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Resumo

A procura de sistemas fotovoltaicos de baixo custo tem levado & escolha de materiais orginicos como
possiveis candidatos para substituir os dispositivos baseados em silicio. Os materiais organicos tém
coeficientes de absorcao elevados, permitindo o uso de peliculas muito finas e de técnicas de fabri-
cac@o de baixo custo. O controlo sobre a estrutura electronica das interfaces organicas/inorganicas
em semicondutores é um passo essencial para o desenvolvimento desses dispositivos. No presente
estudo esta questao é abordada numa célula solar orgdnica com uma estrutura invertida, constituida
por uma camada fotoactiva orgéanica de zinco ftalocianina dopada com Fulereno, um eléctrodo de
oxido de zinco dopado com aluminio, uma camada intermédia de 6xido de molibdénio e por um
eléctrodo de prata. O objectivo deste trabalho foi o estudo e a caracterizacao das propriedades elec-
tronicas da interface MoOy / ZnPc: Cgp. Para este proposito recorreu-se a analise por espectroscopia
fotoeléctronica ultravioleta (UPS) para a caracterizagao dos niveis electronicos de valéncia enquanto
que para sondar os niveis electrénicos perto do ntcleo utilizou-se a espectroscopia fotoelectronica
por raios X (XPS). A banda de valéncia e os valores da funcao trabalho da interface MoOy / ZnPc:
Cgo foram caracterizados em funcao da espessura da camada de MoOy e em funcdo da temperatura
de recozimento. As curvas corrente-voltagem (IV) foram medidas em funcao da temperatura de
recozimento e as propriedades 6pticas da camada de MoOy foram determinadas por transmissdo na
gama de 250-2500 nm. A espectroscopia de absorcdo de raios X perto da descontinuidade de ab-
sor¢ao (NEXAFS) foi também utilizada para esclarecimentos adicionais sobre a situagao da estrutura

electronica recorrendo-se a radiagao de sincrotrao (sincrotrao BESSY II, Berlim, Alemanha).
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Abstract

The search for low cost photovoltaics has led to the use of organic materials as possible candidates
to substitute silicon based solar devices. Organic materials have high absorption coefficients, allow-
ing the use of very thin films and low cost solution phase manufacturing techniques. Control over
the electronic structure of organic/inorganic semiconductor interfaces is a key step for the devel-
opment of these devices. In the present study this issue is addressed for an organic solar cell with
an inverted structure: an organic absorber layer of zinc phthalocyanine: Fullerene heterojuntion,
sandwiched between a front electrode of zinc oxide doped with aluminium, an intermediate buffer
layer of molybdenum oxide and a silver electrode. The objective of this experimental work has been
the investigation of the electronic properties of the MoOy/ZnPc:Cg interface. For this purpose
photoelectron spectroscopy using different types of radiation has been carried out. Results will be
presented on the interface analysis carried out by ultraviolet photoelectron spectroscopy (UPS) for
the study of the valence electron levels and by X-ray photoelectron spectroscopy (XPS) to probe the
core electron levels. Valence band offsets and work function values at MoOy/ZnPc:Cgp interfaces
have been characterized as a function of MoQOy thickness and as a function of annealing temperature.
Current-voltage characteristics (I-V) were measured as a function of annealing temperature and the
optical properties of the MoOy layer were measured by transmission in the range 250-2500 nm. Near
edge X-ray absorption fine structure (NEXAFS) spectroscopy was used to give additional insight
into the situation of the electronic structure: spectra were taken from the electron storage ring for

synchrotron radiation (BESSY II, Berlin).
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1 Introduction

The limited supply of today’s main energy sources in the form of oil, coal, natural gas and uranium
and the increasing global concern over the issue of climate change have focused research attention
on alternative, renewable energy sources, of which photovoltaics (PV) is a promising example.

Sun delivers in fact more power than the whole mankind needs. Considering the radiation
emitted by the sun, the earth’s radius r and the area A of the earth, the sun radiation on earth can
be calculated:

Radiation: 1368 W/m? (solar constant) , r = 6370 km (6.370 x 10% m) and A = r? x7= (6.370
m x10% )2 x 3.1415 . The radiation on earth is thus 1.74 x10'7 Watt [1].

Currently silicon solar cells dominate the PV market, as they have demonstrated high efficiency
(up to 25%) [2], due to the excellent charge transport properties and environmental stability of high
purity silicon. However, the methods used to manufacture high effienciency silicon solar cells are
costly and have thus prevented PV from supplying a significant portion of the world’s energy.

The search for low cost PV has led researcher to organic materials as possible alternative candi-
dates.

After the discovery of polymer with both conductive and semiconductor properties in 1906 [3],
such materials have been intensively studied for different PV applications.

Organic photovoltaics (OPV) has been developed rapidly in the past decade because they can be
produced using solution phase techniques, such as ink jet printing or coating using roll-to-roll (R2R)
machinery, thus allowing for fast, simple, low-cost and large-volume processing. The potential speed
and simplicity of OPV processing is unmatched by other current technologies. Additionally, organic
semiconductors have very high absorption coefficients [4], which allow very thin films to be used,
whilst still absorbing a sufficient portion of the solar spectrum.

Extensive research over the last 5 years has produced marked increases in the efficiency of OPV
devices. The current certified record of power conversion efficiency is 12 % [5].

A solar cell is considered organic if the active absorbing layer comprises only organic materials;
for other layers, metals and other inorganic materials can be used. The OPV field also includes a
category of hybrid solar cells, in which the active layer also contains an inorganic component such
as quantum dots or nanostructured inorganic metal oxides mixed with coniugated polymers [4].

Control over the electronic structure of organic/inorganic semiconductor interfaces is required to

produce hybrid solar cell devices with tailored opto-electronic properties.



The key issue for the commercialization of optoelectronic devices based on organic semiconductors
is in fact the energy level alignment at contacts between the photoactive organic layer and the
inorganic buffer layer or the electrodes.

In most devices, charges have to be transported across such interfaces, and therefore low charge
injection barriers are required. The electrochemical mechanism governing the energy level alignment
at organic/inorganic interfaces is important for further progress in the field. A way to align the
energy levels to each other might be the search for molecule-semiconductor pairs with appropriate
energy spectrum. However, such search is made intricate by the fact that the ionization potential
and electron affinity of the isolated molecule can not be used as references, because their quantities
are modified by the specific intermolecular and molecule-substrate interactions occuring in contact
with another material.

In this work, this issue is addressed for the interface between the inorganic buffer layer of molyb-
denum oxide and the organic photoactive layer of zinc phthalocyanine doped with carbon fullerene
Cep.

The interface characterization is carried out using photoelectron spectroscopy with Ultravio-
let (UPS) and X-ray (XPS) radiation. Further experimental techniques, such as optical UV-VIS

measurements and current-voltage analysis are used to better characterized the interface.

1.1 Device structure and operating principles

The main distinction in the working principle of the OPV as compared to inorganic PV is that
when a photon is absorbed in the inorganic material, free charge carriers are created, for example,
in a silicon solar cell, an incident photon excite an electron from the valence band, thus forming
an electron-hole pair. Due to the crystalline nature of the silicon lattice, these charge carriers
experience only a small force of interaction, that is, absorption in silicon leads to effectively free
charge carriers. Due to the low relative dielectric constant of organic semiconductors (e,= ~3),
there exists a large electrostatic force between electrons and holes [4]. When a photon is absorbed
in the organic material, an excited electron-hole pair is formed, where the electron and hole are
coulombically bound. This excited state is referred to as an “exciton” [6]. A force is needed to
overcome this excitonic binding energy so that free charge carriers can be created and transported
throughout the device. The force needed to overcome the exciton binding energy is given by the
energy level offset of the lowest unoccupied molecular orbital (LUMO) of the donor and the acceptor

material. This energy offset used to dissociate excitons is denoted as Agg in Fig.1.1, which is the



excited state energy offset.
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Figure 1.1 General energy band diagram of the heterojunction in a hybrid solar cell [4].

The photoelectric conversion mechanism in OPV can be summarized as follows: when a photon
is absorbed in the donor material an electron is “promoted” to the lowest unoccupied molecular
orbital (LUMO), while leaving the positive charge carrier, in the highest occupied molecular orbital
(HOMO). The excited pair is still bound by coulomb attraction forces forming an exciton. The
exciton diffuses to the interface of the donor and acceptor material, and is dissociated at the donor-
acceptor interface into free carriers. Once separated, the electron can transfer to the acceptor
material at an interface and be transported to the cathode for charge collection. The hole produced in
the donor material travels throughout the polymer and is collected at the anode [4]. This mechanism

is displayed in Fig.1.2.
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Anode —_— .
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Figure 1.2 Schematic diagram presenting the charge transfer for a photo generation in the electron donor material

[4].
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The free charge collection at opposite electrodes is achieved by the asymmetric ionization energy
or work function of the electrodes.

It is well established that the charge transport in organic materials occurs via a process of hopping
between energy states and is affected by traps and recombination sites in the photoactive film [4].

The common structure of the organic solar cells comprises a multilayer stack. Usually the active
layer, which is a combination of donor and acceptor materials, is sandwiched between two electrodes.
A discrepancy between the work function of the anode and cathode electrode material is required
to provide a direction for the photocurrent. One of the electrodes needs to be transparent for
illumination of the cell. Buffer layers are applied between the electrodes and the active layer to
ensure charge-selective transport [7].

