
Doctor of Philosophy Dissertation

Photovoltaic phenomena in devices
with perfluorozincphthalocyanine

layer

by

Justyna Szostak

Supervisor: Prof. dr hab. Jan Godlewski

Co-supervisor: dr inż. Ryszard Signerski
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List of Symbols and Abbreviations

List of symbols:

a width of the generation layer

α bimolecular free electron-free hole recombination constant

c speed of light

C(x, t) concentration of CT statets

d thickness of the regarded layer

D diffusion constant

DissC dissociation rate of CT statets

e elementary charge

ECT
b binding energy of a charge-transfer exciton

Eex
b exciton binding energy

EF Fermi level

ε0 vacuum permittivity

εr dielectric constant (Relative permittivity of a material)

εA dielectric constant (Relative permittivity of the acceptor material)

εD dielectric constant (Relative permittivity of the donor material)

FF fill factor

GC rate of generation of CT states from singlet excitons

GL rate of generation of CT states via recombination of free charge carri-

ers

GS singlet exciton generation rate

Gex rate of free electron photogeneration

Gth rate of thermal generation of free electrons

h Planck’s constant

I0 incident light intensity

Isc short-circuit current

j0 dark saturation current density

jdiff diffusion current density

jdrift drift current density

jMPP current density at the maximum power point
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jsc short-circuit current density

κ linear absorption coefficient

k Boltzmann’s constant

kdiss exciton dissociation rate constant

kR free charge carrier recombination constant

kpR free hole recombination constant inside the generation layer

knR free electron recombination constant inside the generation layer

L exciton diffusion length

m diode ideality factor

n(x) free electron concentration

n0 free electron concentration at the front electrode

nth0 free electron concentration at the front electrode under thermal equilib-

rium in the dark

nd free electron concentration at the rear electrode

nthd free electron concentration at the rear electrode under thermal equilib-

rium in the dark

ni free electron concentration at the D/A junction

nthi free electron concentration at the D/A junction under thermal equilibrium

in the dark

λ wavelength

µ free charge carrier mobility

µp hole mobility in a donor layer

µn electron mobility in an acceptor layer

η power conversion efficiency

ηabs absorption efficiency

ηdiff exciton diffusion efficiency

ηdiss exciton dissociation efficiency

ρ power density

ρmax maximum power density

p(x) free hole concentration

p0 free hole concentration at the front electrode

pth0 free hole concentration at the front electrode under thermal equilibrium

in the dark

4



pd free hole concentration at the rear electrode

pthd free hole concentration at the rear electrode under thermal equi-

librium in the dark

pi free hole concentration at the D/A junction

pthi free hole concentration at the D/A junction under thermal equi-

librium in the dark

RC CT exciton annihilation rate

RS singlet exciton annihilation rate

Rs series resistance

Rsh shunt resistance

RR rectification ratio

s exciton annihilation velocity

S(x), S(x, t) concentration of singlet excitons

T absolute temperature

τ exciton/free charge carrier lifetime

Uoc Open-circuit voltage

vd electron drift velocity

vR surface recombination velocity

VMPP voltage at the maximum power point

W incident light intensity measured in W/cm2

ϕC free charge carrier collection efficiency

Φex
0 exciton flux density annihilation rate
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List of abbreviations:

BHJ Bulk heterojunction

CFA Constant field approximation

CNT Carbon nanotube

CT Charge-transfer

CVD Chemical vapor deposition

D/A Donor/acceptor

DSC Dye-sensitized solar cell

EBL Exciton blocking layer

ETL Electron transporting layer

HOMO Highest occupied molecular orbital

HTL Hole transporting layer

HWF High work function

ICL Interconnection layer

IPCE Incident photon to current efficiency

ITO Indium tin oxide

LUMO Lowest unoccupied molecular orbital

LWF Low work function

MBE Molecular beam epitaxy

MPc Metal phthalocyanine

MPP Maximum power point

MS Magnetron sputtering

OSC Organic solar cell

OPV Organic photovoltaics

PV Photovoltaic

PVD Physical vapor deposition

SEC Shockley equivalent circuit

SRH Shockley-Read-Hall

TCO Transparent conducting oxide
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Chapter 1

Motivation and aim of the study

By now, the most common acceptor materials used in organic photovoltaics are

Buckminsterfullerene (C60) and its derivatives, like soluble PCBM ((6,6)-phenyl

C61 butyric acid methyl ester). Good electron accepting properties and relatively

high electron mobilities shown by these materials and the fact that an ultrafast

electron transfer from various donor materials to these molecules is observed

account for the popularity of these compounds. Nevertheless, these materials

have some serious drawbacks. First of all, they absorb light mainly in the ultra-

violet range, so that solar cells incorporating these materials harvest light from

the spectral range limited to the donor absorption range. Second of all, fullerenes

and their derivatives are very susceptible to air, therefore fast degradation of so-

lar cells that are not encapsulated and utilize these compounds is unavoidable.

Hence, further improvement of organic solar cells relies on finding new acceptor

materials with proper electron affinities [1], stability and capability of light harvest-

ing in the visible range [2].

Acceptor materials are materials characterized by high values of electron affinity,

so their HOMO (the highest occupied molecular orbital) and LUMO (the lowest

unoccupied molecular orbital) energy levels lie below HOMO and LUMO lev-

els of their donor counterparts. It was reported that substitution of molecules

with electron withdrawing groups lowers HOMO and LUMO energy levels mak-

ing such substituted molecules less susceptible to oxidation [3]. Moreover, if the

unsubstituted molecule is a donor material and the shift of HOMO and LUMO

levels resulting from the chemical modification mentioned above is significant,
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Motivation and aim of the study

Figure 1.1: Chemical structure of perfluorozincphthalocyanine molecule.

these substituted molecules will show electron accepting properties. Such effect

is obtained when metallophthalocyanines (MPcs) are substituted with fluorine

atoms. Complete fluorination of the phthalocyanine ring (all 16 external hydro-

gen atoms are exchanged with fluorine atoms) causes a 1.6 eV downward shift

of HOMO and LUMO energy levels of these molecules. Therefore, perfluorinated

(hexadecafluorinated) metallophthalocyanines (F16MPcs) are very stable in air

and can be used as electron acceptors and n-type organic semiconductors [3, 4]

in contrast to their unsubstituted counterparts. Furthermore, according to Bao

et al. [3], molecules in thin layers of all hexadecafluorinated MPcs adopt an edge-

on conformation, so that only fluorine atoms are in touch with ambient air. This

may prevent penetration of these films by moisture and enhance stability of solar

cells with such layers.

For the aforementioned reasons, one of perfluorinated metallophthalocyanines,

namely perfluorozincphthalocyanine (F16ZnPc), whose chemical structure is sho-

wn in Fig.1.1, was chosen as an acceptor material in organic planar solar cells

fabricated in the course of this study. The aim of this research is to investigate

the photovoltaic phenomenon in single layer and bilayer donor/acceptor systems

utilizing a thin layer of F16ZnPc since there are only few reports regarding ap-

plication of this molecule as the active material in solar cells. It has been used

in photoelectrochemical cells [5], hybrid organic/inorganic devices [6], organic

donor/acceptor [7] and n-n type solar cells [7, 8]. The latter make use of exci-

ton recombination at a junction of two electron acceptors, thus they harvest light
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from a limited range of wavelengths in which both acceptors show high absorp-

tion coefficients. Therefore, it seems justified to verify the applicability of F16ZnPc

in donor/acceptor systems in which absorption spectra of materials forming the

active junction complement one another enabling such cell to utilize light from

the whole visible range. Moreover, some properties of the F16ZnPc layer that de-

termine its utility in the field of organic photovoltaics can be concluded from the

analysis of photovoltaic phenomenon observed in single layer cells based on this

material. Therefore, the aim of this work is to study the photovoltaic phenomenon

occurring in organic polymer/F16ZnPc and small molecule/F16ZnPc planar cells

in which both donor and acceptor materials show significant absorption of light

in a broad spectral range as well as in single layer cells containing thin layers of

F16ZnPc. Another goal of this research is to develop theoretical models of current-

voltage behavior of single and bilayer organic solar cells in order to verify the

relation between the performance of fabricated devices and properties of used

materials and layers they form.
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Chapter 2

Optical properties of organic materials

Organic molecules in a solid state attract each other mainly via weak van der

Waals forces, also known as dispersion forces, resulting from the presence of fluc-

tuating electric dipoles even in case of non-polar symmetric molecules. In such

case, a molecule of a temporary polarity induces a temporary dipole in a neigh-

boring molecule. The latter affects the distribution of electrons in the adjacent

molecule and in such way temporary dipoles are induced within a whole lattice.

