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Abstract

Solar cells “as an alternative energy source” are, more than ever, the focus of research

and development. Currently, all commercial modules are based on classical semiconductor

materials such as silicon. Silicon is available in very high purity and as single crystalline

material, resulting in very good material properties. Extraction and purification are very

cost-intensive and energy-consuming. In contrast, especially silicon, compared to organic

dyes, features a very low absorption coefficient. Therefore, by the use of organic semicon-

ductors, the thickness of solar cells can be drastically reduced. Besides thin films, simple

deposition techniques are expected to significantly lower manufacturing costs. Due to other

transport mechanisms (hopping transport) organic semiconductors show a significant lower

charge carrier mobility compared to inorganic semiconductors (band transport). Moreover,

after photon absorption in organic solar cells, separation of the still bound charge carriers

(excitons) is needed.

The combination of organic and inorganic semiconductors in photovoltaics is called hy-

brid solar cells. This is done to make use of the high absorption coefficient of the organic

material and good transport properties of the inorganic counterpart. So far, mainly polymers

are used. Little experience exists in the combination of inorganic semiconductors and small

molecules with aromatic rings. Latter show good optical properties. This was demonstrated

in the present work using zinc(II)-phthalocyanine (ZnPc). Optical spectroscopy was used to

determine the optical constants, film thickness, and roughness of the layers simultaneously.

An organic-inorganic interface within a hybrid solar cell was fabricated and character-

ized using ZnPc and zinc oxide. The band structure within the device was derived from

photoelectron spectroscopy. Hereby, the open circuit voltage was estimated and compared

to current-voltage characteristics. The curves exhibit a very low photocurrent. The reason

seems to be an insufficient exciton dissociation. For this purpose two improvements were

implemented. On the one hand, the band structure was modified by doping to increase

the energy which is provided to overcome the binding of the excitons. On the other hand,

nanowires were integrated to decrease the distance to the p-n-junction which causes the dis-

sociation. Using spectrally resolved photocurrent measurements the exciton diffusion length

could be determined to be 16 nm. However, an increase in efficiency could not be achieved.



Kurzfassung

Solarzellen sind als “alternative Energiequelle” mehr denn je im Fokus von Forschung und

Entwicklung. Derzeit basieren praktisch alle kommerziell erhältlichen Module auf klassis-

chen Halbleitermaterialien wie Silizium. Dieses ist in sehr hoher Reinheit und einkristallin

verfügbar, woraus sehr gute Materialeigenschaften resultieren. Gewinnung und Reinigung

sind allerdings sehr kostenintensiv und energieaufwendig. Insbesondere weist Silizium, im

Vergleich zu Farbstoffmolekülen, einen sehr geringen Absorptionskoeffizienten auf. Durch

Verwendung von organischen Halbleitern kann daher u.a. die Schichtdicke von Solarzellen

drastisch reduziert werden. Neben dünnen Schichten verspricht man sich von günstiger

Prozessierung erheblich niedrigere Herstellungskosten. Aufgrund anderer Transportmecha-

nismen (Hopping-Transport) zeigen organische Halbleiter eine erheblich niedrigere Ladungs-

trägermobilität als anorganische Halbleiter (Bandtransport). Zudem ist in organischen So-

larzellen nach der Photonenabsorption eine Trennung der noch gebundenen Ladungträger

(Exzitonen) nötig.

Die Kombination aus organischen und anorganischen Halbleitern für die Photovoltaik

wird Hybrid-Solarzellen genannt. Hiervon verspricht man sich die Nutzung der hohen Ab-

sorbanz des organischen Materials und der guten Transporteigenschaften der verwendeten

anorganischen Halbleiter. Bislang kamen hauptsächlich Polymere zum Einsatz. Wenig Er-

fahrung gibt es hingegen in der Kombination von anorganischen Halbleitern und kleinen

Molekülen mit aromatischen Ringen. Diese zeigen gute optische Eigenschaften. Dies wurde

in der vorliegenden Arbeit am Beispiel von Zink(II)-Phthalocyanin (ZnPc) nachgewiesen.

Optische Spektroskopie wurde verwendet, um die optischen Konstanten, Schichtdicke und

Rauigkeit der Schichten simultan zu bestimmen.

Eine organisch-anorganische Grenzfläche innerhalb einer Hybrid-Solarzelle wurde aus

ZnPc und Zinkoxid hergestellt und charakterisiert. Hierfür wurde mittels Photelektronen-

spektroskopie der Verlauf der Bandstruktur innerhalb des Bauelemtes nachvollzogen. Mit

Hilfe dieser Methode wurden Abschätzungen für die Leerlaufspannung getroffen und an-

hand von Strom-Spannungs-Kennlinien überprüft. Die Kennlinien weisen einen sehr gerin-

gen Photostrom auf. Die Ursache dafür scheint eine schlechte Exzitonendissoziation zu sein.

Hierfür wurden zwei Verbesserungsansätze gewählt. Zum einen wurde die Bandstruktur

mittels Dotierung modifiziert, um die Energie zu erhöhen, welche für die Exzitonentren-

nung zur Verfügung steht. Zum anderen sollte durch Nanodrähte die Distanz zum dissozia-

tionsverursachenden p-n-Übergang verringert werden, um so in die Reichweite der Exzitonen

zu gelangen. Anhand von spektral aufgelösten Photostrommessungen konnte die Exzitonen-

diffusionslänge auf 16 nm bestimmt werden. Eine Steigerung der Effizienz wurde leider nicht

erzielt.
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Chapter 1

INTRODUCTION AND MOTIVATION

The origin of solar cells goes back to the photoelectric effect. It was discovered in 1839 by

Alexandre Edmond Becquerel. The explanation was developed much later. It starts in 1904

with the explanation of the photovoltaic effect by Philipp Lenard and was extended by Albert

Einstein in 1905 with the photoelectric effect. The first solar cell was made of selenium at

the end of the 19th century [1]. After discovering the p-n-junction [2] the first common

inorganic solar cells were developed at Bell Labs. In 1953 arsenide doped silicon solar cells

made by Daryl Chapin, Calvin Souther Fuller, and Gerald Pearson reached an efficiency

of 4%. Comparable to the current situation, the economic development led to shortages in

energetic supply in 1974. Because of the huge increase of the oil price, U. S. president R.

Nixon rose a research project concerning renewable energies. The efficiency could be raised

via higher purity and better doping possibilities. For this reason also the costs increased.

This was the beginning of the second generation of solar cells, whose aim was to improve

the price-performance ratio. This could be achieved by a smaller amount of material which

was realized by the so called thin film solar cells. Possible candidates were cadmium sulfide

or telluride, copper indium diselenide and amorphous or thin-film silicon [3]. The new

problem was that not only the costs but also the performance dropped down. Single crystal

silicon solar cell performance is well known to be limited by the Shockley-Queisser-limit

of around 30% [4]. Hence the third generation emerged, with the aim to have a low price

but a similar high performance. Concentrators, tandem, stacked organic, and even the so-

called hybrid solar cells are counted to this new generation photovoltaics. “Hybrid” usually

refers to the combination of different material classes with the goal to use the advantages

of both and to reduce the negative aspects. In this thesis hybrid solar cells are made of

organic and inorganic compounds to use the high absorption of organic molecules and the

high conductivity of inorganic semiconductors. This spin off topic is represented by various

fields (e.g., Grätzel cells, bulk heterojunction). The outline of this thesis follows the physical
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1 Introduction and Motivation

processes of a solar cell step by step, starting from the incoming light to the final charge

carriers giving rise to the photocurrent.

• After the first introduction chapter, in the second chapter some fundamental terms

will be explained like the electronic structure along with associated physical param-

eters, interface effects, and also the “particle” exciton will be introduced. The main

parameters of a solar cell are presented together with their role in I-V-characteristics.

In the third chapter experimental details are provided.

• In the fourth chapter the absorption of visible light is investigated in detail. Different

phases of the organic molecule are characterized by optical spectroscopy. Reflectance

and transmittance are used to determine fundamental parameters like optical con-

stants, layer thickness, and roughness.

• In the fifth chapter excitons which were generated by the absorption of the photons

are analyzed. Hence, the spectral photocurrent is used. The location of exciton gen-

eration, the length of diffusion, and the dissociation are basic parameters influencing

the solar cell performance. A way of extraction of these parameters from the spectral

photocurrent is presented.

• The dissociation of excitons, linked with the electronic structure, and the resulting

free charge carriers, linked to the photocurrent, will be characterized in chapter six

and seven, respectively. A prediction of the potential of the free charge carriers which

can be correlated with the open circuit voltage will be given and compared to the

measured one.

To this effect this thesis should not be seen as driven by efficiency improving but more by a

general understanding of the processes in the device and at organic-inorganic semiconductor

interfaces which still lack a profound comprehension.
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Chapter 2

BASICS

The aim of this chapter is to define a uniform vocabulary for parameters which are used

in this thesis. Fundamental models will also be introduced. Especially the interfaces of

different classes of solids shall be attended to, and a general overview of solar cells and their

characteristics will be given motivating this study.

2.1 Electronic Structure

Contrary to the origin of the word, atoms (Greek: atomos ; “indivisible”) can be broken

down into several components. In the inner core, which in the following plays a subordinate

role, there are protons and neutrons, and in the outer shells are electrons. In solid states

many atoms are packed closely together which lead to interaction of the electronic states.

The allowed states are expressed in terms of energy and called electronic structure.

2.1.1 General Models and Nomenclature

Electronic states En of atoms can be calculated in first approximation by the hydrogen

model.

En =
m0e

4

8ε20h
2

Z2

n2
= −13.6eV · Z

2

n2
(2.1-i)

In this simplification, the energy of state n depends on a few constants (massm0, elementary

charge e, atomic number Z, dielectric constant ε0, and Planck’s constant h). Higher accuracy

is not needed in this work, because of the energetic resolution of approx. 100meV of the

experimental setup.

In inorganic solids many atoms are close together and the interaction and overlap of the

electron wave functions have a long range. Thus the states are not finite anymore and broad

bands are formed. This leads to more delocalized states.
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2 Basics
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Fig. 2.1: (a) A single atom with one proton, making up the nucleus (i.e., hydrogen), gives

the possibility to calculate the energetic states. (b) A single molecule consists

of a few atoms. In organic bulk materials the molecules are still separated and

the orbitals are more localized and less interacting compared to inorganic bulk

materials. (c) The connection of a metal and a semiconductor can lead to an

interface dipole (Δ), band bending with the built-in potential (eVbi), and the

width (w). (adapted from [5])

In the ground state, the bands are filled after each other depending on the total energy

beginning with the lowest quantum number and according to Hund’s rules. The last filled

state is called valence band (V B). The lowest unoccupied state in inorganic solids is called

conduction band (CB). The energy needed to extract an electron from the VB into vacuum

or inject from vacuum into the CB is called ionization potential (IP) or electron affinity

(EA), respectively. The energy difference is called energy gap Egap (see Fig. 2.1).

Organic solids contain carbon which forms hybrid orbitals, a mixture of the 2s and the 2p

atomic orbitals. The C-atom can be bond to two (sp), three (sp2), or four (sp3) other atoms.

As sp2-hybridization is the only relevant bonding in the molecules regarded in this thesis,

sp- and sp3-hybridization are not discussed further. The orbital formed by the sp2 electrons

are aligned in one plane and called σ-orbital. The remaining p-orbital is perpendicular to

this plane and called pz-orbital. In combination with adjacent sp2-hybridized atoms, the

pz-orbital may be delocalized and overlap. Thus it is called π-orbital.

The calculation of molecular orbitals (MO) Ψmol can be done by a linear combination of

atomic orbitals Φatom (LCAO) with the coefficients cij.

Ψmol
i =

∑
cijΦ

atom
j LCAO (2.1-ii)
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2 Basics

This leads to a simplification of the otherwise under-determined Schrödinger equation,

whereby the coefficients can be optimized using numerical methods. This can be done by

means of Hartree-Fock method, the results are symmetric and antisymmetric wavefunctions,

called bonding (σ, π) and antibonding (σ�, π�), respectively. The electronic interaction is

not considered in the Hartree-Fock approach [6]. Therefore, density functional theory (DFT)

is applied which was introduced by Hohenberg [7] and Kohn [8].

Similar to inorganic solids the orbitals are filled depending on the total energy. The

energy gap is formed between the highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO). Applying Koopman’s theorem [9], the energy

of a single particle wavefunction (EHOMO) equates approximately the negative ionization

potential (IP) of a many-body system. Contrary to the inorganic bulk material the orbitals

of organic bulk materials are localized to the single molecules. Hence no broad bands are

formed. This leads to low charge carrier mobilities and a different transport mechanism.

Charge transport in rubrene (organic material with highest mobility) can still be described

by band transport, as it is done in inorganic materials, while hopping transport is the

dominant regime in all other organic materials [10].

For conductivity the density of charge carriers plays an important role, besides mobility.

In classical semiconductors it can be calculated from Fermi-Dirac statistics. In undoped

semiconductors the Fermi energy (EFermi) can be calculated from the effective number of

statesN of the respective band and is located in the energy gap Etransport
gap for semiconductors.

EFermi =
ECB − EV B

2
+

kT

2
· ln

(
NV B

NCB

)
(2.1-iii)

Etransport
gap = ECB − EV B (2.1-iv)

For the energy gap one has to discriminate between transport gap (Etransport
gap ) and optical

gap (Eopt
gap) [11]. While Etransport

gap , also called fundamental gap, is really the separation of the

electronic states CB/LUMO and V B/HOMO, the Eoptical
gap gap is lowered by the value of

the exciton binding energy (Eexciton
bind ). In inorganic materials the latter is in the order of the

thermal energy and therefore it is quite often neglected. In organic semiconductors not only

the exciton binding energy is much larger. Another difference can be observed comparing

single molecules (e.g., in the gas phase) and bulk materials as polarization effects (P) and

disorder lead to a broadening of the orbital states (see Fig. 2.2 b). Both, exciton binding
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energy and polarization result in a reduced energy gap. Another effect for lowering the gap

is the molecular size, as more atomic orbitals are involved in the molecular orbitals (see

Fig. 2.2 d).

6x pz

18x sp
2

�

LUMO/ -EC �*

HOMO/ -EV �

�*

2

4

6

8

10

0

E
[e

V
]

b
in

d

C H10 8

C H6 6 C H14 10

C H18 12

C H22 14

(c)(b) (d)(a)

solid

gas
Pp

Pn

Fig. 2.2: Forming benzene from carbon leads to splitting of the pz and sp2 orbitals (a),

forming the π- (blue and red region in c) and σ- (yellow region in c) orbitals

respectively (adapted from [12]). The states are filled up to the binding π-

orbital which is located at the valence energy EV and called HOMO, whereas

the antibinding π�-orbital which is called LUMO is empty. Because of disorder

and polarization effects, the orbitals becomes broadened in bulk material (b).

