degradation of the

photo-active layer. And while 150 °C is far higher than any temperature

used in thermal degradation studies, 85 °C is not.
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(a) 85°C (b) 110°C (c) 150°C

(d) (e) (f)

Figure 4.47: Visualization of the morphology (a-c) and KPFM signal (d-f) of the
Al/Ca top contact deposited on ITO and annealed at different temperatures. Im-
ages are on a 4x4μm2 scale and the image averaged KPFM signals are displayed
in table 4.11.

(a) (b)

Figure 4.48: Topography and correspond surface potential measurement
(10x10μm2) of Al/Ca evaporated on P3HT:PCBM and annealed at 85 °C for 10 hours.
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To further investigate the proposed theory of calcium diffusion through

the aluminium matrix SEM and energy dispersive X-ray spectroscopy (EDX)

analyses were done on the Ca/Al layers deposited on ITO/glass. The sec-

ondary electron (SE) images made using an acceleration voltage of 5 kV

are presented in figure 4.49 as the resulting image should present con-

trast based on the local morphology of the film and the used acceleration

should limit the size of the interaction volume as to probe mostly the top

layer. Astoundingly, contrast is already present in the as deposited film,

however, the number density of the dark areas is rather low and thereby

explains why this did not show up in the corresponding KPFM images. The

number density of the dark areas does increase with increasing tempera-

tures moreover, the shape as determined by secondary electron imaging

corresponds with the shapes seen during KPFM imaging and thus confirm-

ing that the same effect is visible to both techniques.

Energy-dispersive X-ray spectroscopy (EDX) was employed to determine

the elemental composition in these darker areas compared to the sur-

rounding film. The results of the film annealed at 110°C are shown in figure

4.50. Comparing the two EDX spectra taken at location A and B reveals

that at those locations the amount aluminium seem to be reduced while

calcium does appear to be present there. To be able to properly detect

calcium when it is not present at the surface an energy of at least 8 kV is

needed, as the peak of calcium is present here this clearly indicates that

the element is present in larger quantities and near the surface thereby

proving the existence of calcium towards the surface. Additionally it has

to be mentioned that the peaks corresponding to oxygen and indium are

higher while the peak corresponding to aluminium is lower in location B

compared to location A. This strongly indicates that the aluminium con-

tent is lower in location B therefore, the underlying materials are more

readily detected. A similar behaviour was seen in the spectra taken on the

samples at different annealing temperatures.
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(a) RT (b) 85 °C

(c) 110 °C (d) 150 °C

Figure 4.49: An overview of the secondary electron images of Al/Ca deposited on
ITO/Glass and annealed at different temperatures.
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(a)

(b)

(c)

Figure 4.50: Secondary electron image of of Al/Ca deposited on ITO/Glass and
annealed at 110 °C and the EDX spectra taken at location A (b) and location B (c).
The following elements are indicated in order on the EDX spectra: C, In, O, Na, Mg,
Al, Si, In, Ca.
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The non annealed calcium/aluminium thin film was hereafter left in am-

bient atmosphere for 70h and measured again with SEM and EDX. The

resulting SE and BSE images are clearly different, showing that oxidation

takes on a completely different form.

(a) (b)

Figure 4.51: SE (a) and BSE (b) images of a non-annealed oxidized calcium alu-
minium layer.

Figure 4.52 shows the EDX spectra taken on the different locations as in-

dicated in figure 4.51, locations b,c and d clearly show increased amounts

of oxygen compared to location a. This shows that oxidation is a com-

pletely different process.