Polarities of molecules in the lattice fluctuate with synchronization maintaining the

attraction between the molecules. The lack of strong intermolecular interaction is

the reason why optical and electrical properties of individual molecules are mostly

preserved in organic solids. The number of atoms forming an organic compound

and so the number of electrons and degrees of freedom of one molecule may be

quite large. This complexity accounts for the large number of molecular electronic

states and possible transitions between them. Energetic and spatial distributions

of electrons within an isolated molecule are described via molecular orbitals. The

highest occupied and the lowest unoccupied molecular orbitals are called HOMO

and LUMO respectively and their positions determine important optoelectronic

properties of organic materials. Since in a solid phase molecules interact with

each other weakly only upper atomic orbitals merge and create localized molecu-

lar orbitals, while intermolecular bands are very narrow (band width is lower than

0.1 eV) and electronic structure of an organic solid mostly preserves the elec-

tronic structure of a single molecule or a polymer chain. Therefore terms HOMO

and LUMO may often refer not only to molecular orbitals of separated molecules

10



Figure 2.1: Common energy levels and possible transitions between them in organic crystals. S

and T refer to singlet and triplet excitons respectively, while high vibronic-electronic levels are

marked with an asterisk. Levels corresponding to trapped singlet and triplet excitons were not

included on the scheme. Redrawn after [9].

but also to positions of electronic bands in organic solids [10]. These bands are

understood as transport bands for free holes and free electrons and the difference

between the edges of these bands is called the transport or electronic band gap

EgE. Absorption of light by a molecular solid state usually does not cause direct

generation of free charge carriers. It rather leads to photoexcitation of a material,

i.e. to creation of strongly bound electron-hole pairs called Frenkel excitons. De-

pending on the spin configuration a singlet (S) or a triplet (T ) state is formed. The

optical band gap EgO determining the optical absorption edge is lower than the

electronic one by the value of the exciton binding energy Eex
b [11]

EgO = EgE − Eex
b . (2.1)

Molecules may be excited to various electronic levels or to higher vibronic-electro-

nic levels (S∗ or T ∗) of some excess energy. All these states undergo many radia-

tive and non-radiative processes, such as

• internal conversion

• intersystem crossing

• fluorescence
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Optical properties of organic materials

• phosphorescence

• radiative transfer

• resonance transfer

• exciton transfer

• exciton interaction

• autoionization

Internal conversion is a non-radiative process proceeding without a change in

multiplicity. During this process vibrational portion of exciton energy is transferred

to the lattice in a form of phonons [9]. Another non-radiative process excitons may

undergo is an adiabatic spin-orbit coupling dependent process between states

of different multiplicity termed an intersystem crossing. Mainly a fast (∼ 10−8 s)

cross over from the lowest first excited singlet state S1 to a highly vibrating first

triplet state T ∗1 followed by internal conversion to the lowest first triplet state T1

is observed, while analogical transition from the latter state to the ground state

S0 via a highly vibrating level S∗0 is also possible but much slower (∼ 10−4 s).

Fluorescence and phosphorescence are radiative decays from the lowest n-th

excited singlet and triplet levels respectively to the ground state S0. Fluorescence

(∼ 10−8 s) is much faster than phosphorescence (∼ 10−2 s), since the latter re-

quires a change in multiplicity. If one of molecules, called a donor, emits a pho-

ton that is subsequently reabsorbed by another molecule, called an acceptor, we

speak of radiative transfer that may occur between molecules of different mate-

rials as long as absorption spectrum of the acceptor molecule overlaps the fluo-

rescence spectrum of the donor molecule. This condition is also valid in case of a

long range (up to few nm [9,12]) non-radiative resonance transfer, also known as

Förster transfer based on a dipole-dipole interactions during which total spins of

both species involved in such transfer are conserved, and since the ground state

is usually a singlet state Förster transfer is possible only in case of singlet exci-

tons [12]. Since excitons interact with their surroundings single excitation levels

split into bands of the number of levels dependent on the number of molecules per

unit cell of a crystal. Such splitting is called Davydov splitting and its magnitude
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depends upon the strength of resonance interactions between molecules [13].

Davydov splitting is the reason why exciton levels in organic solids lie lower than

exciton levels of single molecules. It originates from an overlap of neighboring

molecular orbitals that enables exciton transfer dependent on the coupling en-

ergy between an excited molecule and adjacent unexcited molecule [9]. If such

coupling energy is low then exciton transfer is slow and other competing pro-

cess, like luminescence, are more probable. Apart from Förster transfer, which

enables migration of singlet states only, Dexter transfer may occur [12]. This pro-

cess may be understood as simultaneous transfer of an electron and a hole to

the adjacent unexcited molecule during which the total spin of both molecules

is conserved, hence triplet state may migrate in this way as well. According to

Wróbel et al., Förster transfer takes place when the distance between donor and

acceptor molecules ranges from 0.5 nm to 10 nm, while Dexter transfer is possi-

ble if the separation between these entities does not exceed 0.5 nm [14]. If the

energy of an exciton is high enough autoionazition may occur which means that a

free electron and a positive ion are formed. Another possibility of exciton energy

dissemination is exciton interaction with other entities, like free charge carriers

or other excitons if their concentration is high enough. The main types of these

interactions and their consequences are listed below, while schematic illustration

of energy levels in an organic solid and possible transitions between electronic

states is shown in Fig. 2.1.

• homofission

S1 + S0 −→ T1 + T1

• singlet-singlet, triplet-triplet or singlet-triplet annihilation

S1 + S1 −→ S*
1 + S0 −→ S1 + S0 + phonons

S1 + S1 −→ e + h

S1 + S1 −→ T*
1 + T*

1

T1 + T1 −→ S*
1 + S0 −→ S1 + S0 + phonons

T1 + T1 −→ T2 (or T*
1) + S0 −→ T1 + S0 + phonons

S1 + T1 −→ T*
2 + S0

S1 + T1 −→ e + h

• exciton-charge carrier interaction
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Optical properties of organic materials

Figure 2.2: Absorption and fluorescence spectra of organic solids showing the mirror symmetry

following from the Stokes shift [15].

Figure 2.3: Schematic representation of excited states and polarons generated in organic materi-

als.

S1 + free or trapped e (or h) −→ S*
0 (or T*

1) + e (or h)

T1 + free or trapped e (or h) −→ S0 + e (or h)

• exciton-photon interaction

S1 (or T1) + hν −→ e + h

• exciton-surface interaction

S1 (or T1) + surface −→ e (or h)

Interactions of trapped excitons with other entities as well as exciton interactions

with traps are also possible. It is worth noting, that triplet-triplet annihilation may

result in singlet state generation followed by photoemission called delayed fluo-

rescence.

Organic solids show high values of linear absorption coefficients dependent on
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the wavelength of incident light. Absorption spectra of organic solids are simi-

lar to those measured for organic molecules in solutions, where broadening of

sharp absorption peaks related to excitation of single molecules occurs as a re-

sult of intermolecular interactions. Moreover, due to Franck-Condon principle and

fast relaxation of excited molecules, the energy emitted is lower than the energy

absorbed that causes a red shift of fluorescence spectrum with respect to absorp-

tion one (see Fig. 2.2), called the Stokes shift [9]. Linear absorption coefficients

of organic solids can be determined from absorption spectra of the investigated

material as long as Beer-Lambert law, presented below, describing attenuation of

light due to absorption is applicable, which means that optical phenomena such

as reflectance and interference within this material can be neglected

I(x) = I0exp(−κx) , (2.2)

where I0, I(x) and κ are the incident light intensity, light intensity at a depth x and

linear absorption coefficient of the absorbing material respectively.

The course of photovoltaic phenomenon observed in inorganic solar cells differs

a lot from the one observed in devices based on organic materials. The main

cause of such dissimilarity is the difference in dielectric constants of these ma-

terials. These constants have a major impact on interactions between electric

charges that determine the nature of many processes taking place in inorganic

and organic materials. In case of inorganic materials absorption of light leads to

a creation of a weakly-bound electron-hole pair called the Wannier-Mott exciton.

In such pair electron and hole are separated from each other by a relatively large

distance, as great as few lattice constants, and attract each other very weakly.

Therefore, such excited state dissociates easily and as a result an electron is

promoted to the conduction band while a hole remains in the valence band. In

such a way free charge carriers are photogenerated. As already mentioned, in

contrast to inorganic materials, interaction between organic molecules does not

lead to creation of valence and conduction bands in a solid phase. Instead, levels

or narrow bands dependent on positions of HOMO and LUMO levels are created.