Due to the small excitonic diffusion length n, conjugated polymers (710 nm), bi-layers structures
are limited in excitonic dissociation, as there exist only one interface, that is, only the photons
absorbed by a very thin layer next to the interface can contribute to the photocurrent while the
rest is lost throught recombination mechanisms [8]. In order to increase the heterointerfacial area
and thus excitonic dissociation, the donor and acceptor material can be mixed in a bulk, forming
a nanoscale morphology, called a bulk heterojunction device structure. In this way, the interface is
extended throughout the whole active layer, and the device requires smaller exciton diffusion lengths,

providing more efficient charge separation and separate paths for the transport of the free carriers.

1.2 Photovoltaic performance characteristics

In this chapter, complete solar cells with the structure Zn0:Al/ZnPc:Cgg /5 nm MoOx/Ag have been
characterized by means of current-voltage J(V) and temperature dependent current-voltage J(V,T)
measurements.

Current-voltage (I-V) measurements are the most common tool for solar cell evaluation and
characterization.

To allow for valid comparision of device performance, an international standard for input power
is used. This standard is an incident spectrum of AM 1.5 G, which can be approached by commercial

solar simulators, with an intensity of 1000 W/m?, whilst the cell is at a temperature of 25°C.

1.2.1 Electrical model

Fig. 1.3 shows an equivalent circuit model which is commonly used to interpret the characteristic

of PV devices. The solar cell in the dark acts as a simple diode: the current-voltage relationship



follows the exponential relation of the pn-junction:

J(V) = Jo(etV/ART _ 1)

Eq. 1.1

where k is the Boltzmann constant, T the temperature, V is an external applied bias voltage,
J(V) the current density, A the diode quality factor and q the elementary electric charge (J(V) is
obtained by dividing the current to the device area) [9].

For a better description of a real device, resistive losses have to be added into this equation: A
series resistance Rg and a shunt resistance Rgy. Additionally, a photo-generated current density
J1, has to be introduced into the equation to describe the device under illumination (in the dark
Jp, =0). In thin film solar cells, J;, may depend on the applied bias voltage. The so-called 1-diode

model describing the current-voltage characteristic of a solar cell is given by the following equation:

a(V - RsJ(V)) V—-R,J(V)

akr T R,

J(V) = Jy |exp(

Eq. 1.2

where J(V) accounts for the current density flowing through the device which is the sum of
the current density flowing through the diode (first term), the current density flowing through the
parallel resistance (second term) and the photo-generated current density (last term) [10].

The illuminated cell behavior can be related to that of a diode parallel connected with a current

source Rg, these connected in series with a shunt resistance Rgy.

e The diode D takes into account the current losses due to recombination in the interior of the
cell. D has an ideality factor n and a saturation current Iy (current in the dark at reverse

bias);
e The current source is equivalent to the photo generated current due to the PV effect Iy ;

e Rg takes into account all the resistances at interface in the layers, the conductivity of the

semiconductors, and the electrodes;

e Rgp takes into account the leakage of the current through shunts as a result of defects in the

films. (For good performance of the OPV device, Rg needs to be low and Rgy to be high);



e Solar cell voltage V: The cell can generate a voltage between 0 and Voc depending on the size
of the load resistor. In order to obtain IV curve data in other voltage ranges (V < 0 and Voc

< V') in the IV curve an external voltage source is required [10].

The current-voltage characteristic for a typical solar cell, when light is shone on the device, becomes
a superposition of the dark J-V with the light-generated current with the curve shifted by a quantity
equal to the current that is generated by the cell (Fig.1.3).

A1
1 po-junction
. characteristic

b AN \

R

b S @] !
v s o
| = T:urrenl that v
can he
| generated
¥~ illuminated
cell
{ a} {b } characteristic

Figure 1.3 a) Equivalent electrical circuit and b) characteristic of the dark and illuminated solar cell [9].

The characteristic curve of a illuminated solar cell can be presented by considering only the
fourth quarter of the graph and with inverted current verse. This facilitates the determination of
the basic parameters.

In Fig. 1.4 the fourth quarter of the characteristic curve is displayed, the green curve represents

the power generated by the solar cell.



Maximum
power point

Figure 1.4 Current-voltage characteristic for a generic illuminated solar cell. [9].

J-V characterization means determination of the basic parameters: the open circuit voltage
Voc, the short-circuit current Jgc, the fill factor FF, and efficiency (n) which are determined by
only three points on the J-V curve and are briefly described below.

1.2.2 Power conversion efficiency

The power conversion efficiency (PCE) of a solar cell is defined as:

J50XVOCXFF
P;

PCE =

Eq. 1.3

where Jgo is the short circuit current density, Voc is the open circuit voltage, F'F' is the fill

factor and P, is the power of the incident light [10].

1.2.3 Fill factor

The fill factor describes the “squareness” of the J-V curve. It is the ratio between the maximum

product of J and V and the product Vo¢ and Ig¢,



Im X Vi,

Fill factor = ————
/ Jsc x Voc

Eq. 14

thus

Pmax = (JV) :VOC X JSC x FF

Eq. 1.5

where J,,, and V,,, are the maximum power point current density and voltage, respectively [10].

The higher the FF the more the J-V characteristics resembles a constant current source with a
maximum voltage and the higher is the electric power that can be extracted. The voltage-current
(Vp, Ip) combination that gives the largest power rectangle is called the maximum power point.

Due to physical constraint on diode quality, the practical limit to the fill factor is less than the

ideal value of 1 [4].

1.2.4 Open circuit voltage

Voc can than be derived quantitatively using:

nkT 1;L

Voo = —In +1
ocC q (IO )

Eq. 1.6

In contrast to silicon p-n junction solar cells, the origin of the open circuit voltage in bulk
heterojunction devices is still not completely understood. Multiple reports have investigated this
property for OPV devices. In 2001, Brabec et al. [11] proposed an effective band gap model for bulk
heterojunction cells, whereby the maximal value of V¢ is related directly to the energy difference
between the HOMO level of the donor and the LUMO level of the acceptor.

In 2006 a report studied the relationship between the energy levels of the donor-acceptor blend

and the Ve for bulk heterojunction devices [12]. It was found that there exists a linear relationship



between the HOMO position, which is related to the band gap of the heterojunction, and the Vg¢.

This relationship between the HOMO of the donor material and the V¢ of the device was found:

Voo = (%(\EDO"O'"HOMO} — |EAcertor LUMO) — 0.3V
Eq. 1.7 [4]

1.2.5 Short circuit current density

The short circuit current density Jgc¢ is the maximum photocurrent density which can be extracted
from the device at short circuit conditions.

The Jgc is directly related to the external quantum efficiency (EQE), which is defined as the
ratio between the number of electrons on the external circuit and the number of incident photons
at a specific wavelenght.

Jsc can be expressed as [4]:

q
= = EQFE x P, (M)A x dA
Jsc CE/A QE x Py (M)A x
Eq. 1.8

For the operation of a hybrid solar cell, EQF is dependent on five major steps, each of which has

some associated efficiency. Thus, it can be expressed as [4]:

EQE = Nabs X Ndiff X Ndiss X Ntr X Nee

Eq. 1.9
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Figure 1.5 Energy band diagram illustrating the five steps in the charge transfer process. The efficiency of these

steps determines the EQE of the hybrid device [4].

The parameter n,,s describes the absorption yield of the device, which is displayed as (1) in
the Fig. 1.5. The absorption spectrum of the material is determined by both the band gap and
absorption coefficient of the material, whilst the thickness of the photoactive layer will also affect
the absorption yield [13].

The parameter ngig, displayed in Fig. 1.5 as (2), describes the ability of an exciton to diffuse to
a donor-acceptor interface. This parameter depends on both the excitonic diffusion length, which is
a material property, and the distance between excitation and the nearest interface, which is related
to the nanoscale design of the photoactive layer. As the excitonic diffusion lenght in conjugated
polymers is very low [14], control over the D-A morphology is important for successful exciton
diffusion.

The parameter nqjss, displayed in the Fig. 1.5 as (3), is the exciton dissociation yield. The energy
offset, required to allow conduction to occur, must be larger than the excitonic binding energy in
the material to facilitate charge transfer. This energy is typically in the range of 0.1-0.5 eV [14].

The parameter v (4) describes the efficiency of charge carrier transport throughout the device.

The parameter nc.describes the efficiency of charge collection at the electrodes. This represents
the ability of the charge carriers to be injected into the electrodes from the photoactive layer. The

success of this step is dependent on the electronic composition of the device.
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2 Materials

The choice of materials in OPV is crucial to the overall efficiency and thus the success of this
technology. This section describes the materials which have been used in this research work and
their respective functions in the solar device. The solar cell structure used in this work is of an
inverted type, where the cathode is the transparent front electrode and the anode the back electrode.

The complete structure of the solar cell investigated in this work is:

Zinc oxide doped with aluminum as front electrode, zincphthalocyanine mixed with Buckminster
carbon fullerene as photoactive layer, molybdenum oxide as intermediate buffer layer and silver
contacts as back electrodes. The device is built on a glass substrate.