A general downward trend with annealing is visible when studying the

contact potential difference between aluminium top contact and blend (ta-

ble 4.11). These islands are not associated with the formation of PCBM

clusters as the formation of such a large amount of clusters should show

a significant change in solar cell parameters and these islands should be

visible in the KPFM signal of the blends (Figure 4.42). [88] To answer the

question on how these changes in local surface potential influence the so-

lar cell characteristics one has to take into account the fact that the open

circuit voltage of organic solar cells is generally influenced by two factors,

the first one is the difference in HOMO and LUMO between donor and ac-
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(a) (b)

(c) (d)

Figure 4.52: The EDX spectra as taken at locations (a), (b), (c) and (d). Locations
(b) to (d) seem to have nearly identical spectra while location (a) shows a lower
amount of oxygen. The following elements are indicated in order on the EDX
spectra: O, Al, K, Ca.
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ceptor. [81] The second factor is the alignment of the workfunction of the

cathode to the LUMO of the acceptor and of the anode to the HOMO of

the donor. As the blend remains well intermixed the HOMO-LUMO differ-

ence should remain constant. However, the variation in surface potential

of the top contact does seem to increase with temperature and thus could

explain the average downward trend in Voc.

Table 4.11: Overview of the parameters of the measured cells annealed with
contact (W c) and annealed without contact (W/o C).

Sample Voc (V) Jsc (A/m2) η CPD Cathode(eV) Rq - Al
(nm)

Rq - Blend
(nm)

Peak to peak dis-
tance Al (nm)

Peak to peak dis-
tance blend (nm)

Reference 0.64 75.5 2.62 ± 0.08 1.20 ± 0.01 9.8 8.6 89 60
85°C (W C) 0.60 69.3 2.04 ± 0.04 1.17 ± 0.01 9.8 9.0 98 86

110°C (W C) 0.60 55.1 1.75 ± 0.04 1.14 ± 0.03 11.6 8.3 104 57
150°C (W C) 0.55 66.3 1.59 ± 0.02 1.09 ± 0.05 35.6 8.2 215 67
85°C (W/o C) 0.64 73.7 2.48 ± 0.12 1.14 ± 0.01 8.4 7.0 80 48

110°C (W/o C) 0.65 73.1 2.52 ± 0.21 1.10 ± 0.01 9.8 7.8 91 48
150°C (W/o C) 0.65 73.1 2.58 ± 0.16 1.13 ± 0.01 9.1 6.7 78 52

4.4.3 Conclusions

In conclusion we have shown that kelvin probe force microscopy is a valid

technique to study the possible degradation of (metallic) contacts used in

organic solar cells. An analysis of cells annealed with contact and with-

out contact showed that the degradation can be exclusively linked to the

degradation of the top contact additionally, the formation of PCBM clus-

ters has been excluded both by analysing a PCBM cluster in a P3HT matrix

and by removing the aluminium contact and subsequent analysis of the

P3HT:PCBM surface. Moreover, additional SEM and EDX measurements

showed that annealing resulted in a local thinning of the aluminium layer

and possible diffusion of calcium throughout the aluminium layer. Finally,

oxidation was excluded as a possible effect.
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Chapter 5

Conclusions and Future

Work

5.1 Conclusions

The goal of this thesis was to further investigate the applicability of ad-

vanced scanning probe microscopy on novel generation solar cells. To this

end novel generation solar cells and absorber layers were investigated via

recently developed atomic force microscopy techniques.

In a first step we were able to show that the contact potential difference

as measured by KPFM indicates the height of the potential barrier between

tip and sample. Moreover, whenever the barrier is sufficiently large, the in-

jection mechanism changes from a space charge limited type (low barrier)

and a Poole-Frenkel type injection (higher barrier). Additionally, and as

expected, PEDOT:PSS has a significant influence on the surface potential

and local charge transport characteristics. Moreover, Poole-Frenkel type

injection appears to be valid for a plethora of different organic layers and

blends.
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Secondary, we showed that the inclusion of an ionic interlayer in be-

tween blend and cathode resulted resulted in an increase in power conver-

sion efficiency. Moreover, a thorough study with PeakForce QNM and Peak-

Force TUNA showed that the interlayers studied in this work do not need

full coverage to perform properly. Moreover, the local electrical properties

on the best performing conjugated poly-electrolyte layer demonstrated

that the interlayer effectively acts as a hole blocking layer resulting in less

recombination at the cathode and thereby explaining the increase in short

circuit current. Additionally illuminated kelvin probe force microscopy indi-

cated that indeed charge transport is still taking place. Increasing device

efficiencies should be possible by maintaining a limited thickness while

increasing CPE coverage.