Moreover, dielectric constants of organic materials are low and the screening

lengths are large, hence electron-hole pairs photogenerated in these materials
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Optical properties of organic materials

are strongly bound by Coulombic attraction. These bound charge carriers are

very close to each other and usually they reside at the same molecule. Such

excited states are called Frenkel excitons and their binding energy, which is the

energy needed to separate charge carriers forming an exciton, can be as high

as 1 eV, which is much greater than thermal energy. Frenkel excitons are then

electrically neutral mobile quasi-particles. Their motion can be described using

macroscopic diffusion model [15] that will be discussed in the next chapter. When

an exciton gets to the interface with another material it experiences a different

environment and its nature changes since it involves an interaction between two

different molecules, namely a donor molecule and an acceptor molecule and an

excited complex, termed an exciplex, is formed [13]. Partial separation of charge

carriers at the interface, which is an intermediate step in free charge carrier gener-

ation process, leads to creation of a polaron pair, also known as a charge transfer

(CT) exciton. In this case electron resides at the acceptor molecule while hole

at the adjacent donor molecule and their mutual attraction has to be overcome

in order to complete the exciton dissociation process. Moreover, a free charge

carrier in organic materials often causes distortion of its surroundings and such

pair, i.e. a hole or an electron and distortion of its surrounding, is called a polaron.

Thus, charge transport from one molecule to another brings about deformation

of both molecules, which requires some energy called the reorganization energy

and as a result charge transport in organic materials is hampered. Excited states

and polarons mentioned above are schematically pictured in Fig. 2.3.
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Chapter 3

Photovoltaic phenomenon in organic
materials

3.1 First reports and major discoveries in the field of or-

ganic

photovoltaics

Although first reports on photoelectric properties of organic materials were pub-

lished in 1906 by Pochettino, who studied photoconductivity of anthracene crys-

tals, intensive research regarding this material was started several decades later

- in the mid of the 20th century. Nevertheless, the first organic compounds used

in the field of organic photovoltaics (OPV) were porphyrins (Ps) and phthalo-

cyanines (PCs) [16] - groups of materials that comprise such biologically impor-

tant molecules as haem (haemoglobin component) and chlorophylls. Thanks to

a broad range of advantages porphyrins and phthalocyanines still attract con-

siderable attention. In 1982 the first polymer, namely (polyacetylene), was used

as the active component of the solar cell. Until 1986 all investigated solar cells

incorporated only one organic material and their performance was rather poor.

That is why introduction of a bilayer donor/acceptor solar cell concept based on

a planar heterojunction of two organic materials made by Tang in 1986 was a real

milestone in the field of OPV. The first bilayer cell reported by Tang was based

on a copper phthalocyanine (CuPc)/perylene dye (PV) junction and showed 1%
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PV phenomenon in organic materials

power conversion efficiency and a fill factor of 0.65 under simulated AM2 illumi-

nation [17]. Another incontestable breakthrough was made in 1992 by Heeger

and Sariciftci, who discovered an ultrafast photoinduced electron transfer from a

conjugated (conducting) polymer to a buckminsterfullerene molecule (C60). Due

to the fact, that charge transfer from the excited polymer state to a fullerene

molecule takes place on a picosecond time scale, and thanks to low temperature

metastability of the charge-separated state in such composite polymer/fullerene

films, photogeneration of charge carriers can be realized with almost 100% effi-

ciency [18]. At the time Heeger and Sariciftci reported on photoinduced charge

transfer, they proposed a novel solar cell architecture - bulk heterojunction (BHJ)

solar cell, that they patented in 1994. This discovery boosted the research on or-

ganic photovoltaics and paved the way toward high efficiency organic solar cells

produced by simple coating techniques. Nowadays, majority of organic solar cells

is based on a bulk heterojunction of two organic materials, mainly various poly-

mers, like polytiophenes or polyphenylenevinylenes, and fullerene derivatives,

such as PCBM ([6,6]-phenyl-C61-butyric acid methyl ester). When Heeger and

Sariciftci were introducing their new outstanding concepts another crucial devel-

opment in the field of organic photovoltaics was made. Namely, in 1991 Michael

Grätzel and Brian O’Regan presented their innovative concept of dye-sensitized

solar cells (DSC), that were hybrid solar cells based on a junction of a titanium

dioxide and an organic dye, that showed 7.1-7.9% efficiency and relatively high

stability under simulated solar light [19]. In 2009, Miyasaka et al. used organolead

halide perovskite materials, namely CH3NH3PbBr3 and CH3NH3PbI3, as sensitez-

ers in dye-sensitized solar cells and though they reached efficiencies lower than

4%, few years later solar cells utilizing organolead halide perovskite materials

achieved efficiencies exceeding 15% [20] and a new group of cells - perovskite

solar cells was distinguished. One of the next sections provides some insight into

the working principle of cells of basic architectures.

3.2 Performance of solar cells

Performance of all solar cells is usually described by a set of parameters ex-

tracted from the current-voltage curve (see Fig.3.1), among which, short-circuit
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Performance of solar cells

Figure 3.1: Current density vs. voltage for an illuminated cell: jsc - short-circuit current density,

Uoc - open-circuit voltage, MPP - maximum power point, jMPP - current density at the MPP,

UMPP - voltage at the MPP, ρmax - maximum delivered power density.

current Jsc, open-circuit voltage Uoc, fill factor FF and energy conversion effi-

ciency η seem to be the most important ones. The open-circuit voltage is the

voltage developed between the electrodes in the absence of electric current flow.

In inorganic p-n solar cells this parameter origins from the quasi-Fermi level split-

ting observed for electrons and holes under illumination [21]

eUoc = EF
n − EF p, (3.1)

where EF n and EF p refer to the position of the quasi-Fermi level of electrons and

holes respectively. It is believed, that in case of organic D/A junction solar cells

maximum value of the open-circuit voltage is determined by the energy offset

between donor’s HOMO (HOMOD) and acceptor’s LUMO (LUMOA) positions

[22]

eUoc
max = LUMOA −HOMOD , (3.2)

however values of eUoc obtained experimentally are usually few tenths of eV lower

than this HOMO/LUMO offset [23, 24]. Another crucial parameter describing the

performance of a solar cell is the short-circuit current, that is the current flowing

through the circuit when both electrodes are brought into direct contact and no

external voltage is applied (U = 0).

Current obtained from a unit area of a cell is called current density j. Product of

the photocurrent density and applied voltage gives the power density ρ, i.e. power
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extracted from a unit area of a cell at a certain external load

ρ = jU . (3.3)

The point on the current-voltage curve for which maximum value of power density

ρmax is obtained is called the maximum power point (MPP). Its coordinates are

denoted by jMPP and UMPP . The value of ρmax divided by the product of jsc and

Uoc gives another crucial parameter termed the fill factor (FF )

FF =
ρmax
jscUoc

=
jMPPUMPP

jscUoc
. (3.4)

High values of FF characterize those cells which are able to deliver power density

close to its maximum value in a broad range of external loads. Therefore, high fill

factors characterize devices capable of efficient charge carrier collection even

at low electric fields, i.e. when voltage approaches the value of Uoc. Knowing

maximum power density or values of fill factor, short-circuit current, open-circuit

voltage and the illumination intensity W one can calculate the most important

parameter characterizing the performance of a solar cell from the practical point

of view, i.e. energy (power) conversion efficiency η

η =
ρmax
W

, (3.5)

where W is given in Watts per cm2. According to Eq. 3.4 the energy conversion

efficiency can be written as follows

η = FF
jscUoc
W

(3.6)

and that is why these four parameters, namely η, FF , jsc and Uoc are commonly

used to describe performance of solar cells. When photovoltaic cells are illumi-

nated with monochromatic light the intensity of the latter is often measured in the

number of photons incident on a unit area in a unit time. Such illumination inten-

sity is usually denoted by I0. In such case, the energy conversion efficiency is

calculated form the following formula

η = FF
jsc Uoc
hνI0

, (3.7)

where h stands for Planck’s constant, while ν is the frequency of incident light.

The ability of a solar cell to convert light of a certain wavelength into electricity
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can also be characterized by quantum efficiency (QE). The number of electrons

flowing in the external circuit divided by a number of incident photons gives exter-

nal quantum efficiency (EQE) also known as incident photon to current efficiency

(IPCE)

EQE = IPCE =
number of collected electrons
number of incident photons

. (3.8)

Substitution of the number of incident photons in the equation above with the

number of absorbed photons changes external quantum efficiency into internal

quantum efficiency (IQE)

IQE =
number of collected electrons
number of absorbed photons

. (3.9)

Quantum efficiencies depend on many processes, such as exciton diffusion and

dissociation, along with charge carrier transport, recombination and extraction,

taking place in all layers and interfaces forming a solar cell.

3.3 Shockley equivalent circuit

Although mechanisms of charge carrier generation in organic solar cells differ

from the ones that govern this process in inorganic devices it was shown that in a

limited range of voltage analytical solution of dark current-voltage dependence for

organic solar cells is consistent with the Shockley equation [25,26], so the same

equivalent circuit, called the Shockley equivalent circuit (SEC), can be used for

both types of cells. Shockley equation and simple or modified SEC were used

in numerous theoretical and experimental works regarding organic solar cells of

different architectures [25–37], and good agreement between numerical or analyt-

ical models for the current-voltage relation and experimental data was obtained.