The mixed layer of ZnPc and Cgg deposited in this experimental work presents an aggregation
of small grains of both donor and acceptor contacting materials with dimensions below the excitons

diffusion lenght.

Anode ——

Acceptor——

Dispersed interface
Donor——> P

Cathode —s| zno-a1

Glass——

Figure 2.1 Schematic bulk heterojunction structure for the inverted solar cell used in this work.

2.1 Substrate and front electrode

Glass is by far the most reported substrate because of its low cost and stability in almost any
subsequent treatment and was therefore chosen as substrate.
With respect to the transparent electrode, ITO has been the almost exclusive choice, given

its excellent properties as hole conductor, but due to the scarcity and the cost of indium, which
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by weight is the main material in ITO, the need for new transparent semiconducting materials is
growing.

In this work, a zinc oxide layer doped with aluminium is used as a low work function window
cathode. The function of the cathode is to collect electrons from the device and here contributes
as well to the device stability, as oxygen and water molecules are blocked by the ZnO:Al layer
[4]. When doped with aluminium ZnO is a n-type contact. ZnO can be formed using a variety of
synthesis methods and exhibits high electron mobility; furthermore it has a proven suitability of

forming structurally well-defined hybrid structures with various conjugated organic molecules [15].

2.2 The intermediate layer

Absorber/electrode interfaces in OSC are optimized either by the electrode surface treatments or,
as in this work, by insertion of an intermediate or buffer layer [16].

The intermediate layer has the function to selectively transport one type of charge (negative or
positive) while simultaneously blocking the opposite charge, decreasing in this way the probability
of charge recombination.

Furthermore, intermediate layers are used to bridge a mismatch of energy levels between the
active layer and an electrode, improving in this way the alignment of the energy levels. The in-
termediate layer even compensates for the roughness that electrodes have and that might result in
shunts in the film, removing some of the shunts. The intermediate layer used in this work follows an
anode and is thus used as hole conductor and electron blocking layer. As hole conductor the most
widely used electron-blocking material has been polyethylenedioxythiophene:polystyrenesulfonate
(PEDOT:PSS) but the substitution of PEDOT:PSS with stabler materials can significantly improve
the device s stability. In this work a hole conductor buffer layer of MoO3 has been used. This oxide
has been progressively investigated in the last years due to its supposed appropriate work function
values and band alignment when inserted between the photoactive layer and the electrode. It has
been in fact experimentally found that molybdenum oxide as the interfacial modification layer in
OSC improves the transport mechanism of the solar cell [17].

Recently, transition metal oxides, such as molybdenum oxide MoQO3, vanadium oxide V5QOs, and
tungsten oxide WO3 have attracted much attention for organic solar cells application due to their
suitable electronic properties and charge generation ability for organic solar cells. Recent works
[36,37] reported how the presence of MoOg layer at the organic/metal interface significantly reduces

the contact barrier and provides protection from diffusion and other chemical reactions between the
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organic layer and the metal.

MoOs3 presents highly efficient charge injecting (or extracting) properties, improved stability,
high transparence and compatible easy- fabrication process (thermal evaporation) and therefore has
been here chosen as intermediate buffer layer.

Furthermore the oxide films of MoOj can be deposited by thermal evaporation, which is com-
patible to thermal evaporation of Au anode, used in this experimental work [38].

In this work the work function energy levels of the MoOj at the interface with the organic layer
is investigated. In fact, despite numerous papers related to the application of transition metal oxides
as buffer layer in organic electronic devices, the underlying physical mechanisms pertaining to their

electronic structure remain not completely defined.

2.3 The active layer

The active layer used in this work consists of a bulk heterojunction of buckminster fullerene Cgg as

acceptor material and zinc phthanolocyanine (ZnPc) as the donor material.

2.3.1 Fullerene

The fullerene’s role as an electron acceptor and in providing a continuous network for electron
transport in polymer and small molecules blend devices is well established [18].

This molecule is very stable and can be easily evaporated in vacuum conditions. The absorption
coefficient o of Cgp is 0.8-10° cm™'. Cgp is considered an optimal acceptor material for organic solar
cell due to its high acceptor properties [8]: the transport of an electron from a donor molecule next

to a Cgp molecule takes place in about 40 fs [8].

2.3.2 Donor material

Phthalocyanine (ZnCssHi2Ng) Fig.) has been used as photoactive donor material. ZnPc molecules
are easy and cheap to synthesize. ZnPc has an absorption coefficient o of up to 1.5-10°cm™, being
thus an optimal absorber material in the visible region, from 550 to 750 nm [8]. The molecules are
small and stable enough to be thermally evaporated. The hole mobility p of ZnPc is about 0.02

cm/Vs, the molecules are considered as p-conductor.
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Figure 2.2 Chemical structure of (a) zinc phthalocyanine and (b) fullerene Ceo [8].

2.4 The back electrode

The back electrode is the final layer that completes the device structure. Similar to the front
electrode, the use of high or low work function metals defines the operation of the back electrodes
as anode or cathode, respectively. The electronic properties of the latter electrode must match with
those of the organic absorber layer. Particularly, for an effective collection of the charge carriers
from a single organic layer, the work function of the metallic is adjusted to the HOMO/LUMO
level of the donor/acceptor material for the formation of an ohmic contact. In the case of absorbers
from blend structures effective charge-selective electrodes are required. These are achieved by the
fine adjustment of the electrode work function by allowing low and high work function conducting
materials. Depending on the desired work function of the back electrode, different metals are use.
Aluminium, silver and gold are the most commonly used. Here physically deposited silver contacts

are used.

2.5 Final structure

A schematic overview of the complete solar cell, with inverted structure, used and investigated in
this work is presented in Fig. 2.3.

In an inverted cell, the electric charges exit the device in the opposite direction as in a normal
device. The positive and negative electrodes, which absorb the negative and positive charges, re-
spectively, are reversed. Inverting the device architecture allows to make the cathode out of a more

suitable material, which can provide effective protection to the polymer layer. [19].
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Figure 2.3 Schematic overview structure of the solar cell with ZnPc and Cgo as photoactive layer. The investigated

interface is shown.
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3 Surface characterization techniques

Photoelectron spectroscopy (PES) is a surface sensitive investigation method and one of the most
useful technniques of modern surface material science. This technique is based on the photoelectric
effect discovered by Heinrich Hertz in 1887 [20]. A photon transfers its energy to the atom thus
exciting electrons to upper energy levels, from which they can be ejected from the material. From
the energy distribution of the photoelectrons, which is probed in an electron energy spectrometer,
the fundamental energy levels and excitation energies of the atoms in a sample are determined.
Different energy ranges provide different information: electrons emitted from core levels furnish
information about the presence and, to a certain degree, the concentration of elements in the sample.
Furthermore, the chemical environment can also be determined, i.e. the oxidation state of the
element in question and as well as its first coordination shell may also be determined from the
spectra. Electrons from valence levels give information about the electronical band structure of the
material.

Photoelectron spectroscopy requires vacuum operating conditions. The electrons emitted from
the sample should meet as few gas molecules as possible on their way to the analyser so that they
are not scattered and thereby lost from the analysis. Furthermore these techniques are higly surface-
specific, with sampling depths tipically of a few atom layers. Most of the electrons originate from
the first atom layers. Even very small amounts of contamination can affect the experiment. Since
the principal source of contamination comes from the residual gas in the operating chamber, the
system must operate under ultra-high vacuum (UHV) conditions. In fact a monolayer of gas will
accumulate on a surface in about 1.5 s at a pressure of 107 torr and at room temperature, if every
molecule hitting the surface stays there on impact. If, as typical requirements, no more than 0.05
atom layers of contaminant should accumulate in the space of 30 min, then, gas kinetics rule that
the residual gas pressure should be 4 .107! torr.

Furthermore UH vacuum is needed to extend the life of X-ray and electron optics in the vacuum

system.

3.1 UPS

Low energy photons may be used to excite electrons in the solid. In ultra-violet photoelectron
spectroscopy (UPS) the source of photons is a differentially pumped inert gas discharge lamp. This

produces discrete low energy resonance lines: He 1 21.2 eV, and He II 40.8 eV. Since there is only
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sufficient energy to emit electrons from the valence band, the technique is used in the study of the

electron band structure of solids and not for analytical studies.

3.2 XPS

X-ray photoelectron spectroscopy is a surface chemical analysis technique, also referred to electron
spectroscopy for chemical analysis (ESCA), used to analyze the surface chemistry of a material in
its “as received” state and can be addressed to a wide variety of samples. XPS was developed in the
mid-1960’s by Kai Siegbahn and his research group at the University of Uppsala, Sweden.

XPS detects all elements with an atomic number Z of 3 and above.

Surface analysis by XPS is performed by irradiating a sample, in a vacuum environment, with
monochromatic soft X-rays. They interact with the inner-shell electrons of an atom in the surface
region of the material of about 1-10 nanometers by the photoelectric effect and cause electrons to be
ejected. The kinetic energy of the emitted photoelectrons provides information about the binding

energy of the electron in the material. The basic equation of XPS is

Ey = hv — BE — ¢,

Eq. 3.1

where hv is the energy of the incident photon (A is the Planck’s constant and v the X-ray frequency),
BE is the binding energy of the atomic orbital from which the electron originates, and ¢; is the
spectrometer work function, which is found by calibration [20].