Lead halide based perovskite layers for photovoltaic conversion are eas-

ily characterized by AFM. KPFM substantiates that the surface potential is

uniform over different grains and thereby confirming the existence of a

phase pure material. In addition illuminated KPFM shows that band bend-

ing does show, however, not at all grain boundaries.From conductive AFM

it can be discerned that different grains display a different current at a

fixed applied bias. This difference could be the result of a bad interac-

tion between the perovskite absorber and the TiO2 layer or could be due

to recombination within the grains. Moreover, C-AFM explicates that grain

boundaries show no discernible conduction at a positive and negative bias.

The negative effect of the grain boundaries suggests that reducing the

boundaries should result in increased device efficiencies.

Finally we have established the validity of kelvin probe force microscopy

as a tool to study the local degradation of the cathode in organic solar

cells. A first foray in linking the local reduction in surface potential of the

cathode to the reduced Voc by annealing has been demonstrated. The

results as obtained by KPFM and SEM illustrate clearly that increased an-

nealing temperatures have a significant impact on local composition and
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this effect is mainly due to the calcium and not due to local oxidation.

To me, this work beautifully illustrates the applicability and endless pos-

sibilities of advanced AFM techniques for (organic) solar cells.

5.2 Future Work

5.2.1 C-AFM on blends

In this work the injection model was determined to behave as a Poole-

Frenkel type injection, however, no attempt was made on a more thorough

analysis of the local current-voltage curves as this requires an extensive

knowledge of the trap density in the material. A possible solution would

be to attempt Monte Carlo simulations to describe the local charge trans-

port from tip to sample taking into account both the offset in energy level

between tip and sample and the hopping assisted transport. In addition

it would extremely useful to be able to characterize both conductive AFM

and KPFM at the same time, if current developments in AFM technology

are any indication, this should be possible within the next five to ten years.

5.2.2 Interlayers

As seen in the sections on interlayers, the best functioning CPE layers do

not cover the complete surface, in this case the suggestion can be made

that the interlayer might act as an optical spacer. First steps towards us-

ing topography as obtained by AFM in a simulation for optical properties

have been made, however, the results do not confirm nor deny any ad-

vantageous optical effects. However, as newly measured interlayers have

different morphologies with heigh differences up to 50 nm an optical ef-

fect is very well possible. In addition it would be extremely useful to study

the electrical properties of the interlayers using photoconductivity mea-

surements as this would confirm any additional photo-current from the
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interlayer, however, this would have to be done with a tip coated with a

low work function metal as the interlayers are most easily processed in a

standard device architecture.

5.2.3 SPM and Perovskites

Conductive AFM showed that the perovskite as analysed in this work demon-

strates different conduction through different grains, the mechanism as

to why is not yet completely clear. A possible route would be the use of

piezoresponse force microscopy as it is well known that certain perovskites

show a piezoelectric behaviour. Additionally it would be extremely useful

to be able to study the local ferro-electrical properties.

5.2.4 Contact degradation

In this work contact degradation was studied with KPFM, however, ex-

tremely useful would be the ability to study the contact by simply lifting

of the contact from the organic layer. A first attempt at this was made,

however, none of the tapes used was able to lift of the metallic layer.

5.2.5 Illuminated KPFM

An added benefit to illuminated KPFM, as illustrated in this work, would be

the ability to do spectral resolved measurements. First attempts at this

were made, however, the light intensity attainable in our lab is not high

enough to have an adequately measurable signal with KPFM. This problem

first existed with photo-conductive AFM but was resolved by illuminating

at the backside with intensities of around 300-400 sun, a similar trick for

illuminated KPFM should resolve any problems related to intensity.
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Appendix A