The bandgap is formed by the delocalized π- and π�-orbital. If the molecule size

increases and so the delocalization, the bandgap decreases (d adapted from [13]).

The difference in gap energy between single molecules in the gas phase and

molecules with polarization P in solids can also be observed.

Since a fixed energy position for absolute determination is missing, only energy differences

can be measured. Close to the energy gap most energies are given with the Fermi energy as

reference point, as it will be used as underlying alignment rule (see following section). The

important values in this thesis are the hole injection barrier (Φhole) and the workfunction

(Wf ), specifying the energy difference of the EFermito the V B/HOMO and to the Evacuum,

respectively (see Fig. 2.1 c). Evacuum also depends on the properties and spatial distance

from the surface. Quite close to the surface a constant value can be assumed. This value

of free electrons close to a material surface differs from that of really free electrons (see

Evacuum(z) in Fig. 2.1 c). Close to the surface a dipole is assumed which increases the

Evacuum. At larger distances the surface dipole can be regarded as point source [5] and

the value of free electrons will be approached asymptotically. The workfunction can also

be decreased by adsorbates [14]. The energy difference between the electronic states can
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Fig. 2.3: (a) Absorption of the material can be linked to the transition from a ground state

(S0) to an excited state (S1). After relaxation the recombination process to the

ground singlet state S0 from the excited singlet state S1 or after spin flipping

from the triplet state T1 can be observed as fluorescence or phosphorescence,

respectively. (b) The transition energies can be plotted in a spectrally resolved

graph. Due to the lower energy of the triplet states, the phosphorescence graph

(green) is shifted compared to the fluorescence graph (blue). In the lumines-

cence spectra of bulk material (not shown here) additional features may occur

compared to the spectra of single molecules. The absorption of single molecules

(thick red line) shows sharp features, while the absorption of bulk material (thin

dotted dashed red line) shows broadening (because of transition dipole interac-

tion) and often additional features (e.g., CT states). Peak maxima can also be

shifted by different dielectric background.

be observed by means of optical spectroscopy in form of electron transitions. Absorption

leads to occupation of an excited state, and the absorbed photon energy corresponds to

the energy difference of the involved states. The sharp features are lost when investigating

bulk material, because interaction leads to broadening [15]. In the case of luminescence, the

emitted photon energy also corresponds to transition energy (see Fig. 2.3).

2.1.2 Interfaces and Band Alignment

The understanding of bulk material consisting of many atoms and the vacuum interface is

quite complicated. Moreover, typical devices consist of a number of different layers and

accordingly of different interfaces. Hence, it is necessary to investigate even more complex

interfaces consisting of different materials. In general, different materials are characterized
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by different workfunctions [14]. This leads to a potential difference at the interface and an

electric field, which affects the charge carriers. Depending on the charge carrier concentration

and mobility in the materials different models are used. Considering only metals, Fermi-level

alignment is assumed, as the charge carriers are mobile and can move in the direction of

the electric field. The other extreme case are insulators with almost no free mobile charge

carriers. Here vacuum-level alignment is assumed, also called Schottky-Mott-Rule. Yet the

material variety between both extreme cases is quite large. Investigating the interface of

semiconductors, local changes of the concentration of charge carriers can be observed which

leads to band bending. The complete width w of the band bending depends on the dopant

concentration N and is pronounced in respective larger depth d in the material with lower

concentration. At a p-n-junction, the difference of the workfunctions Wf results in the

built-in potential e · Vbi.

e · Vbi =
n Wf −p Wf =

e

2 · ε · (NA · d2p +ND · d2n) (2.1-v)

dp =

√
2 · ε · Ubi

e

√
ND

NA · (NA +ND)
(2.1-vi)

dn =

√
2 · ε · Ubi

e

√
NA

ND · (NA +ND)
(2.1-vii)

w = dn + dp =

√
2 · ε · Ubi

e

√
NA +ND

(ND ·NA)
(2.1-viii)

Depending on the relation of the position of the bandgaps of two semiconductors forming

an interface, one distinguishes three types of band discontinuities: type I is the “struggling

gap”, meaning one gap is completely within the other one; type II is the “staggered gap”,

meaning there is an overlap of the gaps; type III is the “broken gap”, meaning there is no

overlap at all. To avoid recombination effects, the staggered gap is desired in solar cell

devices, if a homojunction is out of question.

Besides the classical known inorganic semiconductors, the field of organic semiconductor

emerged in the last decades [16]. In the early years of research on organic semiconductors,

the Schottky-Mott-Rule was predicted to be valid [17]. After discovering the formation of

dipoles at the interface new models [5, 18–24] were established including the interface dipole

(Δ). The explanations of the origin of the dipole are manifold. As mentioned above, the

workfunction can be decreased by adsorbates [14]. This is called “pillow-effect” (Δpillow).
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Using organic molecules, permanent molecular dipoles (Δmol) are observed. Both effects

are surface related and lead to an abrupt change of the workfunction [19]. Another feature,

which is classically seen in terms of band bending is the “induced density of interface states”

(IDIS), which is formed at materials with different workfunctions [21]. The influence of the

single parts can be described by the shielding factor S.

Δ = Δpillow +Δmol +ΔIDIS

= Δpillow +Δmol + (1− S) · (AWf −Δpillow −Δmol −B Wf )

= (1− S) · (AWf −B Wf )− S · (Δpillow +Δmol) (2.1-ix)

High shielding (S = 1) leads to a pronounced appearance of the pillow-effect and the molec-

ular dipole, whereas in the case of S = 0 the dipole results from pinning of the Fermi level

to the so-called charge neutrality level (CNL) [22].

2.1.3 Hybrid Concept – Inorganic and Organic Solids

A hybrid concept stands for the combination of the properties of the constituents. In the

present case, it is desired to combine the good electric properties of inorganic materials with

the good optical properties of organic molecules (see Tab. 2.1). Inorganic semiconductors are

well-known, which is why this thesis focuses more on the organic part. ZnO was extensively

Fig. 2.4: Progress of hybrid solar cells until 2010. (Graph was taken from [25])

studied and showed suitable properties, such as: high thermal conductivity, light stability,

high carrier concentration and mobility. Besides this II-VI-semiconductor, CdS is also used
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Tab. 2.1: Selected parameters of several inorganic and organic semiconductors used in

photovoltaics. The mobility represents the good electric properties of inorganic

materials. Extremely small data are neglected (dash).

electr. hole reference absorption reference

mobility μ coefficient α

[ cm2/Vs] [1/cm1]

Si 1350 480 [26] 102 (above 1.2 eV) [27]

ZnO 200 180 [28] 107 (above 3.4 eV) by M. Grünewald

CdS 340 50 [28] 107 (above 2.6 eV) [29]

PEDOT – 20 [30] 105 (above 5.3 eV) [31]

C60 ≤ 4.9 – [32] 104 (above 3 eV) [33]

P3HT 0.01 – [34] 105 (2 eV - 3 eV) [33]

ZnPc – 0.005 [35] 107 (1.5 eV - 2.5 eV) [36]

for comparison. On the other hand also organic materials are well suited for solar cells. First

experiments were done in 1992 [37] while device measurements started in the year 2001 (see

Fig. 2.4). In the beginning TiO2 was applied as electrode. The idea of improvements via

nanostructures, e.g., CNT, comes quite fast and also other metal oxides like ZnO were used.

The organic component in the first hybrid solar cells was dominated by conducting polymers.

Focusing on pure organic solar cells mainly small molecules are used i.e., C60, pentacene,

ZnPc. The latter one will also be used in this thesis. The advantages of small molecules

are manifold. High and spectrally selective light absorption and emission is combined with

simple layer deposition techniques and a large material variety. In combination with ZnO,

inverted structures (i.e., transparent contact as electron collector) seems to be the best

performing hybrid solar cell [25]. For this reason the inverted cell structure was implemented

in this work.
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2.2 Characteristics of Solar Cells

Power conversion efficiency η is one of the most important values in photovoltaics along with

manufacturing costs and lifetime. It is the extractable electric power Pelectric with respect

to the power of the incident light Plight.

η =
Pelectric

Plight

(2.2-i)

The extractable power results from the current (density)-voltage characteristic of the device

(see Fig. 2.5). In this chapter, current I and current density j are dealt with equivalently

due to the lack of qualitative differences. The latter is just a normalization to an equal area
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m
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V [V]

0.2 0.4 0.6

jsc

MPP

Voc

power [a.u.]

Rseries

Rparallel

Fig. 2.5: Example of a current (density)-voltage characteristic of a solar cell with an ef-

ficiency of ≈12%. The three red circles mark the important factors influencing

the efficiency: short circuit current density (jsc), open circuit voltage (Voc), and

maximum power point (MPP ). The blue arrows indicate the influence of a lower

parallel resistance (Rparallel) and an higher series resistance (Rseries).

which has little impact (see section 2.2.3).

In the idealized case it is an exponential function.

Iideal(V ) = Is · e e·V
n·k·T − Iphoto (2.2-ii)

A common descriptive model takes a diode-like behavior as basis with the saturation current

Is, the ideality factor n and an offset Iphoto, which results from the photogenerated charge

carriers. The exponent is the quotient of electric energy (voltage V , elementary charge e)

and the thermal energy (Boltzmann’s constant k, temperature T ). The derivation of this
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equation can be found at the end of section 2.2.1. The working point, formally known as

maximum power point (MPP ), defines the highest fill factor (FF ), the ratio of the product

of voltage VMPP and the corresponding current IMPP (VMPP ) and the product of open circuit

voltage Voc and short circuit current Isc.

FF =
IMPP · VMPP

Isc · Voc

=
Pelectric

Isc · Voc

(2.2-iii)

η =
IMPP · VMPP

Plight

=
Isc · Voc · FF

Plight

(2.2-iv)

Thus the three parameters FF , Isc, and Voc are the main factors of influence on the efficiency

of a solar cell.

2.2.1 Open Circuit Voltage (Voc)

The open circuit voltage is defined as the potential difference which has to be applied across

the device, so that no current flows. In detail, this means that all currents compensate.

These include diffusion currents and drift currents. Diffusion (Dn, Dp) arises through the

gradient of concentration differences (n, p) of the single charges (q). Drift sets in by the

mobility μ of the single charge carriers in an electric field �E.∑
I =

∫
�jd �A =

∫
�jdiffd �A+

∫
�jdriftd �A = 0 ⇔ V = Voc (2.2-v)

�jdiff = �jdiff,n +�jdiff,p = q · (Dn · �∇n+Dp · �∇p) (2.2-vi)

�jdrift = �jdrift,n +�jdrift,p = q · (μn · �E + μp · �E) (2.2-vii)

By applying an outer voltage an electrical field �E is produced, which causes a shift of the

equilibrium. This varies the number of charge carriers which overcome the barrier, resulting

among other things from the built-in potential (eVbi). This number, in which the current

results, depends exponentially on the external voltage (V ).

I ∝ e−
eVbi−eV

k·T (2.2-viii)

With knowledge of the material parameters, one finds the typical diode current-voltage

relationship [2, 38].

Idiode =Is ·
[
e−

eV
k·T − 1

]
(2.2-ix)

Is = q ·
(
Dp

Lp

· pn + Dn

Ln

· np

)
≈ q · n2

i ·
(

Dp

ND · Lp

+
Dn

NA · Ln

)
(2.2-x)
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Under illumination additional charge carriers are generated. These particles create the

photocurrent Iphoto. Assuming current compensation under illumination conditions (i.e.,

Idiode = Iphoto) the open-circuit voltage can be calculated.

0 = Is ·
[
e−

eVoc
k·T − 1

]
− Iphoto

Voc =
k · T
e

+ ln

(
1− Iphoto

Is

)
≈ k · T

e
+ ln

Iphoto
Is

(2.2-xi)

The origin of the open-circuit voltage of hybrid as well as organic solar cells is not yet fully

understood. In chapter 6.2 it is shown that there is a connection to the electronic structure.

2.2.2 Short Circuit Current (Isc)

The photocurrent leads to a negative offset in the current-voltage characteristic which is

dubbed short-circuit current (Isc).

Isc : = Iphoto(0V )

I(V ) = Is · [e− eV
k·T − 1]− Isc (2.2-xii)

The short-circuit current results from the number Ncc of generated and collected charge

carriers.

Isc =
∂Q

∂t
(2.2-xiii)

Q =
∑

q = Ncc · e (2.2-xiv)

Ncc = ηtotal ·Nphoton (2.2-xv)

ηtotal = ηabsphoton · ηdiffexc · ηdissexc · ηcolle−h (2.2-xvi)

Current is defined as time dependent change of the charge ∂Q
∂t
. The charge consists of both

holes and electrons, whose sum Ncc results from the conversion of photons via excitons.

The efficiencies of this process ηtotal can be expressed as the product of the efficiencies of

the individual steps (see 2.2-xvi). Incoming photons are partially reflected and absorbed in

upper layers, so that only a portion of the radiation in the active layer, relevant for carrier

generation, arrives (ηabsphoton). In the active layer the photons are absorbed and thereby

decreased. This can be described in good approximation by the Lambert-Beer law.

ηabsphoton = 1− e−d·α (2.2-xvii)
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Neutral quasi particles called exciton, which can be regarded as electron-hole pairs, result

from the absorption of photons. These pairs are bound by the Coulomb force (FCoulomb ∝
ε−1). This attractive force is much larger in organic materials than in inorganic materials,

because of a lower dielectric constant [39].

One distinguishes three main types of excitons: In inorganic semiconductors, the radii

are large (≈ 10 nm), and the binding energies are rather small (≈ 0, 1 eV). One speaks

of Wannier-Mott excitons. In organic semiconductors, excitons are strongly bound to a

molecule, which is why the radii are small (≈ 1 nm) and the binding energies are large

(≈ 1 eV) [39]. An excited state, which is localized on one single molecule is called Frenkel

exciton. If the electron and hole are localized on different molecules it is called charge-

transfer exciton.

Due to the composition of an electron and a hole, excitons tend to recombine. In the or-

ganic material this recombination acts much faster due to the small exciton radius. Besides

recombination, dissociation can take place (see chapter 6) and leads to free charge carriers.

For the short-circuit current only the charge carriers reaching the contacts count (see chap-

ter 5). Hence, the charge transport plays an important role. Short and crystalline pathways

are preferred. Transport pathways may be affected by the integration of nanostructures. So

it is possible to produce an enlarged absorption despite of short transport pathways.