In the ideal case an equivalent circuit would have only two constituents connected

in parallel: a photocurrent source and a diode. In the absence of light the only

current flowing through such circuit would be the dark current of the diode Jd re-

sulting from thermal generation of free charge carriers within the cell and thermal

injection from electrodes given by the Shockley equation
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Figure 3.2: Shockley equivalent circuit of a real solar cell consisting of a photocurrent source, a

diode and two resistors; U -applied voltage, J- current flowing through the circuit, Jph- generated

photocurrent, Jd - dark current , Rs - series resistance, Rsh - shunt resistance.

Jd = J0

[
exp

(
eU

mkT

)
− 1

]
, (3.10)

where J0 is the saturation current, e denotes the elementary charge and m stands

for the diode ideality factor. J0 depends on properties of materials forming the cell

and on temperature. Under illumination current flowing through the circuit is a sum

of the dark current Jd and the photocurrent Jph that flow in opposite directions, so

the net current J is

J = Jd − Jph . (3.11)

The equation given above describes the behavior of an ideal solar cell in the

absence of loss mechanisms and therefore rather impossible to achieve. In real

photovoltaic devices losses arising from shorting and presence of potential bar-

riers at contacts are impossible to avoid. That is why a series resistance Rs and

a shunt (parallel) resistance Rsh have to be introduced to the equivalent circuit

of a solar cell in order to describe the current - voltage relation in the case of a

real device. The series resistance Rs of a cell originates from all ohmic losses,

like non-ohmic electrode contacts, whereas shunting, represented by Rsh, is con-

nected with charge carrier recombination. The smaller the series resistance and

the greater the shunt resistance are the better. Current J flowing through the cell

under illumination is derived from the Kirchhoff’s laws applied to the equivalent

circuit of a real solar cell shown in Fig. 3.2. In this case, due to losses, voltage V

applied to the diode is lower than U

V = U − JRs (3.12)
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and, for the same reason, the net current is

J = Jd +
U − JRs

Rsh

− Jph , (3.13)

Therefore, the dark current flowing through the diode is

Jd = J0

{
exp

[
e(U − JRs)

mkT

]
− 1

}
, (3.14)

so the current - voltage relation for the equivalent circuit is expressed by the fol-

lowing equation

J =
Rsh

Rsh +Rs

{
J0

[
exp

(
e(U − JRs)

mkT

)
− 1

]
+

U

Rsh

− Jph
}
. (3.15)

Analytical expression of such form was obtained by Foster et al. [26] who consid-

ered a drift-diffusion model for a bilayer organic D/A solar cell. A perfectly sym-

metric device with no pinhole defects, no minority carriers and Shockley-Read-

Hall (SRH) recombination was regarded. Thus, the ideality factor of the diode

was equal to 2, while shunt resistance was infinite. Authors implied that consider-

ation of pinholes and minority carriers would require the introduction of a nonlin-

ear shunt resistance dependent on the applied potential. It is noteworthy, that also

other parameters given in this equation may not be constant. Vandewal et al. [27],

who studied bulk heterojunction solar cells, assumed that the saturation current

may depend on the applied voltage and charge density. Also Fonash [38], who

presented analytical approach to analysis of excitonic cells, stated that diode ide-

ality factor and saturation current may show illumination and voltage dependence.

According to Turek [39], series resistance of a cell is not a constant parameter, but

it depends on current flowing through the cell and illumination conditions. Rand et

al. [35], who modeled organic semiconductor heterojunction energy level offsets,

assumed that the photogenerated current is a function of electric bias, while shunt

resistance decreases with increasing light intensity as a result of photoconductive

charge generation that leads to the drop in the efficiency of a cell. Similar conclu-

sion regarding shunt resistance was drawn by Waldauf et al. [36], who described

this resistance as a function free charge carrier concentration that changes upon

illumination.
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3.4 Organic solar cells architectures

There are four main types of organic and hybrid solar cell concepts, i.e. single-

layer, bilayer, bulk heterojunction and dye-sensitized solar cells. Hybrid devices

incorporate both - organic and inorganic - materials in the active layer and, just

as perovskite solar cells, they may have various architectures. A short overview of

main types of architectures, as well as, some basics of their operation are given

below:

• Single layer organic solar cells

In this kind of cells a thin organic layer is placed between two electrodes

of different work functions. One of electrodes, namely the high work func-

tion (HWF) or the low work function (LWF) electrode, has to be transparent

or at least semi-transparent to provide sufficient light penetration. Usually

transparent conducting oxides (TCOs), like ITO (indium tin oxide), are em-

ployed in the role of a transparent electrode.If a photovoltaic device is based

on only one organic layer charge carrier generation occurs mainly via exci-

ton dissociation at the organic material/electrode interface (Fig. 3.3). That

means, this interface is an active junction. Creation of such junction in sin-

gle layer devices is observed when a rectifying (Schottky) contact is formed

between an organic material and one of electrodes. Moreover, it is crucial to

have only one rectifying contact within the cell. The other one should remain

Figure 3.3: Exciton dissociation at the electrode/organic material interface resulting in injection

of a hole into organic material. E - energy, x - space coordinate.
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ohmic to provide efficient charge carrier collection and to avoid creation of

two competing active junctions of opposite polarity. Creation of such com-

peting active junctions leads to reduction in Uoc and, as a consequence, to

the decrease in the performance of a cell. Apart from generation of free

charge carriers taking place in the vicinity of the metal/organic material in-

terface, generation of free charge carriers in the bulk is possible, but far less

efficient.

A very serious problem affecting all kinds of organic solar cells is a very

short exciton diffusion length L, originating from short lifetime of singlet ex-

citons and low diffiusivities of triplet excitons (resulting from the short range

Dexter energy transfer process) [40]. Values of the diffusion length typical

for organic materials range from few nanometers in case of polymers and

other disordered systems [1,40,41] to few dozens of nanometers for highly-

ordered structures [42]. For that reason, not all excitons are able to reach

the active interface within their lifetime. This is a so-called exciton diffusion

bottleneck [1]. Due to this drawback the thickness of organic materials incor-

porated into solar cells has to be carefully chosen to ensure a reasonable

compromise between sufficient light absorption and the distance excitons

have to travel to reach the active interface.

• Bilayer organic solar cells

These cells, originally called two-layer solar cells [17], are composed of two

planar thin films made of different organic materials sandwiched between

dissimilar electrodes. Application of two organic materials instead of one

brings about an increase in the efficiency of the cell, since exciton dissocia-

tion occurring at junctions of some organic materials is much more probable

than exciton dissociation at organic material/electrode interfaces. Molecules

donating and accepting electrons are called donors (D) and acceptors (A),

respectively. When excitation takes place in the donor material (see Fig-

ure 3.4) exciton dissociation at a D/A junction is very efficient providing

the energy offset between LUMO levels of materials forming that junction is

greater than the exciton binding energy Eex
b [43] :
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Figure 3.4: Charge carrier photogeneration at a junction of two organic materials for which ef-

ficient exciton dissociation is observed when excitation occurs in a donor material: 1 - excitation

of a molecule as a result of light absorption followed by exciton diffusion toward a D/A junc-

tion, 2 - charge-transfer state formation and dissociation into free charge carriers, 3 - migration

of free charge carriers through HTL and ETL toward respective electrodes, E - energy, x - space

coordinate.

LUMOD − LUMOA > Eex
b , (3.16)

where LUMOD and LUMOA stand for the positions of the donor and ac-

ceptor LUMO levels respectively.

If the condition given above is fulfilled, electron transfer from the donor to the

acceptor molecule should be energetically a downhill process of high prob-

ability. One must bare in mind, that electron transfer occurs at the D/A in-

terface, so electron and hole are initially located at two adjacent molecules,

which means that initial separation distance is not grater than 1 nm [43].