Experimental Details

Charge injection and extraction in Polymer/Donor:ac-

ceptor blends

Patterned ITO substrates (15 Ohm/sq, Jinfung Limited, China) were cleaned

according to the following subsequent steps: sonication in soap solution,

water, acetone and boiled in isopropanol. Each individual cleaning step

lasted 10 minutes. The ITO substrates were thereafter treated with UV-O3

for 15 mins to improve the wetting properties. A subset of the samples

was coated with ∼30 nm PEDOT:PSS (Heraeus Clevios) and annealed at

130°C for 15 min. to remove any residual moisture from the film. P3HT

(Rieke Metals, Mw = 66kD and 93% regioregularity) was dissolved in ODCB

with or without PCBM (Solenne) to obtain the following P3HT:PCBM ratio’s:

pure P3HT, 1:1, 2:1, 1:2 and pure PCBM. The P3HT(:PCBM) films were slow

dried for an hour at room temperature and annealed for 10 mins at 110°C

to get the optimal morphology. PCDTBT:PC71BM, (PC71BM from Solenne)

was dissolved in ODCB to get solutions with PCDTBT:PC71BM ratios of 1:1,

1:2, 1:4 and 1:8. The PTB7 was obtained from SolarisChem and used as

delivered, PTB7:PC71BM was dissolved in ODCB with DIO and spincoated

to obtain films of ∼80 nm. The DTPQx donor polymer was synthesised

according to the method proposed by Vanormelingen [4] and spincoated

from chloroform. The thickness of the layers was measured by dektak. All
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AFM measurements (Multimode 8 - V series controller, Bruker) were done

in an inert atmosphere with a relative humidity less than 3%. The Kelvin

Probe measurements were done using Pt/Ir coated tips (SCM-PIT: k = 4

N/m, Bruker) at a lift scan height of 10 nm at an AC bias of 3V. The con-

ductive AFM measurements were done using Pt/Ir coated tips (PF-TUNA: k

= 0.4 N/m, Bruker) with a deflection setpoint of 0.4 V and at current sen-

sitivities between 10 pA/V and 100 pA/V depending on the voltage range.

All presented IV curves were averaged from 5 different curves taken at a

single location. The cathode of the devices consisted of 30 nm of calcium

and 80 nm of aluminium, evaporated sequentially on the active layer.

Imidazolium-substituted polythiophenes as efficient

electron transport materials

Synthesis of conjugated polyelectrolytes: Trimethylamine-functionalized

polythiophene P1 (P3(TMA)HT-Br) (Figure 4.15), used as a reference in-

terlayer material, was prepared by a literature procedure as reported by

Bazan et al. [5] Imidazolium-substituted polythiophenes P2 and P3 were

prepared according to a recently reported method. [1] Details on the syn-

thetic procedures and characterization data are provided in the Supporting

Information of a manuscript by Kesters et al. [2]

Device fabrication: The reference BHJ solar cells were constructed us-

ing the traditional glass/ITO/PEDOT-PSS/active layer/Ca/Al architecture. To

investigate the impact of the CPE layers, the Ca layer was replaced by

a CPE. A control device without CPE or Ca layer was included as an ad-

ditional reference. Before device processing, the indium tin oxide (ITO,

Kintec, 100 nm, 20 Ohm/sq) containing substrates were cleaned using

soap, demineralized water, acetone, isopropanol and a UV/O3 treatment.

Subsequently, the ITO substrates were covered by a ∼30 nm thick layer

of PEDOT-PSS (Heraeus Clevios by spin-coating. Further processing was

performed under nitrogen atmosphere in a glove box, starting off with an
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annealing step at 130 °C for 15 min to remove any residual water. The

PCDTBT donor polymer was obtained from SolarisChem (Mn = 79 kDa, D

= 2.4), and used as received. PCPDT-DTTzTz was synthesized according

to a previously reported method. [1] The active layer consisting of PCD-

TBT:PC71BM ([6,6]-phenyl C71 butyric acid methyl ester, Solenne) was

spin-coated with a thickness of ∼65 nm (as confirmed by DEKTAK). Blend

solutions were prepared in a 1:4 ratio, with PCDTBT concentrations of 5

mg/mL, using chlorobenzene:1,2-dichlorobenzene (1:3) as a solvent mix-

ture. [3] For the devices containing PCPDT-DTTzTz:PC71BM as the active

layer, a thickness of ∼70 nm was obtained through spin-coating. Blend

solutions were prepared in a 1:3 ratio, with PCPDT-DTTzTz concentrations

of 5 mg/mL, using chlorobenzene as a solvent. [1] The active layer depo-

sition step was followed by spin-coating of the CPE interlayers, aiming for

thicknesses of ∼5-10 nm. The CPE solutions were prepared in concen-

trations of 0.01, 0.02 and 0.04 w/v% in methanol. Finally, the devices

were finished off with Al as the top electrode, with a thickness of ∼80 nm.