2.2.3 Resistances and Fill Factor (FF )

The fill factor determines the operation point of the solar cell (see 2.2-iv). Graphically it

is the ratio of the areas of the two rectangles with side lengths IMPP · VMPP and Isc · Voc.

In reality, the characteristic curve of the device is influenced by additional parameters.

Two important features can be described by parallel resistance Rparallel and series resistance

Rseries (see Fig. 2.5) [40].

I(V,Rparallel, Rseries) = Is · e
V −I·Rseries

n·k·T +
V − I ·Rseries

Rparallel

− Iphoto (2.2-xviii)

The exponential behavior of the I-V-curve results by the p-n-junction. Because of cables,

morphology of the layers, different material compositions, and resulting interfaces the voltage

drops on the pathway of the charge carriers towards and away from the p-n-junction. This

is represented by the series resistance which lowers the slope in forward direction. For

� 20 ∼



2 Basics

this reason the maximum power point is shifted to lower voltages. Furthermore shunts,

represented by the parallel resistance, form bypasses of the p-n-junction. For this reason low

parallel resistance annihilates the p-n-junction. The slope in reverse direction is increased,

and the maximum power point is shifted to lower current.

Thus, studies of the morphology and appropriate contact choice are important for a high

fill factor.
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Chapter 3

EXPERIMENTAL DETAILS

In this chapter a brief overview of the materials used, the deposition processes applied, and

the techniques which were used for characterization will be given.

3.1 Sample Preparation and Materials

The solar cells, which are considered in this work, consist of at least four layers on a substrate

(see Fig. 3.1). The main part is formed by the p-n-junction, which consists of an n-type

inorganic semiconductor and a p-type organic molecule. In this work mainly zinc oxide

Au

ZnPc

ZnO

TCO

ZnO C
32
H

16
N

8
Zn

(a) (b) (c)

(d) (e)

10nm5nm

Fig. 3.1: (a) Structural formula of zinc oxide (ZnO). (b) Sketch of the solar cells with

the main components forming the important p-n-junction used in this work.

(c) Structural formula of zinc phthalocyanine (ZnPc). (d) HR-TEM image of

crystalline ZnO and (e) LT-STM image of a single layer of the similar CuPc

molecules on a silver substrate (provided by M. Grünewald from IFK Jena).
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was used as inorganic component because it showed good performance in pure inorganic

solar cells [41–43]. Likewise zinc phthalocyanine was employed based on the experiences in

pure organic devices [44–46]. The inorganic-organic double layer is sandwiched between a

transparent conducting oxide (TCO) on the glass side and a noble metal as second electrode.

In further studies, an electron blocking layer (EBL) as well as a dopant are introduced, which

will be discussed in detail later. The motivation for the choice and the preparation of the

single layers is given below.

Substrates and Conductive Oxides

Different types of glasses were used as substrate material. Due to the well-known optical

constants and thermal stability quartz glass was used for characterization experiments. Ad-

ditionally 2mm thick borosilicate prepared by float glass process coated with ITO delivered

from Schott was used for the device setup. Indium doped tin oxide (ITO) or aluminum

doped zinc oxide (AZO) were used as transparent conducting oxides (TCO). All substrates

were polished with an optical tissue. Afterwards a cleaning in ultrasonic acetone bath was

performed. Finally the substrates were rinsed with isopropyl alcohol and dried under flowing

dry nitrogen.

Inorganic Component

The inorganic layer was prepared by sputter deposition. Intrinsic zinc oxide (ZnO) as well

as cadmium sulfide (CdS) were used. Both materials are well known in inorganic thin film

solar cells. It is also possible to synthesize nanostructures as well as layered structures

from these materials. The latter are much better to investigate interface processes. Both

inorganic semiconductors show a large energy gap compared to the organic material. This

leads to absorption in different spectral regions. Hence, conclusions for the single material

can be drawn while optical investigation of stacked layers.

Depending on the target material and the carrier gas, intrinsic zinc oxide (ZnO) or

aluminum doped zinc oxide (AZO) can be deposited. The parameters used are an electrical

power of 150W or 200W and a flow of argon or an argon mixed with 5% oxygen at 6 sccm

to produce ZnO or AZO layers, respectively. The pressure was kept at around 3x10−3mbar

and the thickness could be tuned by the sputtering time with a constant rate of 5 nm/min
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or 17 nm/min for ZnO or AZO, respectively. The additional oxygen during ZnO deposition

avoids the creation of oxygen vacancies VO, which would act as donor and increase the

conductivity [47]. This is, in contrast to AZO, not desired in the pure ZnO layer.

An improvement of the solar cell efficiency can be achieved by introducing nanowires

(NWs) [48, 49], which in case of ZnO can be synthesized by different techniques (e.g.,

MBE [50], MOVPE [51], solvent [52], vapor transport [53]). In this work the vapor liquid

solid (VLS) method [54] was used. ZnO powder (Alfa Aesar: 99.99%) as source material

together with a stoichiometric amount of carbon (Alfa Aesar: 99.99%) is placed in the

center of a horizontal tube furnace at a temperature of 1050 ◦C. Due to the low thermal

stability of the glass substrates the sublimation temperature can be decreased by using the

carbon assisted growth [55]. The growth time was in the order of 30min at a pressure of

7mbar and a gas flow of approx. 20 sccm (10 sccm argon + 10 sccm oxygen). ZnO is a high

conductive semiconductor with a band gap of approx. 3.4 eV [47]. This makes it a proper

candidate for solar cells.

The CdS layers used were prepared by the photovoltaic group of the Institute of Solid

State Physics. On top of 2.2mm Tec7 glass with a fluorine doped tin oxide (FTO) layer

CdS was deposited at a temperature of 700 ◦C with a deposition rate of 150 nm/min.

Organic Layer

Small organic molecules show a high absorbance in the visible spectral region, especially zinc

phthalocyanine (ZnPc, CAS: 14320-04-8), which is frequently used in organic light emitting

devices (OLED) or organic solar cells. In this work ZnPc powder (Sigma Aldrich: 97%)

was sublimated with a rate monitored by a oscillating quartz of 0.1 nm/s at a pressure of

5x10−6mbar and a temperature of around 400 ◦C. In this work 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ, CAS: 29261-33-4) was used as acceptor molecule by

co-evaporation at a pressure of 5x10−6mbar and a temperature of around 110 ◦C.

Electron Blocking Layer

Most highly efficient solar cells contain additional layers like anti reflectance coatings, spacer

or electron and hole blocking layers to avoid charge carriers coming to the wrong electrode

leading to recombination. In this thesis poly(3,4)-ethylenedioxythiophene (PEDOT) doped
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with polystyrenesulfonate (PSS) and mixed with a surfactant made of 5-chlor-2-methyl-2H-

isothiazol-3-on and 2-methyl-2H-isothiazol-3-on (3:1) was used. PEDOT:PSS (CAS: 155090-

83-8) is a well known electron blocking (EBL) and hole injection/transport layer[56–58]. It

is used to protect the organic layer from the metal cathode while coating because metal

atoms can penetrate the organics or even lead to chemical reaction [5]. As PEDOT:PSS was

delivered as solution (1.3wt % dispersion in H2O from Sigma Aldrich) it was deposited by

spin coating. After an initial ramp to 500 rpm for 10 s the spinning takes place at 2500 rpm

for 30 s. Before stopping a final acceleration to 5000 rpm for 5 s was done. The surfactant

was used with the aim especially to infiltrate the pores in the nanostructured devices (see

Fig. 7.7).

Top Contact

The top electrode was made by gold as it is noble and therefore less susceptible to oxidation

and degradation. Deposition was done by thermal evaporation at a pressure of around

10−6mbar from a tungsten crucible or by sputter deposition at around 8x10−2mbar under

argon atmosphere with a plasma current of 20mA.
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3.2 Characterization Methods

Scanning Electron Microscopy

Scanning electron microscopy (SEM) [59] was performed with JEOL JSME-6490 and FEI

NanoLab Helios 600i. The JEOL system works with a LaB6 cathode at acceleration voltages

of 10 kV to 20 kV and has the advantage of a mounted energy dispersive x-ray detector (EDX)

which is evaluated with the software EDAX GENESIS [59, 60]. The FEI system is operated

at lower energies (0.5 keV), but gives a higher resolution due to electrons generated by field

emission instead of bare thermal emission. An additional Ge-ion gun gives the possibility of

in-situ manipulation and measurements (e.g., cross section).

Scanning Tunneling Microscope (STM)

The UHV STM 1 developed by Omicron was used for scanning tunneling microscopy

(STM) [61, 62]. Besides the tip-sample-distance, the tunneling current Itunnel depends on

the density of states (DOS) ρ and the workfunction Wf .

Itunnel =A
2πe

�

�
2

2m

∫
ρsample (E) ρtip (E − eV )

exp

[
−2 (z +R)

√
2m

�2

(
Wf +

eV

2
− E

)]
dE (3.2-i)

Detecting the current while driving the bias with constant height at a single position allows

to get the local DOS of the sample ρsample, which is proportional to the deviation dI
dV

assuming

a constant DOS of the tip ρtip. The basic assumption is that deeper states show a lower

detection probability [63, 64]. On the other hand by driving the distance at constant bias,

the workfunction can be calculated from the deviation of ln(dI
dz
). These methods can be

used to derive the electronic structure locally. For the evaluation it is common to average

many spectra or to use lock-in techniques because the very low current is easily influenced

by noise.

Atomic Force Microscope (AFM)

The organic layers were scanned with an atomic force microscope (AFM) [61, 65] under

atmospheric conditions. This was done with the Easyscan 2 AFM by nanoScience.
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Photoelectron Spectroscopy (PES)

Photoelectron Spectroscopy (PES) [66] was performed with an hemispherical energy analyzer

EA 200 by SPECS and two different photon sources.

(c)

HOMO

metal/SC/vacuum

�hole

�hole

�

Ekin Ekin

metal/vacuum

metal

SC

h�
h�

(b)(a)

EFermi

EVac

EVac

Wf

metal

Wf

SC

SC

�

Ekin

Ekin

metal

�hole
eVbi

d
SC

Fig. 3.2: A photon source (HeI or Al K) with the energy hν (21.2 eV or 1486.6 eV) illu-

minates the sample. Electrons below (a) the Fermi energy or (b) the valence

structure are emitted from the metal or a semiconductor (SC), respectively.

Depending on the parameters of the detector (e.g., pass energy, aperture) a

spectrum is plotted as intensity (counts per second) versus energy channel. (c)

The features and the shape of the spectrum can be used to determine the work-

function Wf , the interface dipole Δ, the hole injection barrier Φhole and the

built-in potential eVbi in respect to the thickness d which are needed to derive

the electronic structure (adapted from [5]).

X-rays were generated using an Al cathode (AlKα, 1486.6 eV) to excite core levels (XPS).

The XPS peak energy and intensity give information on the chemical environment and

stoichiometry, respectively.

By using a helium gas lamp one can excite the sample with ultraviolet light (UPS). In

this work the lamp was optimized for HeI (21.2 eV) to measure the valence structure with

an energy step size of 0.03 eV. The secondary electron background was increased by applying

bias voltage to the sample of approx. 9V. This also increases the kinetic energy and gives

the possibility to measure the work function (see appendix A.1) which in some cases can be

lower than the detector work function.

The samples were analyzed at a pressure of 3x10−9mbar. The aperture used gave an
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acceptance angle of 8 ◦ while investigating the electrons perpendicular to the sample surface

with an intensity of a few 100 kcps.

Optical Spectroscopy

Transmission and reflection can be examined by means of a Varian Cary 5000 UV-Vis

spectrophotometer. The transmission measurements have been done using a light beam

perpendicular to the sample surface, while the angle of incidence is 12◦ in reflection geometry.

In both cases unpolarized light was used. The spectrophotometer was operated in a dual-
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Fig. 3.3: Illumination of a sample leads to reflection, transmission, scattering and ab-

sorption. (a) The impinging intensity (I0) is separated in the reflected (IR)

and transmitted intensities (IT ) and can be calculated, knowing the optical con-

stants n and k and the thickness d. (b) The Fresnel coefficients (t, r) and the

phase terms (δ, ϕ) can be used to determine the detectable light including multi

scattering.

channel mode which enhances the long term (several hours) stability significantly. The

scanning velocity was set to 300 nm/min (averaging time: 0.2 s) in the NIR-region and

120 nm/min (averaging time: 0.5 s) in the UV-Vis region with a fixed spectral bandwidth of

5 nm and 4 nm, respectively. The resulting resolution is by far sufficient for the typical line

widths of organic thin films at room temperature.

Light is regarded as electromagnetic wave with the wave vector �ke, the frequency �ω, and

the phase shift δ. The intensity I of the electric field vector �E can be calculated by the
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absolute square value.

�E (�r, t) = �E0 · exp
{
−i

(
�ke�r − ωt+ δ

)}
(3.2-ii)

I =
∣∣∣ �E0

∣∣∣2 (3.2-iii)

In combination with the Helmholtz equation it can be shown, that the wave vector is cor-

related to the optical constants n (the refractive index indicating the phase velocity) and k

(the extinction coefficient).∣∣∣�ke∣∣∣ = ω
√
ε0ε̂μ0μr =

ω

c

√
ε̂μr

μr=1
=

2π

λ
n̂ (3.2-iv)

n̂ = n− ik (3.2-v)

If the light meets an interface of two materials with different optical constants, partial

transmission (T =
IT
I0

) and reflection (R =
IR
I0

) takes place. As far as the material is not

transparent even absorption (A) takes place. If scattering and fluorescence is neglected the

total intensity stays constant and can be described using Fresnel equations.

1 = T +R + A (3.2-vi)

t̂12 =

(
E0T

E00

)
=

2n̂1cosα̂1

n̂1cosα̂1 + n̂2cosα̂2

(3.2-vii)

r̂12 =

(
E0R

E00

)
=

n̂1cosα̂1 − n̂2cosα̂2

n̂1cosα̂1 + n̂2cosα̂2

(3.2-viii)

The reflected beam IR conserves the angle of incidence α̂1, while the angle α̂2 of the trans-

mitted beam IT is changed described by Snell’s law. The complete process can be describe

via superposition of all components.

Current Voltage Characteristics

The I-V-characteristics were measured and visualized with a LabView-controlled Keithley

Model 2420 High-Current Source-Meter. Standard solar energy (AM1.5G) was simulated

by the WXS − 90S − 5 by WACOM ELECTRIC for sample illumination.