The kinetic energy Ej of the photoelectron is measurable then the binding energy BE can be
calculated. XPS spectra represents the intensities of the photoelectrons versus BE or Fj. Since
each element has a unique binding energy, the energy of the photoelectrons is related to the atomic
and molecular environment from which they originated. The number of electrons emitted is related
to the concentration of the emitting atom in the sample.

X-rays are created by accelerating high energy electron beam (~15keV) onto an anode material
(typically Mg and Al). The electron beam creates holes in the core level of the anode material and
electrons from outer shells fill up the holes emitting characteristic X-ray radiation. If Mg is used as
anode material the created X-rays (Mgk,) have an energy of 1253.6 eV, while with Al, the radiation
(Alk,) has an energy of 1486.6 €V.
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The relaxation of the excited state due to photoemission, can occur via emission of radiation
(fluorescence radiation) or by emission of an additional electron (Auger electrons). In this process,
as shown in Fig. 3.1 , an outer electron falls into the inner orbital vacancy, and a second electron
is emitted, so that the Auger electron has kinetic energy equal to the difference between the energy
of the initial ion and the doubly-charged final ion. Since the Auger process contains three steps,
the kinetic energy of the Auger electron depends only on those thress electronic levels and not on
incident X-ray photon energy.

The electron signal in XPS includes contribuitions from both photoelectron and Auger electron

lines.

¢ o0 ©

®
N\ | i :

Figure 3.1 Diagram of the photoelectric process (top) and the Auger process (bottom) [21].

The information depth in XPS is related to the distance an electron can pass through the matter.
This average distance that an electron can travel between successive impacts without modifying
its direction or energy or other particle properties is called the inelastic mean free path of an electron.
The probability of interaction of the electrons with matter far exceeds those of the photons, so
while the path lenght of the photons is of the order of micrometers, that of the electrons is of the
order of tens of angstroms. Thus, even if ionization occurs to a depth of a few micrometers, only
those electrons that originate within tens of angstrom below the solid surface can leave the surface

without energy loss. It is these electrons that produce the peaks in the spectra and are useful for

18



the analysis. The inelastic mean free part A of the electrons in the regime between a few eV and
many hundred eV is plotted in Figure 3.2. The dashed curve shows a calculation of the inelastic
mean free path independent of the material and the points are measured data from many elemental
solids. The data points scatter more or less around the calculation. The curve is therefore often
called a universal curve. The reason for this universality is that the inelastic scattering of electrons
in this energy range is mostly involving excitations of conduction electrons, which have more or less
the same density in all elements. The mean free path curve has a minimum around a kinetic energy
of about 70 eV. There the mean free path is less than 10 A. This means that a detected electron
with this kinetic energy which has left the solid without suffering an inelastic scattering event must

originate from the first few layers.
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Figure 3.2 The mean free paths of the electrons in solid [21].

3.3 Synchrotron

A further source of photons used for spectroscopy analysis is the synchrotron radiation. Synchrotron
radiation is an electromagnetic radiation emitted from deflected charged particles moving at rela-
tivistic velocities.

Classically, any charged particle which moves in a curved path or is accelerated in a straight-

line path emits electromagnetic radiation. Various names are given to this radiation in different
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contexts, in the application to circular particle accelerators like synchrotrons, where charged particles
are accelerated to very high speeds, the radiation is referred to as synchrotron radiation. Electrons
circulated continuosly in a storage ring (BESSY II, Berlin) produce a continuous spectrum of photons
with energies from few electronvolts to several kiloelectronvolts [20]. With a monochromator a
variable energy photon source is provided. As a consequence of relativistic motion, the radiation is
emitted in a narrow cone in the forward direction from a point like source. At BESSY II, Berlin,
the electron’s energy is 1.7 GeV and synchrotron radiation is generated from magnetic deflections
in simple electromagnetic bending magnets, from undulators consisting of long magnetic rows of
permanent magnets as well as from superconducting magnet structures like wavelength shifters and
multipole wigglers.

Synchrotrons consist of large circular magnets positioned around the circumference of the circle.
Magnets ensure that the electrons may circle in the storage ring. The main components are the
dipoles, the quadrupoles and the sextupoles. The dipoles enable the circular orbit of the electrons.
The quadrupoles compensate the natural behavior of electrons to drift apart. Sextupoles make small
corrections on the quadrupoles and are important for storing the beam over a longer period of time.

Acceleration of the charged particles is achieved by the application of radio frequency electric
fields at rf (radio-frequent) cavities along the circumference of the ring. The magnetic fields must be
increased synchronously with the acceleration in order to keep the particles on the constant radius
path.

The accelerators can be used with protons, electrons and even with heavier positive ions.

For surface chemical analysis electrons are used because they are relatively easy to accelerate
due to their high electric charge and their small mass.

The energy radiated from the electrons is proportional to the fourth power of the particle speed
and is inversely proportional to the square of the radius of the path. It becomes the limiting factor
on the final energy of particles accelerated in electron synchrotrons.

The classical formula for the radiated power from an accelerated electron is

B 2K e2a?

P
3c3

Eq. 3.2
which is the Larmor formula, used to calculate the total power radiated by a non-relativistic

point charge as it accelerates, where a is the acceleration, e is the charge, and c is the speed of light.
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For a non-relativistic circular orbit, the acceleration is just the centripetal acceleration, %
The orbits of interest in accelerators are higly relativistic, so the relativistic acceleration can be

calculated from

Cldp 1 dymw)  ,dv 412
“mdr m! at a7
Eq. 3.3
where 7 = %: proper time,
1
’y =
is the Lorentz factor and m is the rest mass of the particle [39, 40].
The radiated power is then
- 2Ke? [ ,v? 2 B 2K eyt
33 r] o 332
Eq. 34

Since the velocity in synchtrons becomes nearly constant for highly relativistic particles, the term
v* becomes the dominant variable in determining loss rate. This means that the loss scales as the
fourth power of the particle energy.

For an accelerator like a synchrotron, the radius is fixed after construction, but the inverse
dependence of synchrotron radiation loss on radius argues for building the accelerator as large as
possible [39].

In BESSY II, where the Synchrotron’s experiments have been carried out, before injection in the
main storage-ring the beam is accelerated over a microtron and a synchrotron to its final energy of
1.7 GeV. The accelerating process takes 50 ms and can be repeated with a repetition rate of 10 Hz.
The total current in the storage ring of 100 mA can be obtained by successive injection of electrons,
accelerated in multiple accelerating cycles.

The amount of synchrotron radiation is proportional to the stored beam current. To keep the
current high it is necessary to reduce the loss of electrons. BESSY II is designed to permit a life-time
of 8 to 10 hours [41].

The synchrotron source is ideal for carrying out extended absorptrion spectroscopy (XAS),
namely near edge X-ray absorption fine structure (NEXAFS) and extended X-ray absorption fine

structure (EXAFS), by monitoring the fluorescence electron yield over the same photon energy range
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in the region of the absorption edge.

The principle of NEXAFS measurements is the absorption of an x-ray photon by a core level of
an atom in a solid and the consequent emission of a photoelectron. The resulting core hole is filled
either via an Auger process or by capture of an electron from another shell followed by emission of a
fluorescent photon. The difference between NEXAFS and traditional photoemission experiments is
that in photoemission, the initial photoelectron itself is measured, while in NEXAFS the fluorescent

photon or Auger electron or an inelastically scattered photoelectron may also be measured.
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4 Experimental

4.1 Preparation of the samples

The samples used in this work were fabricated through the vapour phase deposition technique (VPD).
In this chapter the principles of the VPD will be briefly described.

The samples were prepared on glass substrates coated with a transparent, conducting aluminum
zinc oxide layer with a sheet resistance of 5 /0. The thickness of the ZnO:Al film was about 920
nm and was measured with a Dektak-Kontakt-Profilometer. The organic layers of ZnPc:Cgp, were
deposited by the OVPD (Organic Vapour Phase Deposition) technique and the molybdenum oxide
layer with the same VPD principle.

The following series of samples were prepared to study the interface between ZnPc:Cgy and

MoOy.
e 2 x Glass/Zn0O:Al
e 2 x Glass/Zn0O:Al/ZnPc:Cgg
e 10 x Glass/Zn0:Al/ZnPc:Cgy/MoOy
e 2 x Glass/Zn0O:Al/MoOy

The sample without the organic layer and/or the molybdenum oxide were studied as reference
samples.

The average thickness of the MoOy was approximately calculated about 100 nm. The SEM
characterization of the profile of MoOyx on ZnO:Al images show an uniform and compact film of

MoOy(Fig. 4.1).
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Figure 4.1 Scanning electron micrographs of the cross-section of physically deposited MoOx on ZnO:Al. Shown in

the first micrograph are the data used for evaluation of the thickness.

4.1.1 Organic layer deposition

The OVPD technique has been proved an useful method for the deposition of organic semiconductors
devices [22|. Currently the most common used technique for the deposition of thin (<100 nm),
molecular organic electronic devices is the vacuum thermal evaporation (VTE), which permits an
high degree of purity. However, control of thin film uniformity and the mixing of multiple compounds
into a single film, which is essential to the achievement of high performance devices, can be difficult
using VTE, particularly for large-area substrates. In addition, in VTE a considerable fraction of
the evaporant coats the cold walls of the deposition chamber; over time, inefficient materials usage
results in a thick coating which can flake off, leading to contamination of the system and substrate.