Thus, these charge carriers still attract each other quite strongly, and so,

geminate recombination is very probable. Such bound electron-hole pair

is called a charge-transfer (CT) state or a charge-transfer exciton, while

the energy of the above mentioned Coulomb attraction is termed a charge-

transfer state binding energy (ECT
b ) and it is usually greater than thermal

energy, so it constitutes an important barrier in the charge separation pro-

cess. That is why the condition for efficient and complete exciton dissocia-
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tion given by Eq. 3.16 has to be modified to the following form [44]:

LUMOD − LUMOA > Eex
b + ECT

b . (3.17)

Analogical condition for complete exciton dissociation can be written for ex-

citons generated in the acceptor layer and in this case relative positions of

HOMO levels determine the effectiveness of the dissociation process.It is

worth noting (Fig. 3.4) that the energy of a charge separated (CS) state is

higher than the energy of a CT state formed at the junction of two organic

materials, so the process of CT exciton dissociation should be a process

that is additionally activated, for instance thermally, or it may be a field-

dependent process [45]. Moreover, despite intensive research run in the

field of organic solar cells comprising D/A junctions it is still unclear what

kind of excitons is the main precursor of free charge carriers generated at

the junction of two organic materials. There are at least few possible path-

ways leading to creation of these free charge carriers: a) direct dissociation

of excited donor D∗ or acceptor A∗ manifolds, b) dissociation of a hot CT

state and c) dissociation of a vibrationally relaxed CT state. Although D∗, A∗

and hot CT states possess higher energy than a thermalized CT exciton,

Vandewal et al. [46], who have recently investigated various BHJ solar cells,

shown that efficiency of charge carrier generation and charge extraction is

the same for all these kinds of excitons and that the excess energy of D∗,

A∗ and hot CT excitons can not be used to increase charge carrier gener-

ation efficiency. Authors have also pointed out, that the binding energy of

a thermalized CT state is not always greater than kT and there are such

donor/acceptor systems in which CT excitons are so delocalized that inter-

nal quantum efficiency is as high as 90% and it does not depend on the

applied field.

After separation at the D/A junction, free charge carriers are driven to re-

spective electrodes by the built-in electric field and concentration gradient.

Donor layer is a hole transporting layer (HTL), whereas acceptor layer is an

electron transporting layer (ETL), so to provide efficient charge transport the

donor material should be a good hole conductor, whereas the acceptor ma-

terial should be a good electron conductor. Electrodes should form Ohmic
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contacts with organic materials they are in touch with to ensure produc-

tive charge collection. Furthermore, creation of Schottky contacts instead of

Ohmic ones would lead to the presence of additional active interfaces com-

peting with the D/A junction, and as a result, performance of a cell would

be hampered. According to Lloyd et al. [47], theoretical and experimental

data show that the fill factor of a cell, that is dependent on recombination

rate, is the greatest when the ratio of charge carrier mobilities in donor and

acceptor layers approaches unity:
µp
µn
→ 1 , (3.18)

where µp denotes the hole mobility in a HTL, while µn is the electron mobility

in an ETL. On the other hand, authors point out, that results of research run

by Peumans et al. on exciton dissociation probability show, that the prob-

ability, that electron and hole will remain separated after exciton dissocia-

tion, decreases when condition stated by equation 3.18 is fulfilled. More-

over, authors suggest that semiconductors with high charge carrier mobili-

ties (µ ' 10−5cm2V−1s−1) guarantee exciton dissociation under illumination

of 1000 W/cm2, while further mobility enhancement is not desirable due to

decrease in the open-circuit voltage and drop in power conversion efficiency

introduced by this enhancement as it leads to lower concentration of charge

carriers close to the D/A junction. In contrast, Street [48] infers that high

mobilities do not lead to low open-circuit voltages, since at the condition of

the open-circuit there is no current flow and charge carriers are not collected

at the electrodes. Therefore, positions of the quasi-Fermi levels of electrons

and holes that determine the value of Uoc depend on recombination not on

charge extraction. Hence high charge carrier mobilities foster high values of

FF .

As one can see, processes involved in the photovoltaic phenomenon in or-

ganic systems are very complex and, despite intensive research run in this

field, still not fully understood [43].

• Bulk heterojunction organic solar cells

Since exciton dissociation is very efficient at a junction of two organic ma-

terials and exciton lifetime is relatively short, the larger the interface area of
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these materials and the shorter the path to this interface are the better the

performance of a cell is. Hence, bulk heterojunction solar cells are based on

a blend of donor and acceptor materials, so that the active interface exists

practically within the whole bulk of a device - D/A blend forms the active

layer in which domains of both materials are present. Hence, greater num-

ber of excitons is able to reach the D/A interface within their lifetime. Nev-

ertheless, exciton dissociation into free charge carriers is just the first step

toward photovoltaic action. One must remember, that these newly created

free charge carriers have to travel through hole and electron transporting

materials, i.e. donor and acceptor, to be collected at respective electrodes.

Thus, donor and acceptor phases should form interpenetrating networks

with percolation paths. Otherwise, electrons and holes will recombine at the

end of the dead-end domain making no contribution to the total current (Fig.

3.5A). Moreover, unfavorable electron-hole recombination is also unavoid-

able when the donor material is in contact with the cathode or when the

acceptor material is in contact with the anode. These two phenomena are

very important loss mechanisms in BHJ solar cells [49, 50]. The latter may

be eliminated by the introduction of a thin planar layer of the donor material

directly before the deposition of the D/A blend and a thin film of the accep-

tor material right on the top of this blend. The first problem is much more

complicated, since the morphology of the D/A blend is not so easy to con-

trol. An ideal ordered structure of a BHJ solar cell concept is presented in

Fig. 3.5B. A very interesting and relatively simple way to produce laterally

ordered polymer-polymer bulk heterojunction solar cells was presented by

Lipomi et al. [51].

• Tandem solar cells

Tandem solar cells are multijunction solar cells of improved efficiency over-

coming some of the limitations of single junction cells [52]. They are based

on two or more planar or bulk donor/acceptor heterojunctions connected in

series via special interconnection layers (ICLs) allowing for selective recom-

bination of free charge carriers. Due to partial recombination of free charge

carriers at ICLs current flowing through such stack of junctions is lower than

the one flowing through a single junction cell but the resultant open-circuit
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Figure 3.5: (A) Electron-hole recombination at the edge of two domains in the BHJ solar cell

with no percolation paths, (B) concept of an ordered BHJ solar cell structure

voltage and thus efficiency of a tandem cell is much greater than that of a

single junction one. Usually, in case of tandem cells comprising two sub-

cells two different donor materials, mainly polymers, with complementary

absorption spectra and minimal absorption overlap are used as donor ma-

terials to harvest light from a broad spectral range. A wide-bandgap material

is placed in the bottom cell, while a low-bandgap one is a part of the top

cell [53]. Fullerenes and their derivatives, such as PC71BM, are the most

common acceptor materials used for both sub-cells. Another approach to

realization of a tandem structure is connection of two identical sub-cells of

high internal quantum efficiency [54, 55]. Such structures are called homo-

tandem solar cells. The idea behind fabrication of such homo structures is

to absorb more light via introduction of additional sub-cell not exceeding the

optimal film thickness of active layers. Efficiencies of organic tandem solar

cells already exceed 11% [55].

• Dye-sensitised solar cells

Dye-sensitized solar cells (DSCs), also called Grätzel cells after the name

of one of their inventors - Michael Grätzel, are hybrid photo-electrochemical

systems that employ organic and inorganic components in the active layer

(Fig. 3.6). Their efficiencies exceed 12% [56], which is high enough to com-

pete with conventional inorganic solar cells. In DSCs a nanoparticle layer of

a wide band gap semiconductor, like titanium dioxide or zinc oxide, is cov-

ered (sensitized) with an organic dye. Such layer is brought into contact with

electrolyte containing a redox couple, usually iodide/tri-iodide, sandwiched

between electrodes and sealed well to avoid leakage. Organic molecules
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Figure 3.6: Dye-sensitised organic solar cell structure.

absorb light from the visible range, while wide band gap inorganic semicon-

ductors utilize UV light. A nanoparticle layer is preferred over a homogenous

planar layer because it provides larger active area. Photoexcitation of an

organic molecule results in a fast electron transfer from the dye molecule

to conduction band of the inorganic semiconductor. Ground state of the

dye molecule is restored thanks to electron injection from the electrolyte

to the oxidized dye molecule, during which iodide changes into triiodide

(3I− − 2e− → I−3 ) that is subsequently reduced at the counter electrode

by electrons flowing through the external circuit. The difference between the

Fermi level of electrons in the solid and the redox potential of the electrolyte

determines the value of generated photovoltage [57]. Grätzel cell is the only

type of photovoltaic devices in which charge photogeneration and charge

transport are separated - electric charge is transported not through organic

material used for light harvesting, but through electrolyte and nanoparticle

layer. That is a great advantage of DSCs, since optimization of light ab-

sorbing and charge transporting materials can be done independently. This

reduces demands on purity of materials and enables usage of great variety

of absorbers, as well as, transporting materials [56]. Furthermore, for the

former reason, these materials can be deposited by simple and cheap coat-

ing techniques. All these factors account for relatively low price of this type

of solar cells. Nevertheless, there are some disadvantages hampering com-

mercialization of DSCs. Thermal instability of liquid electrolytes and prob-

lems with sealing are some of them. Moreover, electrolytes are based on
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volatile solvents [58], that are dangerous to human health and the environ-

ment, so any leakage is unacceptable. Next problem is the corrosives of a

I−/I−3 redox couple [59]. Some attempts to exchange liquid electrolytes with

solid state ones, like p-type inorganic semiconductors, organic hole trans-

porting materials or solvent-free polymer electrolytes, have been made. In

general, solid-state DSCs show worse performance than those containing

liquid electrolytes, however recent research run by Grätzel et al. on hybrid

solar cells utilizing polymeric hole conductors resulted in development of

solid-state DSCs with 12% efficiency [60].