Quantum Efficiency

The spectral photocurrent can be detected depending on the incident photon energy by

the usage of a monochromator. The resulting spectra is called external quantum efficiency
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(EQE), or internal quantum efficiency (IQE), if the light intensity with reflection losses

is regarded. Additionally a broadband halogen lamp can be used for bias light to increase

the charge carrier density and the signal-to-noise ratio [67]. All EQE spectra were recorded

using the lock-in technique and a chopper with a frequency of 137Hz between the Xe light

source and the monochromator. This was necessary to reduce noise and because of the bias

light. Therefore the bias light does not influence the EQE spectra drastically [68]. The EQE

spectra were taken with a step width of 1 nm, averaging 10 spectral points with a recording

time of 200ms each and calibrated with a silicon solar cell, certified by Frauenhofer ISE

(see 5.1).
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Chapter 4

EXCITON GENERATION

In this chapter the absorption of light in organic molecules will be discussed. At the beginning

a comparison between single molecules in solution and bulk behavior in the solid states is

given. After the optical investigation of the transition between two crystallographic phases

the spectra are used to determine the layer thickness, the layer roughness, and the optical

constants. Finally the relevance for solar cells is demonstrated.

4.1 Molecules in Solution

One of the most important processes in solar cells is the absorption of light as the absorbed

photons can generate charge carriers. To understand the behavior of the complex structure

it is useful to begin with a single building block. In the present case this is the absorption

of a single molecule also called monomer. This can be measured in gas phase or in solvents.

Due to a much easier setup the molecules were investigated in solutions. High solubility can

be achieved using suitable solvents or modified molecules with side chains [69]. The latter

lowers the conductivity because the separation between the single molecules is increased. To

find a proper solvent a series of different saturated solutions (see Fig. 4.1 b) was performed

to find a suitable one. Dimethylformamide (DMF) turned out to be a good candidate.

With respect to the gas phase spectra, the solvent causes a spectral shift of the absorption

because of the different dielectric environment [70] (see Fig. 4.1 a). A sharp peak, the so-

called Q-band, at around 1.85 eV corresponds to the optical band gap which is linked to

the HOMO-LUMO-transition (π to π∗) as described in chapter 6. In spite of the widely

characterized phthalocyanines, the origin of the additional features at around 2.0 eV are

still not completely understood. Possible explanations are aggregation [71], charge transfer,

vibronic modes [72], or Davidov splitting [73]. Absorption at higher energy is not discussed

further because it takes place in the UV region [74] (B-band ≈ 3.70 eV, N-band ≈ 5.69 eV,
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C-band ≈ 5.74 eV) which is less relevant for the optical spectrum of solar cells.
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E [eV]
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800       700 600 500

�

in DMF
in pyridine

-phase

-phase

	



(a) (b)

(c)

Fig. 4.1: (a) Normalized absorbance spectra of ZnPc in two different solvents (DMF: grey

dash-dotted line; pyridine: green dotted line) as well as two different phases of

the bulk material (α-phase: blue dashed line; β-phase: red solid line). The sharp

peak in the solution spectra stems from the monomer and the slight shift be-

tween both spectra results from the dielectric environment in different solvents.

The so-called Q-band at around 1.85 eV is split in the bulk spectra compared

to the solution spectra because of the interaction between the molecules. Dif-

ferent alignment of the molecules also results in different shapes of the Q-band.

(b) Photograph of ZnPc in different solvents (water: H2O, methanol: CH3OH,

ethanol: CH3CH2OH, isopropyl alcohol: (CH3)2CHOH, acetone: (CH3)2CO,

dimethylformamide: (CH3)2NC(O)H) with increasing solubility. (c) Evapo-

rated layers of the α-phase with different thicknesses (≈ 30 nm, 60 nm, 90 nm,

120 nm and 150 nm).
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4.2 Common Crystal Phases and Transition

ZnPc bulk structures exist mainly either in the metastable α-phase or the stable β-phase.

While α-ZnPc provides a higher conductivity [76] β-ZnPc is easily produced from solution
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Fig. 4.2: (a) Absorption spectra of ZnPc after annealing at 240 ◦C at different times.

The change illustrates the transition between two crystallographic phases upon

annealing. Isosbestic points (marked by circles) are observed. The crystal struc-

tures of (b) α-ZnPc and (c) β-ZnPc are depicted on the right hand side [75].

AFM and SEM images of (d, e) α-ZnPc and (f, g) β-ZnPc are shown in the

lower part, respectively.

or by thermal treatment. As the α-phase is desired it is necessary to distinguish both

phases which requires a thorough investigation of the structures and the transition from the

α-phase to the β-phase. Obviously the lattice parameters differ. One way to discriminate

both phases is to observe effects like different morphology, electric and optical behavior.

Here, the morphology was analyzed using SEM and AFM (see Fig. 4.2 d-g). α-ZnPc

aggregates in clusters, whereas β-ZnPc forms a lamellar structure as already shown in [77].

The grain size of the ZnPc clusters ranges from 50 nm to 100 nm. The vertical surface
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variation was calculated as root mean square roughness (Rrms). For the samples shown

in Fig. 4.2 the Rrms-values are 8.5 nm and 1.2 nm for 50 nm α-ZnPc and 30 nm β-ZnPc,

respectively.

The electric characteristic can mainly be seen in conductivity measurements. Thereby

the orientation and distance between the molecules plays a major role [78]. Because of a

closer stacking distance (α: 0.38 nm, β: 0.48 nm) α-ZnPc conducts much better [76].

The optical behavior is analyzed in terms of absorbance spectra. Compared to monomers

in the gas phase or in solution, the molecules in the bulk material are much closer and so

interaction of the transition dipole moments can be observed. The Q-band is split. The peak

at around 1.9 eV contributes to the HOMO-LUMO (π-π�) transition [74]. The origin of the

peak at around 1.7 eV may either contribute to an excitonic transition [79] or a vibrational

interval [80]. The spectral positions of the absorbance peaks depend on the orientation and

angle in between the transition dipole moments [15]. The optical behavior can be described

by optical constants. Once the optical constants are known, they can be used for modeling

layer systems or even photovoltaic devices, or vice versa for a non-destructive method of

optical analysis of the crystallinity of ZnPc layers.

Structural analysis of α- and β-ZnPc phases and detailed information about the phase

transition are needed to set suitable constraints for a numerical model to determine the

optical constants of both phases. For this reason the transition is investigated in the follow-

ing part. α-ZnPc samples were deposited onto substrates kept at room temperature [81].

Absorbance spectra were taken from the as deposited samples and after heating at sev-

eral temperatures for various periods of time. No change in the spectra was observable at

temperatures of up to 220 ◦C even for long term annealing (i.e., 3 h). This leads to the

conclusion that the α-phase of ZnPc is stable up to ca. 220 ◦C. At 240 ◦C the crystalline

transition takes place and is not instantaneous but a process of some 30min (see Fig. 4.2

a). The annealing times were increased stepwise until the spectra remained unchanged.

This could be observed after 120min and even if the annealing time is increased to 3 h or

the temperature is raised up to 300 ◦C no further change takes place. A coexistence of the

two crystalline phases in an equilibrium, which would be temperature-dependent, can be

excluded. Therefore the completeness of β-ZnPc after annealing is proven. Furthermore

isosbestic points can be observed. The mere existence of those indicates that the transition
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directly occurs between the two components α-ZnPc and β-ZnPc, that the total quantity of

material remains constant [82], and that no third ZnPc-phase is involved.
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4.3 Optical Constants and Sample Properties

Samples used for determination of optical constants were ZnPc-films of both phases with

different thicknesses from 30 nm up to 150 nm. The α-ZnPc phase was obtained from de-

position on substrates kept at room temperature [81] while the stable β-ZnPc phase was

obtained from the metastable α-ZnPc samples via annealing under ambient conditions for

3 h at 260 ◦C. The films were examined with a non-contact atomic force microscope (nc-

AFM) and an UV-vis spectrophotometer. The angles of incidence in the transmittance and

reflectance experiments are 0 ◦ and 12 ◦, respectively. Those values are fully considered in

our angle-dependent modeling. Further, the calculations were performed assuming non-

polarized light, using the average from the s- and p-polarized reflectance (R) components.

The measured optical spectra were analyzed by a numerical algorithm developed further

and implemented by Marco Grünewald (IFK Jena) in Wolfram Mathematica 8 R© in order

to extract the complex refractive index n̂(E) = n(E) − ik(E) of the thin film [83], where

n(E) and k(E) denote the photon energy dependent refractive index and extinction coeffi-

cient, respectively. As optical model for the layer system ZnPc-quartz glass substrate the

model of homogeneous layers with plane-parallel interfaces was used, however extended by

an approximate consideration of the surface roughness of the ZnPc-air interface, as outlined

in [84]. The determination of the optical constants is possible through a combination of

transmission (T) and reflectance (R) spectra. However, here the reflectance data were re-

placed by differential reflectance spectra (DRS) [85–87]. Thereby, the need for a calibrated

mirror can be avoided. In order to interpret the measured optical spectra of ZnPc thin

films the numerical treatment is based on a layer model, consisting of the substrate (treated

coherently) and the organic thin film (treated coherently) as well. We used the generalized

matrix formalism based on the Fresnel formulas for mixed coherent and incoherent layers

as outlined in Ref. [88]. In order to improve the layer model roughness was also considered.

The interfaces were analyzed by non-contact atomic force microscopy (nc-AFM) [36]. Ac-

cordingly, the root-mean-square roughness (Rrms) of as-deposited as well as annealed films

of ZnPc was found to be small but not insignificant with respect to the film thickness dj

(Rrms/dj < 20% for α-ZnPc and Rrms/dj < 5% for β-ZnPc). Hence, for an accurate de-

termination of the optical constants the values obtained for the surface roughness at the
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air-to-ZnPc interface have to be taken into account. This was done by modified Fresnel co-

efficients considering only partial coherence due to phase differences of the transmitted and

reflected beams by Gaussian distributed irregularities as outlined in Ref. [84]. Because of

the evenly distributed azimuthal orientation of the grains or needles the in-plane component

of the optical anisotropy can be neglected. The substrate was treated as incoherent due to

its rather large thickness (0.63mm) with respect to the coherence length of the light. This

means that we indeed account for multiple reflections at both substrate interfaces but in-

ternal interference effects do not contribute to the signal. An optical characterization of the

quartz glass substrate used was done by transmission measurements in the UV, visual, and

near infrared spectral region in order to extract the refractive index individually assuming

negligible absorption (k = 0). As a matter of fact no dispersion model for ZnPc is required.

Accordingly, the algorithm starts with a set of optical constants, i.e., the refractive index

n(E1, ..., Ei, ..., EN) and the extinction coefficient k(E1, ..., Ei, ..., EN), each consisting of N

points to be fitted to the experimental data. In this work, the energy interval from 1.2 eV

to 5.0 eV with a step size of 0.01 eV results in an N of 381. If only one pair of transmis-

sion and differential reflectance spectra is used for the extraction of the optical constants n

and k, then the film thickness needs to be specified precisely to prevent the algorithm to

produce large errors in the optical constants or even to get stuck in a non-physical solu-

tion. To overcome this issue, the optical data of several samples are analyzed in parallel, as

suggested in [89]. Consequently, five samples with estimated thicknesses of 30 nm, 60 nm,

90 nm, 120 nm and 150 nm, respectively, were measured (estimated thicknesses determined

with a quartz crystal microbalance). Now, the numerical fit is carried out simultaneously

over five pairs of DRS and T spectra, with the constraint of using the same values for the

extinction coefficient k (Ei) and refractive index n (Ei) for all spectra.∑
j

N∑
i=1

A (Ei, dj) {DRSth (n (Ei) , k (Ei) , dj, Rrms)−DRSexp (Ei, dj)}2

+
∑
j

N∑
i=1

A (Ei, dj) {Tth (n (Ei) , k (Ei) , dj, Rrms)− Texp (Ei, dj)}2

n,k,d,Rrms variation−−−−−−−−−−−→ min (4.3-i)

Tth and DRSth denotes the calculated quantity to be fitted to the experimental data Texp

and DRSexp, respectively. The index j is used to distinguish between the different samples
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with different thicknesses. Each signal of T and DRS was weighted by a factor A (Ei, dj)

as described in [90] in order to equalize the information from all spectra, having originally

different magnitudes. A (Ei, dj) is calculated from the minimal (n = 1, k = 0) and maximal

(n = 3, k = 1) values of the refractive index and extinction coefficient expected for phthalo-

cyanine thin films [89]. Due to the mathematical over-determinateness of the system, the

layer thicknesses dj can be optimized as well, using the estimated thicknesses as starting

values. Likewise, the Rrms-values were treated as fitting parameters (results are shown in

Tab. 4.1). The fit itself was carried out by means of a Levenberg-Marquardt-algorithm,

which is known to be rather robust against different starting values.

Tab. 4.1: Nominal and optimized values of film thickness and rms-values of the samples

used for the determination of optical constants. The errors given are statistical

errors from the fitting procedure.

α-ZnPc β-ZnPc

estimated thickness optimized thickness Rrms optimized thickness Rrms

[nm] [nm] [nm] [nm] [nm]

30 36.95±0.03 1.1±0.3 36.15±0.05 -

60 65.30±0.04 3.1±0.2 61.90±0.07 5.4±0.2

90 96.63±0.04 7.7±0.1 94.65±0.08 4.5±0.1

120 132.15±0.05 10.6±0.1 129.09±0.07 5.9±0.1

150 168.90±0.07 13.2±0.1 167.88±0.07 5.6±0.1

Next, we want to discuss the results of the fitting procedure. As apparent from Tab. 4.1,

the numerically determined thickness values are somewhat higher than the estimated ones for

each sample. A possible reason for this deviation may be found in the calibration (incorrect

tooling factor) as well as thermal drift of the quartz oscillator. However, the reliability of

the numerical thickness values is emphasized because the small difference between α- and

β-phase of the same sample is systematic and can be explained by changes in the material

density (1.60 g/cm3 versus 1.62 g/cm3 [91]). The fitted Rrms-values of α-ZnPc samples increase

with film thickness. In contrast, all the samples of β-ZnPc show a uniform Rrms-value

of about 5 nm. This seems characteristic for an annealed β-ZnPc surface. The numerically

calculated Rrms-values are in very good agreement with those from our own nc-AFM images

(see Fig. 4.2) and those presented in [91]. In Fig. 4.4 the resulting spectra of the optical
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Fig. 4.3: Experimental dataset (open symbols) consisting of five samples of α-ZnPc (a, c)

and five samples of β-ZnPc (b, d) with various estimated thicknesses (given in

the graphs), characterized by one transmittance curve (a, b) and one DRS (c, d)

each, and the curves which where fitted with a single set of optical constants used

for all layer thicknesses (solid line). In the lower part the residuals (difference

of experimental and simulated value) of the fitting process are shown. For the

sake of clarity subsequent residual spectra and DRS are displayed with a vertical

offset. The insets show the respective scale bars.
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Fig. 4.4: Spectra of refractive index n and extinction coefficient k of α- (top) and β-

(bottom) ZnPc, respectively. The standard deviation (statistical errors from the

fitting procedure, magnified by a factor of 5) is indicated by the reddish error

margin.

constants for α-ZnPc and β-ZnPc are shown. As one can see, the residuals are very small

compared to the transmission data. The edge at 350 nm (3.54 eV) is caused by the internal

light source changeover of the spectrophotometer used but is smaller than the mean residuals

and therefore has no significant influence. During calculation no constraint was set for the

Kramers-Kronig relation but model-free Kramers-Kronig consistence in a restricted spectral

region covering 1.2 eV to 2.6 eV (by splitting the respective integral as outlined by Nitsche

et al. [92]) was confirmed afterwards as an independent verification of reliability of the

optical constants. It should be noted that by this set of optical constants the measured

optical spectra can be reproduced very nicely (see fig. Fig. 4.3). If the surface roughness

is neglected, slightly different optical constants, especially in the ultraviolet spectral region,

are obtained, which results in a less suitable fit of the optical data.