Thin films produced by OPVD do not have problems related to contamination from the particles
coming out of the walls of the chamber as they are warm and do not allow particles to stick. Due
to the presence of the carrier gas, that becomes saturated with the vapours of the organic materials
coming out from the source, the deposition occurs through an equilibrium process. VPD has been
recently demonstrated as an alternative technique that eliminates the limitations of the VTE thus
resulting in a rapid, particle-free, uniform deposition of organics on even large area substrates [23].

A schematic drawing of the OVPD method used in this work is shown in Fig. 4.2 [22]. The
system is based on the commercial OVPD principle described in [23]. However, whereas in the
OPVD system described in [23], the sources and the substrate are placed together into a hot wall

horizontal quartz tube, in the OPVD system used here, the sources and the deposition chamber are
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separated. Moreover, the deposition chamber of the OPVD system is provided with a close coupled
showerhead with multiple orifices that acts as a gas distributor (Fig. 4.2). This allows an uniform
injection of the organic molecules over the entire deposition area. The organic materials used in this
work - ZnPc and the fullerene Cgp - are thermally evaporated in special source containers in the
presence of a preheated inert gas, No. The organic compounds are transported by the carrier gas
through the deposition chamber. The stream then uniformly passes through the showerhead and
condenses on the deposition area, consisting of a cooled substrate. Prior to their introduction in
the showerhead orificies, the organic compounds in the gaseous phase are homogenised in a mixing
chamber, being supplied from source containers mounted in separated furnaces. Each of the three
furnaces mounted in the actual desing of the OPVD system used in this work, can hold multiple
containers with different source materials. The deposition rate can be changed by changing the gas
flow rate through external mass-flow controllers. Thus, the deposition runs can be performed at
different source flows keeping at the same time a constant Na gas quantity, by adjusting the dilution
pipe. The pipes are heated and always kept under continuous Ny flow. In standby conditions, the
sources are filled with Ny and kept closed using valve B, while during the deposition process, valves
B are off and valve A is open (Fig.4.2). Independently of the No total flow, the deposition chamber
pressure can be varied between 107! and 10% mbar.

The organic materials used wew Cgo(MER Corp. Purity: 99,9%) and ZnPc (Alfa Aesar. Purity:
98%).

ZnPc:Cgo layers were deposited at a deposition chamber pressure of 0,6 mbar. The source
evaporation temperature was <500°C and the showerhead temperature was set at 425°C. The organic
layer thickness was about 80 nm, the ratio 1:1 by thickness. The deposition rate was 0,483 Ang/s
.The Ny carrier gas quantity through each source (Qsource) was 500 ml/min and 283 ml/min for Cg
and ZnPc respectively. Qotal was 1150 ml/min. The substrate temperature was 132 °C, the source
temperature 436,7°C for Cgp and 423,5°C for ZnPc. After the deposition process, the samples were
transferred from the OPVD system through a N filled glove box.

4.1.2 Buffer layer deposition

The buffer layers of MoOy (Sigma-Aldrich, purity: 99,9%) were deposited with the same VPD
principle as described above.
2,2 g of MoOy powder were first put in the proper source container. In the deposition chamber

was set a pressure of 4,4 *10"mbar. The rate deposition, measured by a quartz microbalance, was

25



0.5 A/s and the substrate temperature was kept at room temperature.

4.1.3 Silver contacts deposition

The Ag contacts were deposited in the high vacuum chamber (base pressure~10"mbar) which is
directly attached to the OPVD chamber, without exposing the corresponding absorber/metal in-
terfaces to air. The high vacuum chamber is designed for deposition of solar cells metallic contacts
as well as for charging/discharging substrates or complete solar cell devices into/from the OPVD
system.

Further details about the OPVD setup can be found elsewhere [24].
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Figure 4.2 Schematic drawing of the OPVD apparatus [28].

4.2 Optical measurements

Transmittance and reflectance measurements were performed to monitor the band gap of the MoOy
layer. The optical spectra were taken for the bulk layer (100 nm). For thinner layers the performed
measurements were not taken into account because the interference effects were too high to allow a
significant data interpretation. For carrying out these measurements, samples were redeposited on
quartz substrates due to the wider bandgap of glass.

Transmission and reflection measurements were carried out between 250 and 2500 nm at 25°C
using a Perkin-Elmer Lambda 950 UV /Vis/NIR spectrometer in combination with an integrating
sphere in order to collect also the scattered light. Analysis of the reflection and transmission data

were carried out for the evaluation of the absorption coefficient «.
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The absorption coefficient of thin films of 100 nm MoOy / quartz with defined thickness, has
been calculated using Eq. 4.1 at 25 °C:

1 V(L= R +4T?R2 — (1 — R)?
2T R

Eq.4.1

where « is the absorption coefficient, ¢ is the thickness of the film, T" and R are the transmission
and reflectance, respectively [25]. The results were plotted as a function of energy of the incident
photon energy in Fig. 4.3; since in the case of allowed direct transitions the absorption coefficien «

can be expressed as
a(hv) = A*(hv — Eg)l/2

Eq.4.2

, where A* is a constant and Ej is the semiconductor band gap [26]. Thus, the band gap E, can
be calculated by extrapolation of the linear parts of the a? = f(hv) spectra to zero. The analysis of
the absorption coefficient spectra revealed an E, for MoOy of approximately 3.8 eV, a value close

to the reported data [8,27,28].
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Figure 4.3 (ahv)? vs. photon energy for ZnO:Al/quartz and 100 nm MoOx /quartz.
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4.3 Characterization at CISSY of the ZnPc:Cgo/MoO, interface

The chemical and electronic interface characterization of the physically deposited layers is studied
by means of photoelectron spectroscopy. The theoretical background of photoelectron spectroscopy
is further developed in chapter 3.

Because this technique is surface sensitive, to reach the ZnPc:Cgg interface it is important to

study samples with different thicknesses of the MoOy layer, prepared as previously described.

The photoelectron spectroscopy characterization was carried out in the CISSY setup (CIS for
CulnSs and SY for synchrotron). The experimental setup at the CISSY endstation consists of an
analysis chamber containing the PES and the X-ray emission spectroscopy (XES) spectrometers, a
central chamber for preparation procedures, which allows the simultaneous connection of
preparation modules, a sample manipulator and a load-lock system for entry of the samples. The
CISSY apparatus can be used alone, but a connection to the synchrotron is also possible. The set

up is schematically presented in Fig. 4.4 and a view of the experimental setup is shown in Fig. 4.5.
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Figure 4.4 Schematic diagram of the CISSY experimental end station.
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Figure 4.5 Photo of the CISSY experimental station were photoelectron spectroscopy measurements have been

carried out.

Through the photoelectron spectroscopy electrons are emitted and detected by a detector, thus
a start energy value and an end energy value must be specified to determine the energie interval
that the detector must measure. Other parameters to be specified before the carrying-out of the
photoelectron spectroscopy are the number of the scans and pass energy. During the analysis the
number of the measured electrons is determined and shown as a spectrum.

After the measurements, the data are stored on the server and edited with the data analysis

software IgorPro.

4.3.1 Ultraviolet photoelectron spectroscopy

The band alignment at the interface between active and buffer layer is an important aspect in thin
film solar cells. The transport mechanism of the device depends on the energy band alignment
and the work function values of the materials. Ultraviolet photoelectron spectroscopy (UPS) was
used in this work to determine the workfunction values and, together with optical measurements, to
determine the valence band offset.

The work function is the energy that an electron at the Fermi level requires to leave the matter,
i.e. reach the vacuum level.

The work function was calculated by using the following formula:

29



p=hv—E,—Ey

Eq.4.3

where hv is the photon excitation energy, E} the energy value at the secondary electron cutoff
(SECO) and Ey the energy of the Fermi level [21].

The position of the secondary electron emission line was determined by linear extrapolation of
the valence band spectrum at the high binding energy side. The intersection of the straight line
with the x-axis corresponds to the kinetic energy. Substracting these and the energy of the Fermi
level from the excitation energy of 21.22 eV the work function ¢ is determined.

The valence band edge was obtained from the linear extrapolation of the valence band spectra
over the background level.

The valence band offset at the interface of ZnPc:Cgg and MoOy was estimated by combining the
results of optical measurements, carried out with the Perkin-Elmer UV-VIS spectrometer, and the

UPS analyses. For the determination of the Fermi level, a gold foil was used.
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Figure 4.6 Ultraviolet photoelectron spectra for 0, 0.5 and 1 nm MoOx showing the valence band maximum. The
zero in the abscissa corresponds to the Fermi level which is obtained by measuring the Fermi edge of a gold foil with
UPS. The spectra are recorded using the UV radiation source of He I (hv=21.22 V). In the inset the difference

between the Fermi level and the valence band values is shown.