3.5 Buffer layers

For many reasons organic materials rather do not form Ohmic contacts with elec-

trodes. Therefore, to avoid creation of extraction and injection barriers and to

enable efficient charge collection and selectivity of the contact thin layers of var-

ious materials are introduced between the electrodes and components of the

active layer. Such interlayers, called buffer layers, are also added to control wet-

tability and compatibility of the electrode/organic material contact [61]. If such

layers are introduced between the anode and the active layer they are called

anodic buffer layers. Analogically, interlayers placed between the active layer

and the cathode are named cathodic buffer layers. The most common anodic

buffer layers are thin layers of PEDOT:PSS ([poly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate)]), MoO3 (molybdenum oxide) and V2O (vanadium oxide)

[62,63], whereas thin films of BCP (bathocuproine), BPhen (bathophenanthroline)

as well as Alq3 (tris(8- hydroxyquinolinato)aluminium), TiO2 or ZnO [6,61,64–66]

are examples of cathodic buffer layers. New materials, like graphene oxide, have

also been employed as interlayers [67]. Properties of such layers and their influ-

ence on the performance of solar cells depend on many factors, like the material

they are made of, thickness of the layer, methods of fabrication and other ma-

terials they are in touch with. For example, PEDOT:PSS is a good p-type con-

ductor, so it enhances collection of holes at the anode. Moreover, it is believed

to smooth the surface of ITO anode out which helps to prevent shorting. It is

also claimed that the presence of PEDOT:PSS enhances adhesion of organic
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layers [64]. However, apart from other disadvantages, this material is hygroscopic

and slightly acidic, which results in introduction of water into the active layer and

corrosion of the ITO electrode that lead to degradation of a cell and to deteriora-

tion of its performance [62,64, 68, 69]. Cathodic buffer layers are often called the

exciton blocking layers, since these materials have high values of energy band

gap and high values of ionization potential, so they prevent diffusion of excitons

to the cathode. Excitons are rather reflected from these layers back to the active

junction where they can dissociate into free charge carriers [65].

Since the number of materials that can be used as buffer layers is quite large

and they show different properties depending on the choice of other components

of a cell selection of a suitable buffer layer and its optimization is not a trivial

issue. Details on properties of buffer layers used in the course of this research

and their influence on the performance of investigated cells will be given in the

experimental part of this thesis.

3.6 Photovoltaic phenomenon in solar cells utilizing

perfluorophthalocyanines

There are not many reports on photovoltaic properties of perfluorophthalocya-

nines though their n-type character and insusceptibility to ambient air have been

confirmed almost two decades ago [3, 4]. In 2003 Wróbel studied photoelectric

properties of F16ZnPc as well as other phthalocyanines and porphyrins incor-

porated into photoelectrochemical cells and shown the correlation between the

dye molecular structure and dye ability for generation of photocurrent in the in-

vestigated cells [5]. In 2007 F16CuPc was used by Jiang et al. [70] as an electron

acceptor material in planar donor/acceptor solar cells utilizing para-sexiphenyl (p-

6P) as a donor material. As a result, cells of improved stability but relatively poor

performance, attributed to high value of series resistance originating from contact

resistance and low free charge carrier mobility in the donor layer, were fabricated.

Authors assigned the degradation of the cell, that was stored in ambient air with-

out encapsulation, to instability of PEDOT:PSS buffer layer and pointed out that

F16CuPc was a promising electron accepting material. The same conclusion was
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drawn by Yang et al. [71], who investigated photovoltaic effect in F16CuPc/SubPc

(boron subphthalocyanine chloride) cells. Relatively good overall performance

and stability, with a power conversion efficiency of 0.56% after optimization of

the thickness of the phthalocyanine layer was obtained, but small contribution of

excitons created in this layer to photocurrent generation was observed. A different

approach was taken by Song et al. [8] who used two n-type organic semiconduc-

tors, namely F16ZnPc and C60, and fabricated a new n-n type planar heterojunc-

tion solar cell. The structure of this cell was ITO/F16ZnPc/C60/Alq3/Ag, and on

the basis of the direction of the current flow it was inferred that photogeneration

of free charge carriers in this system was not a result of exciton dissociation at

the F16ZnPc/C60 junction but it followed from recombination of electrons from exci-

tons generated in the phthalocyanine layer with holes from excitons created in the

fullerene layer taking place at this junction. Therefore, such solar cells were called

recombination solar cells. Efficient operation of these cells requires simultaneous

generation of excitons in both organic layers and their subsequent recombination

during which half of the charge carriers of excitons is lost, while the other half con-

tributes to the current flow. Relatively low value of the photocurrent noted for the

investigated cells was attributed to very poor hole mobility in the F16ZnPc layer.

The same concept of n-n organic solar cells was applied by Yang et al. [72] who

studied the course of photovoltaic phenomenon in cells based on the C60/F16CuPc

heterojunction of a conventional ITO/MoOx/ C60/F16CuPc/BCP/Al and an inverted

ITO/BCP/F16CuPc/C60/MoOx/Al structure. Direction of the current flow and sublin-

ear dependence of the short-circuit current on light intensity observed for both of

these structures lead to a conclusion that in this case conventional exciton disso-

ciation at the junction of organic semiconductors was responsible for free charge

carrier generation. F16CuPc played the role of an acceptor, while C60 of a donor

material. Similarly to F16CuPc/SubPc cells, small contribution of the phthalocya-

nine acceptor layer to photocurrent generation was observed and attributed to

insufficient for acceptor exciton dissociation HOMO levels offset of only 0.2 eV.

Recently, Zhang et al. [7] investigated solar cells of conventional and inverted ar-

chitectures based on the C60/F16ZnPc junction with ITO and Al electrodes and dif-

ferent buffer layers affecting the electrode work functions and hence determining

the direction of the built-in field. As a result, recombination and dissociation so-
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lar cells for both aforementioned architectures were obtained. Free charge carrier

generation as a result of exciton recombination was proved by superlinear de-

pendence of photocurrent on light intensity and the direction of the current flow.

It was shown that exciton dissociation and recombination mechanisms of free

charge carrier generation coexist at the C60/F16ZnPc junction but exciton dissoci-

ation is more efficient. It was also shown that in case of the dissociation devices

both mechanisms contribute to the current generation, while in case of recombi-

nation solar cells only free charge carriers generated via exciton recombination

may be collected, since the inner electric field directs charges generated via ex-

citon dissociation back to the active interface where they are lost due to recom-

bination. Zinc perfluorophthalocyanine was also used by Signerski et al. [73, 74]

in hybrid solar cells based on the planar CdTe/F16ZnPc and ZnTe/F16ZnPc het-

erojunctions. In these cases short-circuit current and open-circuit voltage action

spectra revealed two mechanism of free charge carrier generation, i.e. excita-

tion of the phthalocyanine layer followed by exciton dissociation at the inorganic

semiconductor/F16ZnPc junction and band to band transitions in CdTe and ZnTe

layers. Light intensity dependence of jsc and Uoc indicated that trap-assisted re-

combination of free charge carriers at the investigated heterojunction was a dom-

inant recombination process.
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Chapter 4

Theoretical description of photovoltaic
phenomenon in single- and bilayer
systems

4.1 Photogeneration of free charge carriers at interfaces

Photogeneration of free charge carriers in organic systems is a multistage pro-

cess and its first step is generation of excitons resulting from light absorption.