Some reports on the optical constants of ZnPc already exist [74, 79, 93]. Those results

conflict with each other. In general, it has to be pointed out that the data presented in the

three papers mentioned are apparently not Kramers-Kronig consistent between refractive

index n and extinction coefficient k, and can therefore not be regarded as reliable sets of

optical data for zinc(II)-phthalocyanine. In contrast, the data presented here of α-ZnPc were
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compared with those of the almost identical molecule copper(II)-phthalocyanine (CuPc, α-

phase) from [89, 94] and are in good agreement.
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4.4 Enhanced Photon Absorption by Nanowires

Nanowires of the size of the wavelength of the absorbed light lead to scattering effects which

can be seen in an increased featureless background in the optical spectra. This leads to

a longer pathway of the photons inside the device. Nanowires also allow to increase the

light absorption length (parallel to the nanowires) while keeping the thickness of the device

interface (perpendicular to the nanowire) constant. The advantage for solar cells will be

discussed in section 7.4.
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Chapter 5

EXCITON DIFFUSION

After the generation by light absorption the exciton can diffuse before it recombines or dis-

sociates. By investigating the photocurrent with spectral resolution the diffusion length and

also the generation position can be determined, which is described in this chapter.

5.1 Quantum Efficiency Spectra

Light absorption in organic molecules leads to exciton generation as described in the previous

chapter. In contrast to inorganic semiconductors, excitons have a quite high binding energy

which is why they do not readily dissociate even at elevated temperatures. A high electric

field which has to drop off over a very short range because of the small binding radius

has to be applied. These conditions can be found only at an abrupt interface. For this

reason, excitons, generated in organic materials at a certain distance from the interface, will

have to diffuse. The length at which the exciton concentration is dropped down to 1/e due

to recombination, is called exciton diffusion length (Lexc
diff ). If they reach the desired p-n-

junction within the diffusion length, which is regarded as energy independent in this chapter,

the excitons dissociate into free charge carriers which can be measured as photocurrent.

This can also be done depending on the energy of the impinging photon. Normalized to the

amount of photons this is called the external quantum efficiency (EQE). The setup with a Xe-

lamp was calibrated using a silicon solar cell characterized independently by the Fraunhofer

Institute for Solar Energy Systems ISE (see Fig. 5.1 center). The EQE measurements were

performed with devices consisting of a p-n-junction while the p-type material was ZnPc and

the n-type semiconductor the inorganic ZnO or CdS. ZnPc is known to be p-type under

atmospheric treatment by simple oxygen intercalation [96]. ZnO is used because of the

natural affinity to be n-type because of oxygen vacancies and zinc interstitials [97]. It also

possesses a quite high exciton binding energy compared to other inorganic materials such
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Fig. 5.1: (a) EQE of a calibrated Si solar cell (blue) and the spectrum of the sun (red) also

known as AM1.5 [95]. (b) The spectrum of the EQE light source is measured in

terms of photocurrent with the Si solar cell. (c) Absorbances of the inorganic

(reddish) and organic (blueish) components. It can be clearly seen that optical

gap of ZnPc is smaller than the gap of ZnO as well as that of CdS.

as CdS [97]. For comparison CdS was used whose bandgap is lower than that of ZnO but

still larger than ZnPc (see Fig. 5.1 c: CdS: 2.4 eV, ZnO: 3.2 eV, ZnPc: ≈1.6 eV). This allows

to use photons with higher energy for charge generation. ZnO and CdS are already used in

photovoltaics and it is possible to grow nanowires from these materials which may enhance

the performance.

The EQE of ZnO-ZnPc hybrid solar cells (see Fig. 5.2 a) has a spectral shape similar

to the absorbance spectrum of α-ZnPc (see Fig. 5.1 c). Especially the features in the range

between 1.55 eV and 2.25 eV can be linked to the organic part. It is not clear whether the

current generated in the UV region is correlated to the energy gap of ZnO or the B-band of

ZnPc. Samples with an increased ZnO layer thickness (not shown here) show a higher EQE

signal in the UV region. Hence, it is assumed, that high energetic photons generate charge

carriers in ZnO. However, since the solar intensity decreases rapidly in this region, these

charge carriers play a minor role in the photocurrent (see Tab. 5.1). Taking a closer look

at the shape of the EQE within the ZnPc region, i.e., 1.55 eV to 2.25 eV, one can observe

a slight decrease of the photocurrent with increasing ZnPc layer thickness. This may be

the case if the ZnPc-ZnO interface is the exciton dissociation area as assumed. Due to the

fact that organic materials typically exhibit an inferior cunductivity [98] as compared to

inorganic materials, the distance to the collecting electrode increases with increasing ZnPc

layer thickness. A very thin Au cathode was used to give the ability to illuminate the cell
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Fig. 5.2: EQE spectra of hybrid solar cells (a, c) with 50 nm ZnO and different ZnPc

thicknesses and (b, d) 150 nm ZnPc with different CdS thicknesses. The samples

were illuminated from the front (as designed through the TCO) and from the

back (through the cathode) side, which results in the internal filter effect. The

illumination direction is shown in the insets by arrows of corresponding color.

from the“back”side, i.e., through the Au layer. A drastic decrease can be observed which can

be explained by the lower transmission of Au. Another explanation for this phenomena is the

absorption of photons, i.e., generation of excitons, far away from the separating interface. In

other words, the excitons have to be generated close to the separating ZnO-ZnPc interface

which would be the case by illumination from the TCO-ZnO side or by illumination through

Au and a very thin ZnPc layer. The effect of photon absorption and recombination of the

generated excitons before dissociation is called internal filter effect [99]. The corresponding

photon is lost without contributing to the photocurrent. This can be seen in the curves

because at the position of absorbance maxima (1.8 eV and 2.1 eV) local minima can be
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Tab. 5.1: Photocurrent of different device setups containing ZnO derived from EQE spec-

tra. The photocurrent is spectrally divided into the region 1.55 -2.25 eV which

is mainly influenced by ZnPc, and 2.25 -3.54 eV which also shows the contribu-

tion of the inorganic compound because of the band gap (ZnO: 3.4 eV). The

arrows mark the direction in which the photons pass the layers. P symbolizes

an additional spin coated PEDOT layer.

thickness [nm] photocurrent [mA
cm2 ]

ZnO ZnPc j (1.55 -2.25 eV) j (2.25 -3.54 eV) j (1.55 -3.54 eV)

50 → 56 0.076 0.024 0.100

50 ← 56 0.030 0.010 0.040

50 → 62 0.075 0.021 0.096

50 ← 62 0.024 0.008 0.032

50 → 65 0.088 0.024 0.112

50 ← 65 0.026 0.008 0.034

50 → 157 0.041 0.076 0.117

50 ← 157 0.007 0.016 0.023

50 → 184 0.072 0.022 0.094

50 ← 184 0.010 0.004 0.014

50 ← 50+P 0.062 0.088 0.150

silicon solar cell 15.27 7.41 22.68

observed in the EQE. This effect is thickness dependent and appears just for thick layers.

As the entire spectral shape of the EQE depends only on the optical constants, the thickness,

and the exciton diffusion length, the last parameter can be determined (see section 5.2) as

the first two are already known from the previous chapter. An additional layer of PEDOT

which will be important for nanostructures (see section 7.4) shows no influence in the ZnPc

region but an increase in the photocurrent in the UV range, which can be explained because

of the absorption of PEDOT itself.

In contrast to hybrid solar cells with ZnO, the shape of the EQE of cells with CdS are

mainly determined by the shape of the absorption of CdS (see Fig. 5.2 b). Ont the one

hand the absolute values are larger, but even if the ZnPc region is scaled to match the ZnO

devices (see Fig. 5.2 d) the contribution of the α-ZnPc is very weak. By illumination from

the back side, i.e., through Au and ZnPc, a decrease in the EQE signal in the UV range can

be observed, which could be caused by the B-band absorption of ZnPc. This leads to the
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5 Exciton Diffusion

assumption that photons are absorbed within the ZnPc layer but the generated excitons do

not dissociate and contribute to the photocurrent. The results can also be seen in Tab. 5.2.

A possible explanation for the photocurrent in the higher energetic region would be that

there is a band bending in the CdS layer which leads to the photocurrent coming from the

inorganic CdS, while in ZnO the band bending is much weaker. This is confirmed by hybrid

Tab. 5.2: Photocurrent of different device setups containing CdS derived from EQE spec-

tra. The photocurrent is spectrally divided into the region 1.55 -2.25 eV which is

mainly influenced by ZnPc, and 2.25 -3.54 eV which is mainly influenced by the

inorganic compound because of the band gap (CdS: 2.4 eV). The arrows mark

the direction in which the photons pass the layers. P symbolizes an additional

spin coated PEDOT layer.

thickness [nm] photocurrent [mA
cm2 ]

CdS ZnPc j (1.55 -2.25 eV) j (2.25 -3.54 eV) j (1.55 -3.54 eV)

150 → 54 0.019 1.109 1.128

150 → 71 0.038 2.110 2.148

150 → 142 0.054 3.202 3.256

300 → 38 0.006 0.538 0.544

300 ← 38 0.004 0.514 0.518

300 → 72 0.019 1.242 1.261

300 ← 72 0.003 0.863 0.866

300 → 129 0.019 0.788 0.807

300 ← 129 0.006 0.498 0.504

300 → 129+P 0.019 1.995 2.014

300 ← 129+P 0.011 1.559 1.570

silicon solar cell 15.27 7.41 22.68

solar cells with larger CdS layer thickness which do not reach a similarly high photocurrent

as for cells with thinner CdS layers. If the layer thickness is much larger than the width

of the band bending, no preferred charge transport direction is formed. Another reason

could be the higher exciton binding energy of ZnO (60meV) which effectively reduces the

number of free charge carriers. Similar to the ZnO devices the PEDOT layer just improves

the performance in the UV region.
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5.2 Exciton Diffusion Length

As mentioned in section 2.2.2 the exciton diffusion efficiency ηexcdiff plays a crucial role. It

depends on the layer thickness d and the exciton diffusion length Lexc
diff .

ηexcdiff = e−d/Lexc
diff (5.2-i)

Lexc
diff =

√
Dexcτ exc (5.2-ii)

The thinner the absorbing layer (small d) the higher the number of excitons reaching the

separating p-n-junction. This is in contrast to the light absorption which is increased for

thick layers. The exciton diffusion length is determined by the diffusion constant Dexc and

the lifetime τ exc. Therefore it can be regarded as material constant but can be influenced by

the sample properties such as grain boundaries. Close to the p-n-junction there is an electric

field which can break the exciton in locally separated charges under proper conditions (see

section 6.3) with the efficiency ηexcdiss. Thus the amount of excitons can be calculated from

the single processes using Fick’s second law of diffusion [100]:

∂N exc

∂t
= Dexc · ∂

2N exc

∂z2︸ ︷︷ ︸
diffusion

− N exc

τ exc︸ ︷︷ ︸
recombination

+ η · φ0 · e−α·z︸ ︷︷ ︸
generation

(5.2-iii)

In principle this describes the change of the local exciton densityN exc with time t as combina-

tion of excitons moving away (diffusion), excitons terminated (recombination) and excitons

which are created (generation). The generation is done by photon absorption and can be

described in good approximation by Lambert-Beer law with a photon intensity φ0, photon

absorption efficiency η, and the absorption coefficient α. Under steady state conditions and

the boundary conditions (BC) of eliminated excitons at the border of the active layer with

the thickness d, it leads to:

∂N exc

∂t
= 0 steady state (5.2-iv)

N exc = 0 BC : z = 0 ∪ z = d (5.2-v)

Dexc · ∂
2N exc

∂z2
=

N exc

τ exc
− η · φ0 · e−α·z (5.2-vi)

The interfaces are also regarded to be smooth. The solution of this second order differential

equation with β = 1/Lexc
diff (for simpler formulas) yields:

N exc(z) =
α · φ0 · η

Dexc · (β2 − α2)
·
{
(eβd − e−αd)e−βz − (e−βd − e−αd)eβz

e−βd − eβd
+ e−αz

}
(5.2-vii)
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Fig. 5.3: Experimental (open symbols) and simulated (solid lines) external quantum effi-

ciencies (EQE) in the visible spectral region. The curves are vertically shifted

(offset indicated by short horizontal lines). For back illumination (left) minima

occur which are correlated to the internal filter effect. For front illumination

(right) the shape is similar to the Q-band of the absorption spectra of ZnPc.

The color of the graph represents different thickness of the ZnPc layer while

keeping the other layers constant (Au: 10 nm, ZnO: 200 nm, ITO: as delivered).

Considering the exciton current (Iexc), derived by Fick’s first law, to be proportional to the

photocurrent leading to the EQE, the shape of the EQE can be simulated depending on the

thickness d, the absorbance α and the exciton diffusion length Lexc
diff .

EQE (α (Ei) , βj, dj) ∝ Iexc = −D · dN(z)

dz
(5.2-viii)

Hence, six samples with different ZnPc thicknesses (56 nm, 62 nm, 65 nm, 157 nm, 184 nm,

250 nm) were prepared and the EQE spectra from both illumination directions were recorded

(see Fig. 5.3). The substrate was borosilicate glass with ITO as delivered with a 50 nm ZnO

layer and a 10 nm Au back electrode. Similar to the determination of the optical constants

the minimum of the squared differences of the experimental and the theoretical EQE is fitted

for all samples simultaneously.