4.3.2 X-ray photoelectron spectroscopy

XPS analyses were carried out with the aim of obtaining information about:
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e Composition of the surface by identification of all elements (except H and He) present at

concentrations > 0.1 atomic %;
e Oxidation state;

e Chemical shift: the binding energies of electrons in an atom are affected by the atom’s chem-
ical environment, thus shifts in photoemission peaks may indicate a change in the chemical
environment of the element. This information is an useful tool to determine changes in the
oxidation state of the surface. In this case, the binding energy increases due to the fact that
part of the electronic density is transferred to the oxidizing species having higher electronega-
tivity values. As a result, the electronic density of the oxidized substance becomes unbalanced

against the positive nuclear charge;

e Auger signals: The reason for analyzing the Auger lines in photoemission spectrum is that the
Auger electrons are more sensitive to chemical shifts than the respective photoelectrons.In the
case of zinc compounds, the Zn photoemission lines may not show shifts in binding energy,
whereas the corresponding Auger lines can shift several electron volts. In determining the
chemical state of an atom, the evaluation of the so-called Auger parameter is a useful method.
The Auger parameter is defined as the combination of the photoelectron binding energy and the
kinetic energy of the related Auger electron. Many Auger parameters for known compounds
are listed in the literature [29]. Since the energy difference between photoelectron and the
related Auger electron of an element is fixed for a given chemical environment, any change in

Auger parameters can be attributed to a change in the chemical environment of this element.

In determining the elements of the sample, the position of the photoemission peaks are compared
with reference data available in the literature.

For the XPS analysis of the ZnPc:Cgy and MoOy, interface a sample series consisting of samples
with different MoOy thickness was prepared by following the recipe explained in chapter 3.

The characterization of these samples gave a MoOy thickness resolved information on the com-
position of the layers. After the preparation the samples are kept under Ny environment to minimize
contaminations from air.

All XPS analyses were all performed in ultra high vacuum conditions.

The characterization was performed using MgK, and AlK, X-ray sources.

A survey spectrum is taken as a start analysis.
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The XPS survey spectra taken with AlK, of the ZnPc:Cgy and MoOy interface are shown in fig.
4.7, for 0.5, 1, 2, and 5 nm thin film MoOx layers. The main peaks present are Zn2p, Mo3d, Cls,
N1s, Ols, and Nals.

—— 5nm MoOx XPS Survey spectra
— 2nm MoOx Al Ka, 200 W
—— 1nm MoOx

— 0.5nm MoOx

Intensity [a.u.]

PN T T T S T R T R A L I |

1200 1000 800 500 400 200 0

Binding energy [eV]

Figure 4.7 XPS survey spectra of the ZnPc:CGO and MoOx interface for different MoOx thicknesses.

The survey spectrum is a too coarse analysis for an accurate study of all the elements, thus for
every single element new settings are needed.
The peaks positions data of the elements, presented in the table below, are taken from the

literature database [29].

Table 4.1 Peaks positions of some spectral line of Zn, Mo, C, O and N [29].

Element | Spectral line Binding energy [eV]
Zn In2p 1021.4-1025.6
Mo Mo3d 227.9-237.00
C Cls 280.7-296.7
0 Ms 526.9-539.8
M M1s 394.5-490.2

Detailed spectra of Zn2p signal and Znramv Auger signals are shown in Fig. 4.8.
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Figure 4.8 XPS spectra of the Zn2p signal for different MoOx thicknesses. The energetic positions of the peaks are

shown.

A decrease of the Zn2p peak signal with increasing thickness of the MoOy layer can be observed.
The peak signal is only lightly present for the 2 nm MoOygsample and disappears for a thickness of
5 nm.

This means that the 2 nm thickness can be considered as the limit for a closed MoOy deposited
film on the organic layer.

The importance of the analysis of the zinc peak is related to the understanding of the morphology
of the MoOy layer. A compact oxide film is formed when no zinc peak is detected through the XPS
analyses. lin this case up to a oxide thickness of 2 nm the deposition of the MoOy does not form
a closed film, thus the zinc coming from the layer below is still detected. For thicker films the zinc
peaks disappear, as it can be seen in Fig. 4.8, thus evidencing the compactness of the oxide layer,
that covers completely the organic layer.

No evident shift in the Zn2p peak position was detected (Fig. 4.9).
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Figure 4.9 Zn2p peak position shift as function of the MoOx thickness.

The Znp v auger peaks are shown in Fig. 4.10. In order to assess the chemical environment of
the Zn atom at different MoOxthicknesses, the energy positions of the Znyyvpeaks are compared

with data extracted from literature [29].

The position of the Znyym peaks suggest that in the sample without the MoOy layer, the Zn
is embedded in the organic layer, whereas in the sample with the MoOx layer the Zn signal may
come from Zn bound to oxygen atoms. The Auger kinetic energy values, presented in Table 4.2,
show that the Zn signal, detected in the sample without the MoOy, comes from an organic bond
[29]. This means that the Zn detected in this layer is bound to organic molecules: in this case, the
molecules of the ZnPc. In the samples with the MoOy layer, on the other hand, the analysis of the
Auger kinetic energy’s values reveals a zinc-oxygen bond, that is, a zinc atom tied to oxygen atoms.

All the Auger kinetic energy’s values are taken from the Nist Database [29].

ZnLMM
26577 Mg Ka, 200 W
261.83 265.04 —— 1nm MoOx
261.8 264.97 —— 0.5nm MoOx
ZnO:Al

—— 80nm ZnPC:C60
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Figure 4.10 Zng, )\ Auger peaks spectra.
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Table 4.2 Zny \\ Auger peaks positions [29].
Element Auger electron line Auger kinetic energy [eV] Formula
Zn ZnLMM 987,7 Organic bound
Zn ZnLMM 988 Zn0O
Zn ZnLMM 988,1 Zn0O

For the analysis of the oxidation state of the buffer layer, the Mo3d peak signals for different

MoOy thicknesses are studied.

5nm MoOx M03d
—— 2nm MoOx Mg Ka, 200 W
— 1nm MoOx
— 0.5nm MoOx

10nm MoOx

— 100nm MoOx
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Figure 4.11 XPS MoOx spectra of 0.5 to 10 nm of MoOx buffer layer samples together with the reference sample of

100 nm MoOx.

The energetic positions of the MoO, peaks were compared with the data extracted from lit-
erature from the Nist Database [29]: MoOgs: 232.3 eV~233.1 eV; 235.8 €V7236.41 eV for different
molybdenum oxides: the position of the peaks corresponds to that of MoQO3 in most of the literature
data and some to MoOy. Due to the fact that the literature data are taken from experimental
measurements, the biggest probability is that the oxide present at the surface is a MoOs.

Detailed peaks of the Cls, Ols and N1s signals are presented in Fig. 4.12.
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Figure 4.12 XPS detailed spectra of Cls, Ols and N1s peaks signals.
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The carbon signal shown in Fig. 4.12 comes from the organic layer in the case of thin films up
to 2 nimn, where the thickness is still small enough to allow the detection of the carbon from the
organic layer. In the case of thicker films the carbon signal comes from the carbon present as surface
contamination, coming from the apparatus, and not anymore from the organic molecules. The peak
signal in this last case is less evident than the thinner films. This explains the peak shift detected in
the spectra of the carbon peaks. For intermediate thicknesses, the carbon signal is influenced both
by the carbon of the organic bounds and that of the contamination: the thicker the MoOy layer is,
the bigger is the contamination influence.

The N1s photoemission peak comes from the organic molecules of ZnPc, which contains atoms of
N (formula ZnC3oH12Ng). The energetic position of the N1s peak with increasing thickness remains
almost constant (Fig. 4.12), thus no chemical environment change takes place, but a change in the
form of the peaks is to observe. In comparision with the sample without the MoOxlayer, the other
peaks have a bigger area. This correlated with the formation of new nitrogen bonds. Thus it can be
expected that the molecules of ZnPc in contact with the phyisically deposited MoOy change their
type of bond.

The Mo3d peak area increases from 24.48 at room temperature to 30.17 at 200 °C

4.4 Temperature dependent J(V) measurements

The temperature dependent J-V measurements were performed on samples with an area of 0.2994
cm? inside a cryostat which has a transparent window allowing the light to pass through.

The aim of the thermal treatments is the study of the influence of the temperature on the
ZnPc:Cgo/MoOy hybrid interface. In particular, the surface work function (WF) of the MoOy thin
films on ZnPc:Cgy are here considered, as the WF parameter is a key step for the understanding
and the possible optimisation of the electron properties of the hybrid interface.

The temperature range of the measurements was from room temperature up to 320°C with the
following temperature steps: room temperature, 60°C, 80°C, 100°C, 120°C, 140°C, 160°C, 200°C,
240°C, 260°C, 280°C, 320°C. For each temperature the sample was annealed for 10 minutes.

To cool down the sample and ensure reaching of room temperature before each new temperature
step, the sample was kept in contact with a cold conductive substrate for 5 min after each annealing
step.

For switching from dark to illuminated measurement, a shutter on the transparent window is

used. In order to record J(V) curves under different illumination intensities, a rotating wheel is

38



located between the halogen lamp and the shutter. The wheel has twelve different filters. One of
them is totally transparent providing an illumination intensity of I, = 1, approximately AM 1.5
[31].

The transparency of the filters decreases from the first to the last one. In this manner, at a
given temperature, a J(V) curve is recorded first in the dark by closing the shutter, then the shutter
is opened and J(V) curves are recorded under different illumination intensities, by means of the
rotating filter wheel.

A direct relationship between short-circuit current density and the open-circuit voltage can be

obtained by writing the equation 1.2 [10] at short-circuit condition ( J(Voc) = 0 ).