Thicknesses of the top electrodes of the reference device containing Ca/Al

were ∼ 20 and 80 nm, respectively. In the standard cell configuration,

an active area of 25 mm2 was obtained. To provide a better assessment

of the value of the in-house prepared CPE’s, the more commonly used

interlayer material PFN (poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-

ïňĆuorene)]) was used as well.

Device characterization: The PCEs of the BHJ solar cells were measured

using a Newport class A solar simulator (model 91195A) calibrated with a

silicon solar cell to give an AM 1.5g spectrum. For AFM imaging, a Bruker

Multimode 8 AFM was used in PeakForce tapping mode, employing Peak-

Force QNM. The images were produced with a silicon tip on a nitride lever

with a spring constant of 4 N m−1.

EQE and reflection measurements: A commercial set-up (Bentham) was

used to measure the EQE. Light from a Xe arc lamp (300-670 nm) and a
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quartz halogen lamp (670-900 nm) is chopped, coupled into a monochro-

mator and aimed at the device. The resulting current is sent through a

Bentham477 current pre-amplifier, then arriving in the Bentham485 lock-

in amplifier. Calibration is done with a certificated Si cell. The integra-

tion of these EQEs over the solar spectrum is listed in Table 4.9 as JEQE.

The same optics and measurement setup is used with a DTR6 integrating

sphere to determine the reflection.

Nanoscale morphological and electrical properties of

interlayers

Sample fabrication: all samples were fabricated using a standard glass -

ITO - PEDOT:PSS - active layer layout, without the traditional aluminum top

contact. The indium tin oxide (ITO, Kintec, 100 nm, 20 Ω/sq) containing

substrates were cleaned using soap, demineralized water, acetone, iso-

propanol and a UV/O3 treatment. Subsequently, the ITO substrates were

covered by a 30 nm thick layer of PEDOT-PSS (Heraus Clevios) by spin

coating. Processing was performed in a glovebox with a controlled nitro-

gen atmosphere, starting with an annealing step at 130◦C for 15 min to

remove any residual water. The PCDTBT donor polymer was obtained from

SolarisChem (Mn = 79 kDA, D = 2.4) and used without further purification.

The active layer consisting of PCDTBT:PC71BM (PC71BM, Solenne) with an

in blend ratio of 1 to 4 was spin coated with a thickness of 65 nm, as

confirmed by DEKTAK. The active layer deposition step was followed by

spin coating of the conjugated polyelectrolyte (CPE) interlayer. The CPE

solution was prepared in a concentration of 0.02% in methanol.

This procedure led to a set of three different samples: a reference sam-

ple with only the active layer deposited on ITO covered glass, a methanol

treated active layer on ITO covered glass and a CPE coated active layer

on ITO covered glass. All of the samples were kept in an inert nitrogen

atmosphere at all times.
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Measurements were done on a Bruker Multimode 8 atomic force micro-

scope in combination with a V series controller. The AFM is enclosed in

a glovebox allowing for a controlled atmosphere with a maximum rela-

tive humidity of 6%. KPFM imaging was done using the surface poten-

tial setting on the AFM with long platinum/iridium coated cantilevers with

a force constant of 4 N/m and a lift scan height of 7 to 15 nm. Peak-

Force TUNA/QNM measurements were done using a soft conducting plat-

inum/iridium cantilever with a force constant of 0.4 N/m.

A standard solar simulator with a xenon arc lamp was used during KPFM

imaging. The light was fed into the glovebox via a high grade optical fibre,

which reduced the intensity by 50 % over the visible spectrum. The light

from the optical fibre was calibrated using a standard reference silicon

solar cell.