∑
j

N∑
i=1

{A (dj) · EQEth (α (Ei) , βj, dj)− EQEexp (Ei, dj)}2 vary A,βj−−−−−→ min (5.2-ix)
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The factor A (dj) plays a minor role, as it just normalizes the intensity and contains no

information on the shape of the EQE. The intensity is influenced by the real active area,

the conversion efficiency of photon-to-exciton and exciton-to-charge carrier, defects which

leads to losses of the current, and the illumination intensity. Knowing d and α from optical

experiments (see section 4.3) the only missing parameter is the exciton diffusion length. The

best result for the curves Fig. 5.3 in section 5.1 are obtained for an exciton diffusion length

of 16 nm (statistical error less than 0.1 nm). This is in good agreement with estimations for

ZnPc of other groups (e.g., 15 nm [101], 10 nm [102], 7 ± 3 nm [103]) and typical exciton

diffusion length of other organic materials [104]. The shape including the minima from the

internal filter effect can be reproduced very well. Thin layers show a small difference for

back illumination between the simulated and the measured curve. Possible reasons can be

the neglect of roughness, exciton reflection or dissociation at the ZnPc-Au interface.
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Chapter 6

EXCITON DISSOCIATION

The exciton dissociation is caused by the electronic structure which is expressed in terms of

internal fields and band bending at the interface. Hence, at the beginning of this chapter the

electronic structure is derived from UPS. The resulting band structure is discussed in the

view of solar cell performance, and characteristic parameters for photovoltaics are estimated.

6.1 Band Structure of the Device

The exciton dissociation at the interface was confirmed by the EQE spectra. However, it

is necessary to investigate the electronic band structure to understand the driving forces

for exciton dissociation and charge transport. Possible methods are scanning tunneling

spectroscopy (STS), capacitance-voltage measurements (CV), and ultra-violet photoelectron

spectroscopy (UPS), for example. STS is laterally resolved and gives the local density

of states (LDOS) close to the Fermi energy [105]. Using CV the space charge region is

changed by the applied voltage and can be used to calculate the band bending via carrier

concentration [106–108]. UPS gives information on occupied states only, i.e., below the Fermi

energy, and is limited to photoelectrons stemming from the proximity of the surface due to

their mean free path of typically a few nanometers. This leads to a crucial influence of surface

contamination [14, 109]. On the other hand, it is possible to investigate the development

of the valence structure and the vacuum level with respect to the Fermi energy through

a whole device by building it up layer by layer with measurements after each single step.

In this work this was performed by UPS analyses. Besides the surface contamination, the

interaction between adjacent layers also has to be taken into account. Intercalation, chemical

reaction and dipole generation can occur [24]. Intercalation of metal atoms into organic films

has been observed quite frequently [110–112]. Therefore, all samples investigated by means

of UPS were produced by depositing the organic material onto inorganic substrates and
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not vice versa. Gold (Au) is a widely characterized metal. For this reason it was used

as reference sample as well as cathode material as it exhibits a quite high workfunction.

Neglecting dipoles, the interface to a lower workfunction material leads to downward band

bending (assuming Fermi level alignment), i.e., electrons would drift away from the Au while

holes tend to drift towards the Au.

While exciting the sample with HeI (21.2 eV) as well as HeII (40.8 eV) it is possible to

calibrate all spectra with the Fermi edge of Au as it was placed on the sample holder for

each measurement. The multi channel analyzer was calibrated with the 21.2 eV and 40.8 eV

UV excitations for the highest kinetic energy Ekin of the electrons. An energy step size

of 30meV was set, which is sufficient as the UV light source gives a spectral resolution of

130meV only.

The UPS measurements can be divided into three regions. The low kinetic energy region

between 2 eV and 6 eV (see Fig. 6.1 a) can be used to determine the workfunction. All UPS

spectra show a background created by secondary electrons which were inelastically scattered

in the sample material. Hence the background increases towards lower kinetic energy until it

drops down abruptly. This low kinetic energy cut off (LKEC) is caused by the workfunction

either of the sample or the detector, because the electrons do not have enough energy to

reach the vacuum level or to overcome the barrier from the vacuum level to the detector. As

a bias potential is applied which is much larger than the detector’s workfunction, the LKEC

can be correlated to the workfunction of the sample. In the present case the workfunction is

4.2 eV. In the literature Au shows a much higher value (≈ 5.2 eV) depending on crystallinity

and orientation [113]. The difference can be explained by contamination [14] when taking

the sample to atmosphere during the transfer between the different coating systems. The

two high kinetic energy regions between 12 eV and 22 eV (see Fig. 6.1 b) and between 30 eV

and 41 eV (see Fig. 6.1 c) correspond to the low binding energy region for HeI and HeII,

respectively. Similar to literature results well pronounced 5d and weak 6s features of Au

can be seen.

By evaporating ZnPc onto Au a small and continuous downwards shift can be observed

for the workfunction (see Fig. 6.1 a). A jump from Au to the first ZnPc layer could be

observed by other groups which was linked to surface dipoles [114, 115]. The absence in

the spectra discussed here can be explained by the possible contamination of Au which
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Fig. 6.1: (a) The low energy cutoff of the UPS is shifted continuously to lower energies on

Au substrates which can be correlated to a decrease of the workfunction. Au as

metal shows occupied states up to the Fermi energy (Ebind = 0eV ) which mark

the position of the photon energy of the excitation and were used to calibrate

the energy scale. In (b) the HeI and (c) the HeII region, the HOMO of ZnPc

can be observed at a binding energy of 1.4 eV (upper scale) and shifts to a value

of 1.6 eV which is typical for bulk ZnPc. The HeII intensity is much weaker

compared to the HeI for which reason the signal-to-noise ratio is smaller.

were already mentioned for the Au spectrum. At low binding energy (see Fig. 6.1 b and c)

new features arise which belong to ZnPc. The HOMO is located at 1.4 eV for thin layers

and shifts to 1.6 eV for thick layers which is in good agreement with bulk ZnPc [115]. The

downward shift of the HOMO and vacuum level are good conditions for electron injection in

or hole extraction from ZnPc to Au. The intensity of the gold and the HOMO-1 compared

to the HOMO is stronger in the HeII signal because the higher energy of HeII excites states

correlated to heavier elements. The HOMO is generated by the π-orbital of the aromatic

framework with influence of the nitrogen while the central Zn-atom also influences the

HOMO-1 [116].

In the device also PEDOT is used, which fulfills different purposes. It is spin coated on

ZnPc to reduce metal intercalation while depositing Au. By solution processing it decreases

the roughness and fills the pores in nanostructured samples. Furthermore, PEDOT is used

as an electron blocking layer (EBL) between ZnPc and Au because of the high workfunction

and electron affinity. In the UPS spectrum the workfunction shows a step structure (see

Fig. 6.2 a). This could be caused by PEDOT which partially covers the Au layer in a

way that the workfunction of Au (4.2 eV) is measured in addition to the workfunction of

PEDOT (4.6 eV). Therefore the LKEC is the summation of both features. With reference

� 53 ∼



6 Exciton Dissociation

E [eV]kin

35 40

E [eV]bind

05

E [eV]kin

2 3 4 5 6

(a) (c)E [eV]bind

5 0
(b)

E [eV]kin

PEDOT

2nm

5nm

10nm

50nm

PEDOT

2nm

5nm

10nm

50nm

15 20

PEDOT
2nm

5nm
10nm

50nm

Fig. 6.2: (a) The cutoff at low kinetic energy in the PEDOT spectrum shows a step which

could be caused by a partial coverage of the Au sublayer. The shift to lower

energies can be correlated to a decrease of the workfunction. (b, c) The HOMO

of ZnPc can be observed at 1.6 eV.

to this lower energetic data point the workfunction of the ZnPc layers are shift downwards.

Assuming the higher value for PEDOT an interface dipole could be developed. The fixed

HOMO position at 1.6 eV also confirms this effect (see Fig. 6.2 b and c). Nevertheless the

direction of the dipole as well as the direction of band bending would promote the desired

electron injection or hole extraction.
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Fig. 6.3: (a) In the low kinetic energy region a continuous shift of the secondary electron

cutoff towards higher energy can be observed with increasing ZnPc thickness.

This can be correlated to an increase of the work function. In the (b) HeI and

(c) HeII region the HOMO of ZnPc can be observed at a binding energy of 1.8 eV

(upper scale) and shifts to a value of 1.6 eV which is typical for bulk ZnPc.

Building up the sample from the other side starting with borosilicate glass covered with

as-delivered ITO shows a much lower workfunction (around 3.1 eV see Fig. 6.3 a). The

workfunction of ITO can cover a wide energy range depending on the treatment. The LKEC
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is quite broad and shows no sharp edge, which can be caused by a variety of workfunctions. A

possible reason can be the surface roughness. ITO is well known to exhibit needle structures

on the surface. Such sharp features tend to emit electrons much easier than valleys for

example, where electrons with low energy are reabsorbed. Easier emission can be detected

as lower workfunction. On top of the ITO, ZnO layers with various thicknesses (50 nm,
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Fig. 6.4: The band structure of the device derived by UPS. Fermi level alignment is as-

sumed and the vacuum level is derived from the work function. The VB and

HOMO were derived from the hole injection barrier while the LUMO and CB

are shifted by the band gap value which were taken from UV-Vis spectra and

literature data [115] for ZnO and ZnPc, respectively. A continuous increase from

left to the right can be seen.

100 nm, and 200 nm) were prepared and no difference can be observed (not shown here).

The sharper LKEC, compared to ITO, suggests a smoother surface. The energetic position

stays almost constant, in other words the band structure is rather constant. This leads

to the desired ohmic behavior. In the valence region the O2p-peak at around 5 eV can be

seen with a drop down at around 3.2 eV. No higher features can be observed because of

the band gap of the semiconductor. Considering a typical band gap of 3.4 eV for ZnO this

confirms a strong n-type behavior. The next feature (Zn3d-peak) appears at around 11 eV

kinetic energy (not shown here). Because of the broad bands of inorganic semiconductors,
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no sharp peaks are observed. Evaporating ZnPc leads to a peak within the previous gap

region. It is the HOMO of ZnPc which is located at 1.8 eV in thin layers and shifts to the

bulk value of 1.6 eV. The shift takes place in the first few nanometers which correspond to

a sharp p-n-junction. This short ranged cleft leads to exciton dissociation. Apparently, no

dipole is developed at the interface. Fig. 6.4 shows the electronic band structure derived

by UPS. The work function decreases through the device from the Au cathode towards the

TCO anode. This leads to a desired potential drop forcing electrons to the anode and holes

to the cathode thus increasing the drift current (see 2.2-vii). Abrupt jumps of the work

function which are explained by static dipoles could not be observed. The HOMO of ZnPc

bends towards the valence band of ZnO and towards the Fermi energy of Au at the interface,

respectively. This bending should also improve the performance and increase the diffusion

current (see 2.2-vi).
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6.2 Theory of Open Circuit Voltage

At the open circuit voltage Voc all currents are neglected. In other words, the external

electric field counteracts the diffusion of charge carriers, caused by concentration imbalance.

Under illumination in classical inorganic devices the charge density (n, p) is changed by

photogenerated charge carriers.

δn = δp = τ · αI
hν

(6.2-i)

With a typical intensity of I, absorption α and lifetime τ , this leads to a drastic change

Voc

A
Wf

A
Wf

B
Wf

B
Wf

p
EFermi

EVacuum

VB

CB

EFermi

n
EFermi

(b)(a) (c)

Voc

Eexcess

Egap

�

HOMO

LUMO

Fig. 6.5: Sketch of an inorganic p-n-junction (p-type material A with workfunction AWf

on the left and n-type material B with workfunction BWf on the right) under

(a) steady state condition and under (b) illumination with applied Voc. The

photogenerated charge carriers lead to splitting of the Fermi energy. The quasi

Fermi energy of the minority in the p-type becomes the majority in the n-type

(nEFermi) and vice versa (pEFermi). (c) In organic solar cells the energy of the

gap Egap of the absorber material is split into the potential of the open circuit

voltage Voc and the excess energy Eexcess (see 6.3). In contrast to inorganic

interfaces, dipoles Δ play a crucial role.

for the minority charge carriers (n in p-type, p in n-type) and only slight change of the

majorities. Hence the Fermi energy can be assumed as split into the energy of majorities,

which almost stays at the former position and the energy of the minorities, which moves to

the other band edge in the band gap. In order to align the energies of the respective charge

carriers through the interface, an electric field �E has to be applied. For the homojunction

of p-n-silicon this leads to an alignment of the vacuum energy and the open circuit voltage

can be derived from the built-in potential Vbi. This can be determined by the difference of
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the workfunctions Wf .

Wf :=Φ =

∫
�E d�x =

∫ ∫
ρ d2�x (6.2-ii)

AWf −B Wf =eVbi ≈ eVoc (6.2-iii)

In organic models the workfunction at the interface refers to the charge neutrality level

(CNL) instead of the Fermi energy, including dipoles (Δ) as introduced in 2.1-ix [22].

A−BΔ = (1− S) · (AWf −B Wf )− S · (Δpillow +Δmol) (6.2-iv)

The screening factor S is correlated to Fermi level pinning. The built-in potential disappears

completely, if screening S = 1. As this is the case in many organic solar cells [24], another

source of the open circuit voltage has to be found.

Newer models assume that the open circuit voltage is linked to the energy difference of

the LUMO of the acceptor and the HOMO of the donor in undoped organic solar cells.

Voc = LUMOacceptor +HOMOdonor − σenergy

≈ CBn +HOMOp − σenergy (6.2-v)

The offset depends on the energetic disorder σenergy and on the energetic width of the molec-

ular orbitals [117] amongst other things. As the interface is abrupt and organic molecules

are used as absorber material, this theory will be also applied here. Depending on the off-

set a maximum open circuit voltage close to the hole injection barrier of ZnPc is possible,

because the position of CB of ZnO close to the Fermi energy:

eVoc ≈ CBZnO +HOMOZnPc

≈ (
Etransport

gap,ZnO − Φhole,ZnO

)
+ Φhole,ZnPc

≈ (3.4 eV − 3.2 eV) + 1.4 eV = 1.6 eV (6.2-vi)

In I-V-characteristic this value will not be reached, because broadening of the molecular

orbital and a non zero offset have to be taken into account along with other losses.
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6.3 Tuning Excess Energy by Doping

Exciton dissociation is caused by an electric field. This is realized at the interface, where

the energetic positions of the electronic states change. The energy difference is the so-called

excess energy Eexcess. The excess energy is in good approximation the difference of the

energy gap of the light absorbing material and the open circuit voltage, as defined in the

previous section (see Fig. 6.5) [118]. In other words, the excess energy is used to overcome
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Fig. 6.6: UPS measurements of ZnPc strongly doped by F4TCNQ with different thick-

nesses on ZnO substrates. The spectrum of the substrate (ZnO) and the spec-

trum of 50 nm pure ZnPc (undoped) are also plotted for comparison. (a) In

the low kinetic energy region a continuous shift towards higher energy can be

observed with increasing ZnPc thickness, which leads to an increase of the work

function. (b) In the HeI region the HOMO of ZnPc can be observed at a binding

energy of 1.6 eV and shifts to a value of 1.0 eV which differs by 0.6 eV from pure

bulk ZnPc. (c) The electronic structure from the doped setup (thick lines) is

plotted together with the band structure of the undoped device (thin lines).

the exciton binding energy. The remaining energy of the exciton contributes to the voltage

of the device. Although the dissociation process is not yet understood and a topic of recent

research [119–125], it is assumed that a high excess energy is needed for exciton dissociation.