Afterward, excitons diffuse toward the active interface where they may dissoci-

ate into free charge carriers or CT states. In case of one-dimensional systems

(Fig. 4.1) concentration of excitons along an organic material S(x, t) can be eval-

uated from the following continuity equation

∂S

∂t
= GS −RS −D

d2S(x)
dx2

, (4.1)

where GS is a generation term dependent on light intensity, while RS is a re-

combination term, while the last term accounts for exciton diffusion. If we take

a singlelayer cell into consideration, assume that Lambert-Beer law holds for our

system and the cell is illuminated with monochromatic light, while excitons recom-

bine only in a monomolecular manner we will obtain the following one-dimensional

diffusion equation for excitons in a steady state, i.e. when ∂S(x, t)/∂t = 0

I0κe
−κx − kS(x) +D

d2S(x)
dx2

= 0 , (4.2)
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in which k is the exciton annihilation rate equal to the reciprocal of exciton lifetime

τ . Choice of boundary conditions determines the final solution of this equation,

therefore, if we assume that

1. excitons are quenched at the illuminated front electrode/organic material

interface with exciton annihilation velocity s,

2. the thickness of absorbing layer d is much greater than exciton diffusion

length L

3. absorption of light is strong, so that d� κ−1,

boundary conditions given below can be applied to Eq. 4.2

D
dS(x)

dx
|x=0 = sS(0) and S(d) = 0 . (4.3)

Under such conditions the following equation expresses the concentration of ex-

citons at the illuminated interface, i.e at x = 0

S(0) =
I0

s(1 + 1/κL)(1 +D/sL)
, (4.4)

where L =
√
Dτ . In this case, as it will be proved in section 4.3.2, the short-

circuit current density can be calculated as a product of the elementary charge

e, exciton annihilation velocity s, exciton - electron conversion efficiency at the

electrode ϕdiss and concentration of excitons at the illuminated active interface

S(0)

jsc = −eϕdisssS(0) =
eϕdissI0

(1 + 1/κL)(1 +D/sL)
. (4.5)

In case of bilayer systems, in which exciton dissociation into free charge carri-

ers can occur at anode/donor, donor/acceptor and acceptor/cathode interfaces,

proper set of boundary conditions has to be introduced to find the correct solu-

tion of the continuity equation in each organic layer. If both contacts are Ohmic

photogeneration of charge carriers is limited to the D/A junction. However, if ex-

citons dissociating at the D/A junction are not the direct source of free charge

carriers and CT states are created at this junction prior to complete electron-hole

dissociation, another continuity equation regarding concentration C(x, t) of these
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intermediate states has to be considered. The following equation regarding the

creation of charge transfer states was proposed by Cheyns et al. [30]

∂C

∂t
= GC +GL −RC −DissC , (4.6)

where GC represents generation of CT states from excitons at the D/A interface,

GL stands for creation of CT states via recombination of free charge carriers

(Langevin recombination), while RC and DissC represent the decline in CT con-

centration as a result of their recombination and dissociation into free charge

carriers, respectively. Thus, solution of this equation depends on concentration

of excitons at the D/A interface and on concentration of free charge carriers. An-

other simple model for generation, diffusion and recombination of excitons was

used by Stübinger and Brütting [75], who applied the following continuity equa-

tion to polymer/C60 and small molecule/C60 cells

∂S

∂t
= gαI0(1−R)exp(−αx)− S

τ
+D

∂2S

∂x2
− F (x− xi)S . (4.7)

Herein g represents internal photon-to-exciton conversion efficiency, (1 − R) fac-

tor is introduced to account for reflectivity losses, the next two terms refer to

monomolecular recombination and diffusion of excitons, while the last term stands

for the dissociation of excitons at the donor/acceptor interface located at x = xi.

These models do not take into consideration interference effects that should be

regarded when thin layers and well reflecting electrodes are considered. A gen-

eral approach to optical interference effects that can be applied to organic solar

cells is the transfer matrix approach. This model was thoroughly described by

Peumans, Yakimov and Forrest and used to model optical intensity distribution for

a bilayer cell with anodic and cathodic buffer layers [76]. This distribution was then

substituted into the exciton diffusion equation in which the exciton generation rate

G was not based on Lambert-Bear’s law, but given by

G =
λ

hc
Q(x) , (4.8)

where λ denotes the wavelength, h is Planck’s constant, c is the speed of light

and Q(x) is the time averaged absorbed power equal to

Q(x) =
4πcε0kn

2λ
|E(x)|2 . (4.9)
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Figure 4.1: Schematic representation of a one-dimensional system.

Herein, n is the refractive index indicating the phase velocity, k stands for the

extinction coefficient, whileE(x) is the total electric field at a position x of a chosen

layer given in terms of the electric field of the incident wave that was calculated

using the transfer matrix method.

4.2 One-dimensional steady current flow

Current flow originates from electric potential gradient ∇φ(r) and/or chemical po-

tential gradient ∇ξ(r) that results from free charge carrier concentration gradient.

Thus, in the lack of electric field and charge carrier concentration gradient, motion

of free charge carriers is completely random and so the net current is zero. The

sum of electric and chemical potentials is called the electrochemical potential η(r)

ηn(r) = −eφ(r) + ξn(r) and ηp(r) = eφ(r) + ξp(r) . (4.10)

Indexes n and p refer to electrons and holes respectively, while r is a vector

describing the position in space. Electrochemical potentials are used to define

quasi-Fermi level positions of electrons Efn(r) and holes Ef p(r) in a material

Ef
n(r) = ηn(r) and Ef

p(r) = −ηp(r). (4.11)

Therefore, electric current flow is observed whenever Fermi level gradient is pro-

duced, i.e. when ∇Ef 6= 0. If the source of the latter is electric field then the

current is called the drift current, whereas diffusion current is the current that is

driven by chemical potential gradient.

Lets consider the electric current flow in one-dimensional systems in which cur-

rents flow in only one direction, e.g. along the x axis (Fig. 4.1). If both types of
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carriers are mobile drift current density jdrift can be expressed as follows

jdrift(x) = −en(x)vn + ep(x)vp , (4.12)

where n(x) and p(x) stand for concentration of free (mobile) electrons and free

holes respectively, whereas vn and vp denote electron and hole drift velocities. If

internal electric field F is not too high, then drift velocity is a linear function of the

former [77]
−→vn = −µn

−→
F and −→vp = µp

−→
F (4.13)

and the net drift current density flowing through a sample is

jdrift(x) = eF [n(x)µn + p(x)µp] = σF . (4.14)

This equation expresses Ohm’s law, in which σ = e[n(x)µn + p(x)µp] stands for

electric conductivity of a material.

Diffusion current density jdiff can be derived from Fick’s law. Under the assump-

tion of a steady state, i.e. when concentration of charge carriers and hence cur-

rent density do not change in time, one obtains

jdiff (x) = eDn
dn
dx
− eDp

dp
dx

, (4.15)

where Dn and Dp denote electron and hole diffusion coefficients, that can be

related to mobilities of these charge carriers by Einstein-Smoluchowski relation

D =
µkT

e
. (4.16)

Combination of Eqs. 4.14 and 4.15 gives the total bipolar, i.e. electron and hole,

current density j flowing through the sample in a steady state

j = jdrift(x) + jdiff (x) = eF (nµn + pµp) + e

(
Dn

dn
dx
−Dp

dp
dx

)
. (4.17)

4.3 Single layer cells

4.3.1 Literature overview

Though efficiencies of single layer photovoltaic cells are rather low, studies car-

ried out on simple metal/organic solid/metal (M/OS/M) structures are relevant
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since they provide information on basic optoelectronic properties of investigated

organic solids as well as on the nature of processes taking place in such struc-

tures in the presence of electric field or illumination. Numerical approach to mod-

eling of photoelectric properties of M/OS/M systems was taken by Signerski et

al., who considered thermal and photogeneration of free charge carriers at both

electrode/organic material interfaces as well as in the bulk of the sample [78].

Singlet excitons, neutral generation centers of exponential spatial distribution, dis-

crete level of traps of finite concentration and unipolar charge transport were re-

garded. Numerical calculations yielded current-voltage curves of illuminated sam-

ples, short-circuit current vs. linear absorption coefficient and illumination inten-

sity under different conditions. Symbatic or antybatic behavior of jsc dependent on

trapping conditions and values of absorption coefficient along with a power-law

dependence of jsc on light intensity

jsc ∼ I0
n , (4.18)

where n ranged from 0 to 1, that stands in a good agreement with experimental

data, were obtained.

Numerical and analytical approach to model the performance of surface barrier

solar cells of different architectures, in which band bending near the barrier-

former/ semiconductor contact is observed, was presented by Fonash [38]. This

model involved the presence of minority charge carriers, hence a bipolar cur-

rent flow was considered. Moreover, no internal electric field within the bulk of

the semiconductor beyond the barrier-region was assumed in this model and the

results of numerical simulations shown that good photovoltaic performance, for

which the energy conversion efficiency exceeds 12% is possible in this type of

cells. Therefore, this model is rather inconsistent with the results of experiments

conducted in the field of single layer organic photovoltaic cells.

Analytical dark current-voltage expression for a hole-only metal-insulator-metal

(MIM) organic diode, in which the presence of a uniform electric field within the

whole organic layer is assumed, was derived by Bruyn et al. [79]. Authors of this

work considered a model of a diode with asymmetric contacts, i.e. one Schottky

type contact and one Ohmic type contact, of different work functions. Dark current

density under bias U lower than the built-in voltage derived in the absence of band

41



Theoretical description

bending was

jdark =
eµpNv(ϕb − U)[exp

(
eU
kT

)
− 1]

d[exp
(
eϕb
kT

)
− exp

(
eU
kT

)
]

, (4.19)

while if band bending at the Ohmic contact, resulting from accumulation of free

charge carriers diffusing from this electrode into an insulator or undoped semi-

conductor, was considered the following expression was proposed

jdark =
eµpNv(ϕb − b− U)[exp

(
eU
kT

)
− 1]

d[exp
(
eϕb
kT

)
− exp

(
e(U+b)
kT

)
]

, (4.20)

where Nv stands for the effective density of states, ϕb is the built-in voltage, d

denotes the thickness of the organic layer, whereas b describes the magnitude of

band-bending dependent on d, Nv and dielectric constant of the organic material.