Ve Ve
Jso = Jy [exp <qu?1(3> — 1] + -o¢

Eq.4.4

where the photogenerated current density is assumed to be the short circuit density. The current-
voltage curves Jsc(Voc) measured under different illumination intensities for a given temperature

provide different points of the equation 4.4.

4.5 Temperature dependent photoelectron spectroscopy analysis

After carrying out of the J-V measurements as function of the substrate temperature, the ZnPc:Cgo/MoOx
interface behaviour during the thermal treatments was investigated by UPS and XPS measurements.
To allow a relation between the two analyses, the PES experiments were carried out with the same
annealing conditions as the J-V measurements.
The sample analyzed in this investigation step had the same structure of the complete solar
device characterized by J-V analysis. The ambient and temperature conditions were kept the same.
Annealing up to 320°C with the same temperature steps as the J-V analysis were reproduced in
the photoelectron spectroscopy apparatus. A cooling of the sample after each annealing step was
carried out to reproduce the same annealing procedure as for the J-V measurements.

A schematic graph of the annealing procedure is displayed in Fig. 4.13.
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Figure 4.13 Graph of the annealing procedure.

The VB level was studied by analyzing the UPS spectra. Fig. 4.14 shows the UPS lines of the
sample ZnO:Al/80 nm ZnPc:Cgp/5 nm MoOy in the VB range. In the graph are displayed also the

spectra recorded during the thermal treatment.
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Figure 4.14 UPS spectra recorded during the annealing and after the cooling down for the sample ZnO:Al/ 80 nm

ZnPc:Cg/ 5 nm MoOx. Temperature values from room temperature to 200 °C are shown.

The VB position does not show any significant variation with the annealing temperature.
For the determination of the work function the UPS spectra in the region of the secondary
emission line are considered. Fig. 4.15 shows the secondary emission lines for the annealed samples,

where intermediate spectra recorded during the thermal treatments are also displayed.
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Figure 4.15 UPS spectra in the region of the secondary emission curve for different temperatures of the annealing
process for the sample ZnO:Al/ 80 nm ZnPc:Cgg/ 5 nm MoOx. Shown are also the spectra recorded during the

thermal process.
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In Fig. 4.16 detailed spectra of the main photoemission peaks Cls, Ols, Nals and Zn2p recorded

by XPS for the ZnO:Al/ 80 nm ZnPc:Cgo/ 5 nm MoOx sample are shown.
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Figure 4.16 XPS detailed spectra of the Cls, Ols, Nals and Zn2p photoemission peaks for a 5 nm MoOg sample at

room temperature before the annealing procedure (blue), after the annealing procedure (light blue), annealed at

160°C (orange) and 200°C (red).

The carbon peak signals after annealing are of lower intensity.

This could be due to the evaporation of the carbon impurities present on the surface of the

samples. Some carbon in form of oil in fact may be present at the cold sample surface. Due to the

annealing procedure up to 200°C evaporation from the surface occurs, rendering the other elements

signal peaks more visible to the detector. The carbon peak is the only one that through the annealing

procedure decreases in intensity, while Ols, Nals and, less evidently Zn2p, become more intense (Fig.

4.15).

The increase of Zn2p with the annealing can be related also to diffusion of the Zn in the direction

of the MoOxy layer, evidencing the Zn2p peak signal.

Since the Zn2p energy position is the same as before the annealing, new Zn bonds can be excluded.

The increase of the Nals signal could be related with a thermal diffusion of this element, as for

the Zn2p. The Na source can be the glass substrate.
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4.5.1 Peakfit

To allow a better evaluation of the normalized graphs and in order to estimate the ratio of the
contributions of the different elements, the data are loaded in the Peakfit software [31] where the
spectra are fitted with Voigt functions (the Voigt profile is a convolution of a Lorentz and a Gaussian
profile), through which the background is eliminated. A base line is set and some extreme points
of the graph are cut off. A suitable curve is placed under the peak. The area value and the peak
coordinates are calculated by the Peakfit software. The full width at half maximum values of the
photoemission signals of the peaks placed under the same line are kept constant during the fit and

the resulting values are shown in table 4.3.

Table 4.3 Peaks area of the main photoemission peaks at room temperature and after thermal treatment of 200°C

with their respective energetic positions.

Core level Area RT Area 200°C P.Position RT P. Position
200°C

Zn2p 0,0194 0,326 1022.8 1022
(0,0254+0,0070) 1023,7

O1s 42250 47304 530,78 530,67

Cis 3,3396 1,8314 284,79 284,39

Nais 0,6980 0,7424 1070,7 1070,7
Mo3d 3,0534 3,7470 398,64 398,48
Mo3p 2448 30,17 232,66 23213
235,79 232,98

235,22
235,87
It can be observed in the table that the calculated area values of the photoemission peaks decrease
with the annealing temperature for the carbon peak, while increasing for the other photoemission
signals.

Energetic peak position do not show any considerable variations.

4.6 NEXAFS measurements

NEXAFS measurements were carried out at BESSY II, Berlin, Beamline SurlCat, to monitor the
influence of 1 nm MoOy layer on the ZnPc:Cgy organic surface.

Indicated in Fig. 4.17 are the Zn2p spectra for 1 nm MoOx/80 nm ZnPc:Cgg/Zn0O:Al/Glass
(blue line) and 80 nm ZnPc:Cgopo/Zn0:Al/Glass (green line) samples.

NEXAFS spectra are usually measured either through the fluorescent yield, in which emitted
photons are monitored, or total electron yield, in which the sample is connected to ground and the

neutralization current is monitored.
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Fluorescence (thick line) and sample current (thin line) analyses were carried out, fluorescence
analysis has a deeper information sensitivity.

While the fluorescence curves in the two cases present almost the same trend, an evidently
different signal is detected in the case of the sample current analysis, showing that a modification
or interaction occurs in the first atom layers of the sample with the 1 nm MoOy, thus evidencing
how 1 nm MoOy layer has an influence on the surface.

Further analyses would be required to allow for a complete NEXAFS characterization, these
techniques need in fact many different reference analyses due to the lack of complete literature
references.

The performed NEXAFS characterizations are the first step are the first stepof a promising

direction of investigation for a detailed understanding of this interface.
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Figure 4.17 NEXAFS spectra of the Zn2p in the range 1015 eV-1040 eV for 1 nm MoOx/80 nm

ZnPc:Ceo/Zn0:Al/Glass and 80 nm ZnPc:Ceo/Zn0:Al/Glass samples.

From the spectra shown in Fig. 4.17 informations about the influence of 1 nm MoOy film presence
on the organic surface are taken.

It is clearly visible in these spectra that the samplecurrent signals present a difference between
the sample with and without the nanolayer of MoOy. This indicates that even a very thin film of 1

nm MoOy is able to induce a modification on the organic surface thus resulting in different peak’s
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signals. While a detailed comprehension of the peak’s signals would require a further study, here it
can be concluded that NEXAFS analyses are a succesfull method for the investigation of this hybrid
interface, in particular the samplecurrent signals, because they are more surface sensible than the
fluorescence signals. They in fact allow an investigation at a minor depth of the interface than the

fluorescence studies.
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5 Discussion and conclusions

5.1 Band alignment from UPS analysis

The work function results obtained with the UPS measurements are presented in Fig. 5.1.

The work function values derived from the UPS analysis for the MoOgs/ZnPc:Cgg interface are
(an error margin of 0.05 eV is considered): ¢=4.1240.05 eV for the reference sample without organic
layer, ©=4,654+0.05 eV for the 0.5 nm MoOgz/ZnPc:Cgp sample, ¢=4,82 £0.05 ¢V for the 1 nm
MoO3/ZnPc:Cgg sample, ¢=4,85 £0.05 eV for the 2 nm MoO3/ZnPc:Cgy sample, ¢—4,88 £0.05 eV
for the 5 nm MoO3/ZnPc:Cgy sample and ¢=5.22 £0.05 eV for the 10 nm MoO3/ZnPc:Cgy sample.
The reference sample with 100 nm MoOs3 has a ¢=5.30 £0.05 eV. Measurements have been carried
out at two different positions on the sample, to monitor the uniformity of the thin film.

The work function values were determined from the UPS spectra, from the position of the

secondary electron emission line, as explained in the subsection 4.3.1.

References without organic layer Samples with organic layer
Glas/ZnO:Al and Glas/ZnO:Al/100nm MoOx  Glass/ZnO:Al/80nm ZnPc:C60/__MoOx
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Figure 5.1 Work function values in function of the MoOy thickness for two positions on the sample. The margin

error of 0.05 eV is indicated.

Kelvin probe force microscope (KPFM) measurements from literature data, were taken into

account to have a comparision with the UPS analysis carried out in this work. In table 4.3 data of
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both the techniques are presented. KPFM is a scanning probe technique used to measure surface
potentiometry (the difference in electrode potentials measurement) of a film. The KPFM operates in
tapping mode, in a similar way to atomic force microscope (AFM), however, the tip-sample distance
is increased. This separation makes the oscillations sensitive to long range electrostatic forces. The
gradient of such forces is related to the potential difference between the tip of the microscope and the
sample [4]. Unlike STM (scanning tunneling microscope), this technique measures an electrostatic
interaction between two objects rather than a direct current flow [4]. As there is no contact between

the tip and the sample it is a suitable technique for soft materials like conjugated polymers.