This will decrease the open circuit voltage. On the other hand, if the excess energy is too

low, the excitons will not dissociate into free charge carriers and no short circuit current
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Fig. 6.7: XPS signal of the F1s (top) and Zn2p (bottom) peaks of F4TCNQ doped ZnPc

samples prepared by different sublimation temperatures of the dopant (indi-

cated above). The two spectra of each column belong to the same sample. The

F1s increases in intensity while the Zn2p decreases. This illustrates an increase

of the F4TCNQ content. All graphs are fitted by Gaussian peaks with addi-

tional Shirley background. The residuals (magenta) are plotted in a range of

0±1000 counts (box height) below each graph. The minimum value of the back-

ground is subtracted for better comparison.

in terms of photocurrent is produced, which again leads to a low open circuit voltage.

This hypothesis can be proven by tuning the excess energy. As the open circuit voltage is

the difference between the CB of the n-type semiconductor and the HOMO of the p-type

semiconductor, the excess energy can be derived as difference of the CB of the n-type and

the LUMO of the p-type material.

Eexcess =Etransport
gap − Voc =

(
Eoptical

gap + Eexciton
bind

)− Voc

=(LUMOp +HOMOp)− (CBn +HOMOp)

=LUMOp − CBn (6.3-i)

Therefore, the only way to increase the excess energy is to raise the LUMO of ZnPc, as

the CB of ZnO is already close to the Fermi energy (Egap=3.4 eV, Φhole=3.2 eV) and can

not be driven lower without charging. The shift of molecular orbitals can be done by dop-
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6 Exciton Dissociation

ing. The desired p-doping of ZnPc is already known and can be done by co-evaporation

of F4TCNQ [126, 127]. This is also applied here, and the effect is investigated by UPS

(see Fig. 6.6). Compared to the spectra of undoped layers all features are shifted upwards

by 0.6 eV. This confirms a successful doping. Also I-V measurements were performed to

investigate the conductivity by the increased amount of charge carriers due to doping by

an acceptor molecule. For this purpose samples with different F4TCNQ content were pre-

pared. The sublimation temperature was determined by UV-Vis spectra of F4TCNQ on pure

quartz and no features were observed up to 100 ◦C. Different doping ratios were achieved

by a constant ZnPc source temperature and various source temperatures of F4TCNQ. The

evaporation rate was almost constant at around 0.1 nm/s which was mainly caused by the

constant ZnPc rate. In other words, the rate of F4TCNQ is much weaker and could not be

monitored by the oscillating quartz. Samples prepared at 120 ◦C source temperature show

nearly ohmic behavior with no photocurrent while samples with temperatures between 100-

110 ◦C show no significant change with respect to undoped devices (see section 7.3). UV-Vis

spectra of the doped layers could neither be described by α-ZnPc nor by β-ZnPc. This is

already known for high doping ratios [126]. XPS measurements were performed to check the

doping ratio (see Fig. 6.7). The F1s and Zn2p XPS peaks are used as they just appear in

F4TCNQ and ZnPc, respectively. F1s corresponding to dopant increases with temperature

Tab. 6.1: Summary of the main information of Fig. 6.7. The area A of the F1s and Zn2p

XPS peaks are calculated by a fitted Gaussian peak after subtracting the Shirley

background [128]. The four samples prepared under identical conditions except

for the increasing F4TCNQ sublimation temperature (T) show an increasing

dopant content.

T [◦C] 100 105 110 120

A(F1s) 0 992 2847 5701

A(Zn2p3/2) 17226 12969 6004 4525

F4TCNQ-content 0% 9% 38% 62%

while Zn2p corresponding to ZnPc decreases. As assumed the doping ratio changes with

sublimation temperature but absolute values can not be used to compare peaks from different

samples because different measurements could also have different conditions. Therefor the

Zn signal was compared to the F signal of the same sample. After subtracting the Shirley
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6 Exciton Dissociation

background [128] the peak area (A) was fitted (see Tab. 6.1). Including the weighting factor

(Sx) the doping ratio c can be calculated [129]:

c(F1s) =
A(F1s)/Sx(F1s)

A(Zn2p)/Sx(Zn2p) + A(F1s)/Sx(F1s)
(6.3-ii)

To account for the respective stoichiometry, a factor of 1/4 has to be included for F. The

results show a quite high doping (9%) already at a sublimation temperature of 105 ◦C. The

doping ratio can be decreased using higher ZnPc sublimation temperatures. This was not

performed because no stable evaporation rate was reached. Hence F4TCNQ sublimation

temperatures of around 102 ◦C were adjusted.
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Chapter 7

CHARGE TRANSPORT

In this chapter the collection of charge carriers at the electrodes is elaborated. For this reason

the conductivity of the single layers is discussed. Also the I-V-performance of the device is

analyzed and the influence of nanostructures investigated.

7.1 Conductivity

In this work borosilicate glass was used as substrate because it is transparent. The insulating

material can not be used to collect charge carriers. For this reason a transparent conducting

oxide (TCO), like ITO or AZO is used. To find a proper transparent substrate with electrode

material, several current-voltage measurements were performed, using different glass-TCO
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Fig. 7.1: SEM images of AZO on quartz (top left) and ITO on borosilicate glass (bottom

left). The red arrows mark cracks which lead to lower conductivity. This can also

be seen in the graph to the right, where AZO on quartz glass has the highest

resistance at higher annealing temperatures compared to the other materials.

This effect is due to different thermal expansion coefficients which lead to cracks

in the layer.
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7 Charge Transport

combinations. Low resistivity will lead to high charge carrier collection. The resistivity ρ of

these and other layers were extracted from the slope of ohmic I-V-characteristics with given

thickness and area.

The electrode material shows a high conductivity as desired. Au, which was used as cathode

material, is known to have a quite low resistivity. A few hundreds of mΩmm2

m
could be

measured. All TCOs used on glass substrates show a resistivity of a few Ωmm2

m
. Coating

the TCO layer with the less conductive ZnO semiconductor material leads to an increase of

the value. Samples with 50 nm to 200 nm ZnO show a resistivity of some GΩmm2

m
. Thus,

the measured resistances are comparable to reference data [130, 131].

The TCO was also heated while synthesizing nanowires. Hence the development of the

resistance by thermal treatment was investigated (see Fig. 7.1). Borosilicate glasses with

as-delivered ITO show just a slight increase in resistance. AZO layers, especially on quartz

glass, lead to a significant increase of the resistance. By investigating the samples using SEM

cracks can be found in the AZO layer on quartz, which will prevent high conductivity, while

the ITO layer stays closed. One reason can be found in the thermal expansion coefficient.

ITO (3.5x10−6 1/K) is quite close to the value of the glass substrate (3.3x10−6 1/K), but quartz

glass (5.4x10−6 1/K) differs from AZO (6.5x10−6 1/K).

� 64 ∼



7 Charge Transport

7.2 Simulation of Characteristics

The I-V-characteristic depends on many parameters as introduced in section 2.2. Conse-

quently a quite complicated model is needed to describe the characteristics. Including only

diodes (with ideality factor n), parallel resistances (Rparallel), series resistances (Rseries), and

a photodriven current source (Iphoto) leads already to an implicit function (see 2.2-xviii). The

parallel resistances represents shunts, while series resistances stem from wires and bad con-

tacts. Extracting these parameters assists in understanding the influence of each one on

the performance of the device. The equation was implemented in mathematica and sim-
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Fig. 7.2: Measured (red dots) and fitted (black solid line) j-V-curve of a silicon solar cell.

The fitted parameters are shown in the legend. The plot on a linear scale (left)

shows the ohmic contribution much better, while the semilogarithmic plot (right)

is better suited to compare Voc and jphoto.

plified. Using the Lambert W function mathematica forms an explicit equation to fit the

current-volatage characteristic.

I =
n · kT (Rparallel +Rseries)

e ·Rseries · (Rparallel +Rseries)
·W +

e ·Rseries · (V − IphotoRparallel)

e ·Rseries · (Rparallel +Rseries)
(7.2-i)

W =W

(
e · Isc ·Rparallel ·Rseries · exp

{
e · Iphoto ·Rparallel ·Rseries + e ·Rparallel · V

Rparallel · n · kT +Rseries · n · kT
}

· 1

(Rparallel +Rseries) · n · kT
)

The equation was used to get further information on the hybrid solar cells built in this thesis.

Nevertheless, the fit and the experimental data have to be compared, since the explicit form

is not bijective.
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7 Charge Transport

As a proof of concept the fit function was first tested using the I-V-curve of a silicon solar

cell (see Fig. 7.2). Proper parameters like Voc, jphoto, FF , and Rseries could be extracted.

Especially, Rparallel seems quite high because of the almost straight horizontal line in the

negative bias region. This is not expected for thin hybrid solar cells, as shunts are more

likely compared to thick silicon cells. So equation 7.2-i is applied in the following sections.
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7 Charge Transport

7.3 Performance of the Devices

The first hybrid solar cells were built by using ITO, ZnO, ZnPc and Au on glass only. Thin

ZnPc layers (i.e., below 70 nm) show an ohmic behavior, which can be seen in terms of a

constant slope in the linear I-V-plot (see Fig. 7.3). This effect can be explained by shunts,

caused by penetration of the cathode material through the organic semiconductor while

coating, which is already known. To overcome this effect, thicker layers or a PEDOT EBL

were used. Both results in Schottky like curves. The series resistances of all devices are
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Fig. 7.3: Current density-voltage-characteristic of selected ZnO-ZnPc-stacked hybrid solar

cells under AM1.5 illumination with an area of 0.25 cm2. The trend of the red

dots, representing a thin ZnPc layer, show nearly ohmic behavior with a quite low

resistance. The other devices show Schottky-like behavior whereby the thinner

device containing PEDOT (P) gives a better performance. The black solid line

corresponds to the fitted curves.

in the order of that of the ZnO layer. Shunts in the ZnPc layer may be a possible reason.

The parallel resistance increases by one order of magnitude for the device with thicker ZnPc

layer as well as for the device containing PEDOT.

In general, the solar performance (η < 0.1%) is weak compared to silicon or other solar

cells. The sample with PEDOT shows an appropriate open circuit voltage (Voc ≈ 0.3V) for

first experiments, but this is still a low value. The extremely low photocurrent (jsc < 1 mA
cm2 )

is a more serious problem. This also influences the low Voc as the kink in the curve takes place

at bias larger than the Voc. As mentioned in the previous chapter, the exciton dissociation,

which is correlated to the photocurrent, may be related to the excess energy. For this reason
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Fig. 7.4: Current density-voltage-characteristic of selected hybrid solar cells consisting

of F4TCNQ doped ZnPc and ZnO layers under AM1.5 illumination with an

area of 0.2 cm2. The device with a thin organic layer (red) shows nearly ohmic

behavior which becomes Schottky-like with increasing layer thickness (blue), but

adding PEDOT (green) leads again to an ohmic behavior with higher resistance.

The current density is larger than for the undoped devices, which is caused by

the increase of charge carrier concentration. Nevertheless, no photogenerated

carriers could be detected. The black solid line corresponds to the fitted curves.

hybrid solar cells with stronger p-doped ZnPc layers were prepared. In section 6.3 the doping

of ZnPc by F4TCNQ was already introduced, and the best parameters were obtained for a

sublimation temperature of 102 ◦C, as it was done in all devices presented in the following

part. Compared to the undoped samples, all solar cells with F4TCNQ showed slightly higher

current density as can be seen in Fig. 7.4 compared to Fig. 7.3. The reason for the high

current is the increased number of charge carriers by doping which leads to a proportional

increase of the conductivity. Again, an ohmic behavior could be observed for thin layers,

which may also correlate to penetration effects, while thicker layers tend to a Schottky-like

shape. Also PEDOT was used as additional layer. In the present case the resistance of

PEDOT seemed to be larger than that of the doped ZnPc layer, as the curve converted

again back to an ohmic behavior but this time with a higher resistance. The photocurrent

was not even detectable although an increased value had been predicted. This also led to a

negligible open circuit voltage. Hence the doping, even if it led to higher conductivity, could

not simply be used to increase the photocurrent by enlarging the excess energy. A possible

reason could still be linked to the electronic structure. It was possible to investigate the

bending in the organic semiconductor. Due to penetration effects, the development of the
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Tab. 7.1: The main solar cell parameters are determined from an I-V measurement under

AM 1.5 condition. The integrated photocurrents from EQE spectra are added

for comparison.

thickness Voc jsc jEQE Rparallel Rseries η

[nm] [V ] [mA
cm2 ] [Ω · cm2] [%]

ZnO as inorganic component

56 — — 0.10 100 < 0.01

65 0.01 0.04 0.10 95 60 < 0.01

157 0.08 0.03 0.12 2500 161 < 0.01

50+P 0.33 0.11 2333 385 0.01

ZnO-NW as inorganic component

(300+P) 0.10 0.23 1700 100 0.01

150 nm CdS as inorganic component

54 0.49 1.22 1.13 1500 80 0.15

71 0.80 1.40 2.15 1400 300 0.30

142 0.76 1.90 3.26 2000 2000 0.76

Si reference solar cell

no ZnPc 0.59 35.21 22.68 2x1018 590 12

interface in the inorganic component was not possible to investigate. As higher doping of

the organic material can lead to an extended bending width in the inorganic semiconductor

(see 2.1-viii), the abrupt interface might be smoothed.
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7.4 Nano Structure

Another way of increasing the photocurrent density is the introduction of nanostructures.

Besides to bulk heterojunctions and introducing nanoclusters into solar cells, nanowires are

very promising. After synthesis they are still in contact to the electrode material, and as they

can be grown straight, the pathway of charge carriers in the collection process is quite short.