All images were analysed using the NanoScope Analysis software.

Advanced scanning probe microscopy for perovskite

based solar cells

Patterned ITO substrates (15 Ohm/sq, Jinfung Limited, China) were cleaned

according to the following subsequent steps: sonication in soap solution,

water, acetone and boiled in isopropanol. Each individual cleaning step

lasted 10 minutes. The ITO substrates were thereafter treated with an O2

plasma (50W, 3 min at 0.5 mbar). The TiO2 blocking layer was deposited

by spincoating a TiO2 precursor at 3000 rpm for 30s, followed by 3 con-

secutive heating steps of 2 min. at 180°C, 2 min. at 300°C and 1 hour at

500°C. The substrates were hereafter transferred to a nitrogen filled glove-

box. The perovskite precursor, as prepared according to (ref bert), 10 ml

of hydroiodic acid (57% in water, sigma) was added dropwise to 24 ml of

methylamine (33% in absolute ethanol, Sigma) and 100 ml ethanol under

nitrogen atmosphere. A rotary evaporator was used to remove the solvent
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and crystallize methyammonium iodide (MAI). The precipitate was washed

with diethyl ether three times. The resulting white powder was hereafter

dried on a hotplate at 65°C for 6h in air. MAI and PbCl2 (Alfa, 99.999%)

were dissolved in dimethyl sulfoxide (Sigma) in seperate vials and then

mixed to obtain a precursor solution with a MAI:PbCl2 molar ratio of 3:1.

Subsequent AFM analysis was done on a Bruker Multimode 8 AFM with a

V series controller in an inert atmosphere with a relative humidity < 6%.

Kelvin Probe Force Microscopy measurements were done using Pt/Ir coated

tips (SCM-PIT, Bruker), with a quoted force constant of 4 N/m and an elec-

trical excitation of 3 V and a lift scan height of 15 nm. The conductive AFM

measurements were done using Pt/Ir coated tips (PF-TUNA, Bruker) with a

quoted force constant of 0.4 N/m at a maximum deflection setpoint of 0.3V

and a current sensitivity of 100 pA/V. The illuminated KPFM measurements

we done using a solar simulator (Newport) with a xenon lamp to amount

to an irradation intensity of 1 sun (as confirmed by a silicon reference cell)

through a high quality optical fiber.

Visualizing thermally and atmospheric induced degra-

dation of the cathode in polymer solar cells

Sample fabrication: all samples were fabricated using a standard glass

- ITO - PEDOT:PSS - active layer layout. To this end patterned ITO sub-

strates (15 Ohm/sq, Jinfung Limited, China) were cleaned according to the

following subsequent steps: sonication in soap solution, water, acetone

thereafter boiled in isopropanol and a subjected to an UV/O3 treatment.

Each individual cleaning step lasted 15 minutes. The ITO on glass sub-

strates were then coated with ∼30 nm PEDOT:PSS (Heraeus Clevios) and

annealed at 130°C for 15 min. to remove any residual moisture from the

film. P3HT (Rieke Metals, Mw = 66kD and 93% regioregularity) was dis-

solved in ODCB together with PCBM (Solenne) to obtain P3HT:PCBM in a

0.9:1 ratio. The films were thereafter slow dried for an hour at room tem-

perature and annealed for 10 mins at 110°C to get the optimal morphology.
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The PCEs of the BHJ solar cells were measured using a Newport class A so-

lar simulator (model 91195A) calibrated with a silicon solar cell to give an

AM 1.5g spectrum. All AFM measurements (Multimode 8 - V series con-

troller, Bruker) were done in an inert atmosphere with a relative humidity

less than 6% unless otherwise stated. The Kelvin Probe measurements

were done using Pt/Ir coated tips (SCM-PIT: k = 4 N/m, Bruker) at a lift

scan height of 10 nm at an AC bias of 3V. The SEM-EDX study has been

performed with a Philips XL-30 FEG-SEM. The EDX detector is a Si(Li) de-

tector, relevant acceleration voltages are mentioned in the corresponding

text.
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