Table 5.1 Work function values obtained with KPFM and UPS analyses.

MoQO,-Thickness  WF-Dark KPFM WF-UPS
[nm] [eV] [eV]
0.5 5.093 4.7
1 5.195 4.8
3 5.245 4.9

The KPFM and the UPS workfunction results are in good agreement with each other, considering
that KPFM and UPS requires different pretreatment: for KPFM preheating is needed to remove
absorbed water, which changes the workfunction [32].

A pronounced work function increase with increasing MoQj3 thickness is observed up to a thick-
ness value of 2 nm. Between 2 nm and 5 nm the workfunction value remains almost constant, while
a marked jump between 5 nm and 10 nm is observed, which is taken as an error due to the experi-
mental carrying out, probably due to a short exposing to air of one of the samples. From 5 nm to
10 nm the MoOy layer should in fact behave as a bulk material and should not present differences.

The different work function’s values in the interface region (up to 2 nm) could be related to the
fact that the film of MoQOj3 in that region is still not completely closed and compact, thus allowing a
signal from Zn to be detected through the XPS analyses. In this case the work function calculated
would be due to the presence both of the ZnPc and the MoOj3: the values are a result of a mixture
of both the materials.

It has been frequently observed in previous works that a difference in the workfunction in an
interface region is due to surface dipole moments [15]. The workfunction of a material depends on

the electrical field that can be produced at the interface region by a surface dipole. As explained by
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Koch et al in Ref. [15], in the absence of strong chemical interactions between the organic molecules
and the oxide, the work function increases with the interface thickness by the “push-back” effect,
where the oxide surface dipole is reduced by molecule adsorption due to Pauli-repulsion. Since
MoOg3 and ZnPc:Cgg exhibit rather weak interaction, it can be supposed that Pauli-repulsion and
the associated charge redistribution may be an effect for the experimentally observed work function
change at the interface.

A detailed understanding of this interface will although still require experimental investigations.

As already observed in the experimental chapter and shown in Fig.4.7 for the Zn2p photoemission
peak, no appreciable energy shift in the XPS spectra has been observed with increasing MoQOg thick-
ness, signifying that no particular oxidation state change or interaction between the two materials
takes places at the interface.

Together with the results of the optical measurements carried out for 100 nm MoQOg3 samples,
where an optical band gap for bulk MoOgs of 3.8 eV was found, a theoretical transport mechanism

of the device is presented in Fig. 5.2.
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Figure 5.2 Schematic energy level diagram of the ZnPc:Cgy/MoOs3 interface heterojunction. The experimentally
determined band gap values of bulk MoOx and the difference between valence band levels and Fermi levels as well as

the literature data are given. [8,33].

This proposed energy diagram represents a successful mechanism for an hybrid interface, the
CB level of the intermediate layer being higher than the LUMO of the donor (and even acceptor)
material.

In this case, electrons produced in the photoactive layer and separated from the hole at the donor-
acceptor interface, cannot jump in the wrong direction, as they would require an energy excitation
to reach the CB of the buffer layer. The intermediate MoOy layer acts in this proposed solar cell as
a successfull electron blocking layer because it ensures an efficient charge transport in the solar cell,

thus it contributes to an efficient functioning of the cell.

5.2 PV parameters

The PV parameters in dependance of the temperature are shown in Fig. 5.3.
It is visible in the graphs how an increase of all PV parameters takes place in two different steps:

up to a temperature of 160°C first and with a minor slope up to 260°C. The further increase of the
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temperature up to 260°C does not reduce the efficiency of the solar cell, but a decrease in the V¢
value can be observed.

The efficiency of the solar cell increases from 2.13 % (with no annealing procedure) up to 3.39
% (for an annealing temperature of 320°C).

The Voc increases from 450 mV with no annealing procedure to 520 mV for an annealing
temperature of 260°C.

The Isc increases from 4.16-1073A to 4.88-1073A for the 320°C annealing temperature and the
FF from 33.9 % to a maximum of 40.71 % for the 320°C annealing temperature.

It should be noted that the organic layer ZnPc:Cgo has already been heated up to 150°C due
to the OPVD deposition. However, this is not relevant since the main interest is the behaviour of
the complete solar device, in particular of the interface organic/inorganic layers, is here the main
interest.

A constant increase in the PV parameters between different temperature steps indicates the
presence of a homogeneous thin film, which does not degrade during the annealing process.

The solar cells measured in this work were prepared on 06/08/2012 with the OPVD method
described in section 4.1. The experimental data were compared with the as-prepared sample mea-
surements carried out in 06/08/2012. Compared to this reference solar cell, stored for 160 days under
N9, without annealing process, the efficiency is improved more than 1%. The annealing processes

were carried out in Ng atmosphere.
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Figure 5.3 PV parameters as a function of temperature under AM 1.5 conditions (100mW /cm?).
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The parameters of the complete cell, shown in Fig. 5.4 and 5.5, were calculated from the J-V
and the Log J-V curves.

a1

Figure 5.4 J-V curves of the annealed samples.

——60°C
——g0°C
—100°C
—120°C}f
- 140°C
o — 160° |
—200°c|. | vl
—240°C I
——260°c|,
—280°C
320°cls

T T T
800 1000 1200 14p0

20}

Figure 5.5 LogJ-V curves of the annealed samples.

The work function characterization in function of the annealing temperature is displayed in Fig.

5.6. The trend line is displayed (blue).
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Figure 5.6 Wf values in function of the annealing temperature for the sample ZnO:Al/ 80 nm ZnPc:Cg(/ 5 nm

MOOX.

A good correlation between the behavior of the device and the work function was found. The
increasing of the work function at the interface with the temperature is correlated with the increase
of the PV parameters.

This improvement of the solar cell behaviour with annealing treatments can be explained by
means of optimisation of the bulk heterostructure. It has been already noticed by other authors
[34,35] how annealing processes on polymer structures induce a nanomorphological arrangement of
the donor and acceptor atoms, and often optimizes the percolated pathways, through which the
separated charges transport in these blend layers occurs. The percolated pathways may in fact be
interrupted due to the uncontrolled microscopic morphology, resulting in low efficiency devices. The

reorganization of the structure may be the successful explication to increased efficiencies up to 3.39

%.

5.3 XPS annealing results

The temperature dependent photoelectron spectroscopy results carried out with the XPS are shown
in Fig. 4.16.

The decrease of the carbon peak intensity due to the annealing is explained by means of evapo-
ration process of the carbon oil present at the cold surface of the sample.

The increase of Zn2p and Nals signals could be related with thermal diffusion of these element,
furthermore, a reduction in thickness of any overlayer would also lead to an increase of the signals

from the sample due to decreased electron absorption.
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The Mo3d peak becomes bigger after the thermal treatment (Fig. 4.17). The Mo3d peak area
increase may be due to the presence of more Mo atoms in the interface region. Formation of new
types of chemical bonds can be excluded as from NIST database both the peaks energy positions
indicate the same bond type, thus the increase could be explained with a diffusion process of the
Mo with temperature.

A little shift in the energy position of the carbon peak is detected (0.4 €V), but it is considered
to small to allow for a comparision with the literature data and an interpretation about the chemical
environment. Data taken from literature [29] come in fact from experimental analysis, they are thus

not sensitive enough to the 0.4 eV shift which is detected.

5.4 Concluding remarks

In this study, the interface structure and chemistry between the inorganic buffer layer of MoOy and
the organic photoactive layer of ZnPc:Cgo in an organic solar cell with ZnO:Al as window layer has
been engineered and investigated.

The aim of this experimental work was the control over the electronic structure of this semi-
conductor interface, in particular over the energy level alignment. As already mentioned in the
introduction, charges have to be transported across this interface, and therefore low charge injection
barriers are required. The mechanism governing the energy level alignment at this interface has
been studied using XPS and UPS analyses.

A possible influence of the physically deposited MoOy layer on the behavior of the adjacent
ZnPc:Cgo absorber was discussed using NEXAFS data.

Further experimental techniques, such as optical UV-VIS measurements and J/V analyses were
used to better characterize the interface. A good charge carrier selectivity has been demonstrated
from a buffer layer thickness of 2 nm, as shown in the energy diagram in Fig. 5.3.

Furthermore, the influence of the annealing temperature in such interface has been monitored
by J/V measurements and PES and a good correlation between the Wf and the PV parameters
measurements has been found: an optimisation of the ZnPc:Cgp/MoOy hybrid interface by an in-
situ annealing in UHV has been obtained. The surface Wf of the MoOy thin films on ZnPc:Cgg
were determined in the temperature range 25-200°C by UPS: a change from 4.57 eV to 5.20 eV
was observed. In addition, annealing experiments in an Ny atmosphere were performed on complete
Zn0O /ZnPc:Cgo/MoOx/Ag device structures in the temperature range 25-320°C and an significant

improvement of the efficiency of complete devices has been observed. Three slopes has been observed
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on PV paramenters curves. The observed slopes correlate well with the ones detected on the Wf
graphs. Therefore it can be concluded that at the hybrid ZnPc:Cgg/MoOyx interface thermally
activated processes take place. The mechanisms of the thermal processes were correlated to interface

chemistry.
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