Orientation, composition, and size can also be tuned. In this section single crystalline ZnO

nanowires (ZnO-NW) for hybrid solar cells are investigated. The first experiments show the

ZnO-NW + ZnPc

ZnO-NW

EDX-map of C_K10μm

2μm

(a)

(b)

(c)

Fig. 7.5: (a) The SEM image of ZnO-NW grown on Si coated with one droplet of ZnPc

dissolved in DMF shows bright and dark regions which are caused by high and

low conductivity, respectively. (b) Zoom in on the dark region, wetting of the

ZnO-NW can be observed. (c) The distribution of carbon, taken by EDX of the

carbon K-line, represents the organic molecules. A correlation of the dark region

and ZnPc can be seen.

contact and distribution of ZnPc on ZnO-NWs. Therefore a sample with randomly oriented

ZnO-NW was coated with a droplet of ZnPc dissolved in DMF and analyzed by SEM and

EDX (see Fig. 7.5). The SEM images show bright and darker regions which can be linked to

the lower conductivity of ZnO-NW when covered with ZnPc. This could be confirmed by the

distribution of carbon which corresponds to ZnPc, via an EDX mapping of the C-Kα-line. In

the magnified image it can be seen that ZnPc cling to the NWs. The next step was to build

a hybrid solar cell consisting of ITO, ZnO-NW, ZnPc, PEDOT, and Au (see Fig. 7.6). As

the contact area is increased by the nanostructures, a larger amount of the organic material

ZnPc is needed to cover the ZnO, compared to the layered device. Using the same amount

(≈ 50 nm), only small clusters at the NWs can be observed. A sufficient coverage of the
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50 nm ZnPc 300 nm ZnPcTCO

NW

Au

ZnPc

PEDOT

1μm

ZnO

1μm 200nm

(a) (b) (c) (d)

Fig. 7.6: The SEM images of the cross section of a nanostructured hybrid solar cell device

with (a) low and (b) high amount of evaporated ZnPc show that thick layers

are needed to cover the nanowires (inset, d). Otherwise just small clusters are

formed (circle in a). (b) The scheme serves as illustration of the device setup.

5μm

�=80° �=19°

5μm

1μm

(a) (b) (c)

(d) (e)

Fig. 7.7: These images show certain problems of nanostructured devices. Different

nanowire length can lead to short circuit, due to breakthrough of the cover

layer (a). Bad wetting of the PEDOT, represented by a large contact angle (b),

leads to an overlayer, which only contacts the nanowire tips (d). This problem

can be overcome by the usage of a surfactant, which decreases the contact angle

(c), and leads to infiltration (e).

� 71 ∼



7 Charge Transport

NWs can be achieved using six times the amount (i.e., 300 nm of ZnPc). Despite of the

formation of small clusters, the ZnPc covers the ZnO-NWs nicely (see Fig. 7.6 d). Adding

the PEDOT leads to voids in the device. The polymer forms a closed layer on top of the

nanostructures and does no infiltrate the space in between the wires. For this reason the

contact angle of PEDOT on ZnPc was investigated (see Fig. 7.7). The pure PEDOT as

delivered showed a large contact angle (ϕ ≈ 80 ◦). In other words, the attraction between

ZnPc and PEDOT is quite weak. The PEDOT was dissolved in water. Since the solvent is

volatile and vaporizes, the contact angle decreases by time. The influence of the decreasing

water-PEDOT ratio was minimized by time-dependent contact angle measurements (not

shown here). The data ϕ(t) were extrapolated to the initial contact angle ϕ(0). The weak

attraction can be linked to the solvent. ZnPc shows also bad solubility in water (see section

4.1). Using other solvents (e.g., acetone) can lead to polymerization of PEDOT, which is not

desired. For this reason a surfactant was added. A drastic decrease of the contact angle (ϕ ≈
19 ◦) could be achieved. This slightly changed PEDOT mix was used in all measurements

presented. Also a better infiltration into the NW could be observed (see Fig. 7.7 e).

The performance of hybrid solar cells did not show the expected improvement via in-

troducing ZnO-NW (see Fig. 7.8). Contrary to the simple assumption of an increased
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Fig. 7.8: The graphs show current density-voltage-characteristics of selected hybrid solar

cells with ZnO-NWs under AM1.5 illumination with an area of 0.2 cm2. ZnO-

NW (#1) with high NE density lead to scattering but also to a huge resistance

and no detectable photocurrent. The black solid line corresponds to the fitted

curves.
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photocurrent through the huge active area of high dense nanowires almost no current could

be detected. The devices with dense nanostructures show only high resistance. A cer-

tain nanowire separation is needed for photovoltaics to make use of the whole nanowire

length [132]. Decreasing the distance also correlates with photon absorption only on the top

of the wires. Lower packed samples show at least a Schottky-like characteristic which in a

few cases also generates a photocurrent (NW jphoto ≈ 300 μA
cm2 ), which is larger compared to

the layered device (layerjphoto ≤ 110 μA
cm2 ). The series as well as the parallel resistances are

slightly lower, but in the same order of magnitude compared to the layered device. Low

parallel resistance which corresponds to undesired shunts can be linked to a incomplete

coverage of the nanowires. On the other hand, a low series resistance is caused by good

connection to the electrodes and correspond to good charge carrier extraction.
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Chapter 8

SUMMARY AND OUTLOOK

In this thesis the concept of hybrid solar cells is explored. A promising material combi-

nation of a II-VI semiconductor and zinc(II)-phthalocyanine is introduced and motivated.

Especially the organic component ZnPc was characterized. The whole device was built, and

a photocurrent could be detected. By the investigation of the single solar cell processes,

many insights were gained which shall be summarized here in brief:

Inside the absorber the photons create excitons. This process of light absorption is

described by Fresnel equations for planar structures. The simulated curves are fitted to

experimental data. Hence important parameters, i.e., the optical constants, the material

thickness and roughness could be extracted. Via fitting five samples simultaneously, non-

physical solutions could be safely avoided.

The excitons, generated by photon absorption, were recorded spectral sensitively. This

was done by means of external quantum efficiency, which detects the normalized photocur-

rent with respect to the incident photon energy. Using this data the excitons were analyzed

further. The origin of generation was determined to be the organic ZnPc layer, while the

dissociation takes place at the ZnPc-ZnO interface. The exciton current drops down to 1/e

at a distance of approx. 16 nm, as it was found to be the exciton diffusion length.

The electronic structure of the dissociation region, i.e., the ZnPc-ZnO interface, was

investigated in detail. Valance structure, workfunction, and band bending were derived by

UPS measurements. A promising band structure for the whole device could be determined.

Furthermore, p-doping of the organic layer was realized with the acceptor molecule F4TCNQ.

By that, an energetic shift of up to 0.6 eV was achieved. Despite of this improvement it was

not possible to reach the predicted high open circuit voltage of approx. 1.6V.

Several current-voltage characteristics were recorded. The solar cell with best ZnPc

performance was achieved in a stacked device in combination with ZnO and the electron

blocking layer PEDOT. The values achieved (Voc ≈ 330mV, Isc ≈ 110 μA
cm2 ) could be beaten
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8 Summary and Outlook

by devices containing CdS (Voc ≈ 760mV, Isc ≈ 2 mA
cm2 ). However, the charge carriers leading

to this improved performance stem from the inorganic layer.

It is obvious that no economical yield could be achieved by the devices fabricated. De-

spite of numerous insights, gained in this work, further research is still needed to get a

complete understanding. Some open problems are: The band structure was derived by UPS

of evaporated organic layers on top of the inorganic components. Coating could lead to

band bending within the inorganic material which is not detectable with the surface sen-

sitive characterization method used. Excitation of the sample with higher energies (e.g.,

hard-x-rays) leads to larger penetration depth. For this reason the band structure within

the bulk and deeper layers will be accessible. Experiences on this electronic structure may

lead to explanations of lower open circuit voltage and charge carrier drift in the respective

semiconductor.

Also, the driving force of exciton dissociation remains an open question. Likewise to

pure organic solar cells, the roles of excess energy, disorder, hot and cold excitons, are still

not completely understood.

Despite of incomplete knowledge, a few improvements are already possible: After prepar-

ing a single layer it was necessary to exposure the sample to air, because every layer is

deposited in another coating tool. This leads to contamination of the respective surface and

finally to adsorbates at the interfaces. Inline processing without breaking vacuum and final

encapsulation could reduce undesired particles creating defect states.

Nanostructures were presented to improve the performance. The nanowire samples

showed random parameters of density, length, and thickness. A template based synthe-

sis would ensure a defined nanowire separation and density. After realizing this process, it

will be possible to find the optimum arrangement and correlate it to theory. The nanowire

length and thickness should be controlled via growth time and the size of the catalyst,

respectively. Previous experiments could show that even more parameters (e.g., growth

pressure, source-sample distance, gas flow) influence the nanowire shape. For this reason

the investigation of nanowire growth is needed to optimize the nanostructure for the hybrid

solar cell.

So far only semitransparent solar cells have been produced. The improvement of the cell

preparation can enhance the efficiency in the visible red region. In combination with other
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materials it will be possible to create tandem cells with higher efficiency. Especially green

absorber materials will lead to a much larger power output because of the high intensity of

the green light in the sun spectrum.

� 76 ∼



APPENDIX

A.1 Workfunction in Photoelectron Spectra

The determination of the workfunction via photoelectron spectroscopy demands a thorough

treatment. At first one has to consider a kinetic energy larger than the detector’s work-

function. Otherwise the cut-off observed correlates to the detector. For this reason an

additional bias voltage is applied. The position of the workfunction was evaluated by fitting

a straight line with the maximum slope of the LKEC. The energy value of the intersection

of this line and the background was used as workfunction. If the sample was exposed to air,

adsorbates lower the workfunction. This can be observed for UPS (see Fig. A.1). By sput-

tering a clean surface can be prepared, whose workfunction matches the literature values.

Because of the sensitive organic layers no sputtering was used.
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Fig. A.1: UPS of gold. Contamination occurs via exposure to air. Clean gold was prepared

by sputtering and show more pronounced features in the high kinetic energy

region. The workfunction was determined by fitting the maximum slope of

the LKEC. Adsorbades lead to a decreased workfunction on the contaminated

sample.
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Appendix

A.2 Tunneling Spectroscopy of ZnPc

Scanning tunneling spectroscopy can be used to derive the density of states, which is related

to the band structure.

∂Itunnel
∂V

∣∣∣
Vtunnel

∝ ρsample (eVtunnel) (A.2.i)

A ZnPc coated gold surface was scanned under UHV conditions at room temperature. Only

a rough surface could be detected (similar to Fig. 4.2 d). On top of a single cluster STS was

performed. Many spectra had to be disregarded because of thermal noise and instabilities.

The remaining I-V curves were averaged and smoothed over 200 points (Savitzky-Golay

method). The feature at 1.3V can be linked to the LUMO of ZnPc. In combination with
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Fig. A.2: I-V-spectroscopy (blue) and the derivation (red). To get the density of states,

14 spectra (left) were taken for ZnPc on Au at room temperature. To reduce

the noise the spectra were averaged (cyan right) and smoothed over 200 points

(blue right). The first derivative dI/dV can be correlated to the density of states.

the HOMO of -1.6 eV this gives an transport energy gap of 2.9 eV which is in good agreement

with literature data. The HOMO could not be measured explicitly but a slope at -1.6V

is observed. The origin of the feature at -0.4V is not clear. Possible origins can be the

Shockley state, the surface state of gold, which is implausible, because of the rather thick

ZnPc layer of a few tens of nanometers. Another reason can be inner gap states of ZnPc

caused by defects or also surface states of ZnPc.
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A.3 Alternative Thickness Determination

There are many methods to derive film thicknesses. Before using the very accurate optical

method (see section 4.3), step profiles and SEM cross sections were analyzed (see Fig. A.3).

The profile was detected by a Dektak 3030 scanning an approx. 50 nm thick ZnPc film. The

step was generated by covering the sample with a thin wire during the evaporation process.

The accuracy is in the same order as the film thickness. Molecules are soft matter compared

to the hard quartz glass substrate. This can lead to strains while scanning. Hence, thinner

layers are assumed.

Another possibility is cross section SEM prepared with a focused ion beam (FIB). To

protect the organic layer from ion bombardment, a platinum coating is used. Platinum (Pt)

was used as it is equipped to the FIB tool. The cross section of a approx 100 nm thick

ZnPc layer on quartz (Fig. A.3 b) were investigated in detail. The pure organic layer (dark

region) is covered with an interlayer (homogeneous grey) before the pure Pt (grey and white

clusters) is connected. The interlayer may stem from inclusions of Pt atoms into the organic

material. Again no accurate film thickness will be detected.
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Fig. A.3: (a) Profile recorded with an profilometer of a 50 nm thick ZnPc layer on quartz

which can be seen in the inset. (b) SEM crossection of a 100 nm thick ZnPc

layer on quartz glass coated with approx. 1μm platinum.
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A.4 Nanowire Growth and Quality

ZnO-NW were synthesized by the vapor-liquid-solid (VLS) growth mode [54]. The ZnO

source material was mixed with carbon to perform carbon assisted growth [55] which re-

duces the required growth temperature. Hence, substrates with lower melting temperature,

such as glasses, can be used. Another advantage is the decrease of defects, which can be

observed in cathodoluminescence (CL) spectra (see Fig. A.4 b). The main peak at approx.

3.4 eV corresponds to the bandgap while the broad green band is connected to defects. The
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Fig. A.4: (a) Sketch of the growth reactor and the growth mechanism in principle. (b)

Decreasing the growth temperature to synthesize ZnO-NW on glass substrates

leads also to decrease of defects, detected as green band in CL. (c, d) High

crystalline quality is achieved as can be seen in TEM with the electron diffraction

pattern.

growth mode allows the atoms to self-assemple. For this reason high crystallinity can be

achieved (see Fig. A.4 d). Tuning the growth conditions and varying the substrate leads to
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different nanowire orientation and density. Aligned nanowires can be synthesized by sub-

strates matching the lattice constant of ZnO (see Fig. A.5 b). Different pressure and gas

flow leads to different nanowire densities (see Fig. A.5 c and d).

5μm

1μm

2μm(b)(a)

1μm 1μm
(d)(c)

Fig. A.5: The SEM images of various samples show the dependency on the growth con-

ditions.
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Ich versicher ehrenwörtlich, dass ich nach bestem Wissen die reine Wahrheit gesagt und

nichts verschwiegen habe.

Jena, den 23.07.2014

Michael Kozlik

� 103 ∼