Under bias greater than the built-in voltage space charge limited current (SCLC)

following the Mott-Gurney equation in the trap free case, i.e.

j =
9
8
εµ

(U − ϕb)2

L3
(4.21)

was expected.

An overview regarding currents and photocurrents limited by some interface phe-

nomena, like thermal, tunneling and photoinjection along with free charge carrier

trapping taking place at the electrode/organic material junctions, as well as, at the

organic material heterojunctions, was presented by Godlewski [80,81]. The open-

circuit voltage developed in the one-dimensional system, in which both electrodes

are active and inject the same carrier type, the rate of dark injection is constant,

while the rate of photoinjection is proportional to the light intensity was described

by Pope [82], according to whom the photovoltage step U1 developed at the front

electrode, for which x = 0, in a steady state at zero current flow is

U1 =
kT

e
ln
(

1 +
jph
j0

)
=
kT

e
ln
n0
n0th

. (4.22)

Analogical expression can be written for the photovoltage step U2 developed at

the back electrode, for which x = d and since these two voltages oppose each

other, the resultant open-circuit voltage Uoc generated across such cell is equal to

Uoc = U1 − U2 =
kT

e
ln

1 + jfph/j
f
0

1 + jbph/j
b
0

 , (4.23)
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Figure 4.2: Schematic representation of relative positions of energy levels of a single organic

layer and electrodes before contact (A) and after contact (B). A simple case of no surface dipoles

and no band bending is considered, d stands for the thickness of an organic layer, indexes f and b

refer to the front and back electrodes respectively.

where indexes f and b refer to front and back electrodes respectively. In a simple

case of identical electrodes the open-circuit voltage results from different con-

centrations of free charge carriers at these contacts originating from their uneven

illumination

Uoc =
kT

e
ln
n0
nd

. (4.24)

If we assume that photoinjected current is proportional to the light intensity I0 and

that a and b are the ratios of photoinjection efficiency to dark injection rate at front

and rear electrodes respectively, then Uoc becomes

Uoc =
kT

e
ln
(1 + aI0

1 + bI0

)
. (4.25)

In case of only one active contact, e.g. the front illuminated electrode/organic

layer interface, when illumination is sufficiently high we may simplify the equation

given above to the following one

Uoc =
kT

e
ln (aI0) , (4.26)

since in such case Jfph/J
f
d � 1, while J bph/J bd � 1.

4.3.2 Constant field approximation model of a single layer cell

This section presents derivation of a simplified theoretical model of single layer

photovoltaic cells that will be termed the constant field approximation (CFA) model.
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Schematic energy diagram of the regarded one-dimensional system consisting

of one organic layer of thickness d sandwiched between dissimilar electrodes is

shown in Fig. 4.2. Band bending and surface dipoles are not taken into consider-

ation. Electric field within the organic layer is uniform, hole transport can be ne-

glected, front contact is a rectifying one, while the back contact is neutral, which

means that neither light nor external bias affect the free charge carrier concen-

tration at that contact. Moreover, upon illumination free charge carriers are gen-

erated as a result of exciton dissociation at the front illuminated electrode/organic

material contact, whereas bulk generation is negligible. The total current flowing

through such cells is a sum of drift and diffusion currents

j = jdrift + jdiff = −eµndϕ
dx

+ µkT
dn
dx

= const . (4.27)

In the absence of external bias internal field is determined by the difference in

electrode work functions equal to ∆W . The built-in potential Ubi is then equal to

Ubi = ∆W/e, (4.28)

therefore, if we assume that the electric potential at the front electrode ϕ(0) is

zero then its value at the rear contact ϕ(d) equals Ubi. Under external bias U the

latter value remains unchanged while ϕ(0) = U . If free electron concentrations at

front and rear contacts are

n(0) = n0 and n(d) = nd (4.29)

respectively, the solution of equation 4.27 yields

n(x) = exp[e(ϕ(x)− U)/kT ]

 j

µkT

x∫
0

exp[−e(ϕ(x)− U)/kT ]dx+ n0

 . (4.30)

Since the rear contact is neutral nd = nthd , where nthd denotes the concentration

of free electrons at the back contact in thermal equilibrium in the dark. Thus, ac-

cording to equation given above, current j flowing through the considered system

can be expressed as follows

j = µkT
nthd exp[−e(Ubi − U)/kT ]− n0
d∫
0

exp[−e(ϕ(x)− U)/kT ]dx
. (4.31)
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Electric field within the considered device is constant, therefore electric poten-

tial varies linearly with x. Hence, regarding the boundary conditions one obtains

the following expression for the spatial distribution of electric potential within the

sample

ϕ(x) = U +
Ubi − U

d
x . (4.32)

Substitution of this dependence into Eq. 4.31 yields the current-voltage relation

for the regarded single layer cell

j =
µe(Ubi − U)

d

nthd exp[−e(Ubi − U)/kT ]− n0
1− exp[−e(Ubi − U)/kT ]

. (4.33)

Under thermal equilibrium conditions in the dark no current flows through the

unbiased device and n0 = nth0 , hence

nth0 = nthd exp(−eUbi/kT ) . (4.34)

If we assume that the processes of generation and recombination of free charge

carriers at the illuminated contact are monomolecular processes we will obtain

the following form of the continuity equation

−j
ea

= Gex +Gth − kRn0 , (4.35)

where a denotes the width of a thin generation layer adjacent to the front contact,

equal to one or two lattice constants [38], Gex is the rate of photogeneration of

free electrons, i.e. the concentration of free electrons generated via exciton dis-

sociation in a unit time, Gth is the thermal generation rate, i.e. concentration of

electrons generated thermally in a unit time, while kR stands for the recombina-

tion constant. Thus, we may express the concentrations of free electrons at the

front contact under illumination and in the dark as follows

n0 =
Gex +Gth + j/(ea)

kR
, (4.36)

while

nth0 =
Gth

kR
. (4.37)

Substitution of these expressions into Eq. 4.33 leads to the following form of the

current-voltage characteristics of the illuminated cell

j = −µe(Ubi − U)
d

Gex/kR + ndexp[−eUbi/(kT )] {1− exp[eU/(kT )]}
1− exp[−e(Ubi − U)/kT ] + µ(Ubi − U)/(dakR)

(4.38)
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that, according to Eqs. 4.34 and 4.37, may also be written in terms of generation

rates and recombination constant

j = −µe(Ubi − U)
d

Gex +Gth{1− exp[eU/(kT )]}
kR − Gth

nth
d

exp[eU/(kT )] + µ(Ubi − U)/(da)
, (4.39)

while the dark current-voltage relation may be expressed as follows

jdark = −µe(Ubi − U)
d

nthd exp(−eUbi/(kT ))[1− exp(eU/(kT ))]
1− exp[−e(Ubi − U)/(kT )] + µ(Ubi − U)/(dakR)

. (4.40)

According to this equation, under positive bias in the dark electrons flow toward

the front contact, while under negative bias toward the back contact. Analogical

but simplified expression for hole-only MIM (metal-insulator-metal) diodes was

obtained by Bruyn et al., who assumed that concentrations of holes at both con-

tacts do not depend on the applied voltage [79]. Comparison of Eqs. 4.40 and

4.39 lets us infer, that the density of the current flowing through the illuminated

cell is a sum of the dark current density and the generation current density (jg),

both dependent on the applied voltage, where (jg) is expressed as follows

jg = −µe(Ubi − U)
d

Gex/kR
1− exp[−e(Ubi − U)/(kT )] + µ(Ubi − U)/(dakR)

. (4.41)

Under reverse bias, i.e. at U < 0, jdark and j may be approximated in the following

manner as long as Gex � Gth

jdark ≈ −
µe(Ubi − U)

d

aGth

akR + µ(ϕbi − U)/(d)
(4.42)

and

j ≈ −µe(Ubi − U)
d

aGex

akR + µ(ϕbi − U)/(d)
. (4.43)

Under such conditions two characteristic cases may be distinguished:

• fast recombination and low mobility,

• slow recombination and high mobility.

In the first case, current densities are linear functions of the applied voltage:

jdark ≈ −
µeGth

kRd
(Ubi − U) = −µen

th
d exp[−eUbi/(kT )]

d
(Ubi − U) , (4.44)
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while

j ≈ −µeG
ex

dkR
(Ubi − U) , (4.45)

whereas in the second case, both current densities are constant and depend on

charge carrier generation rates:

jdark ≈ −eaGth = −eakRnthd exp[−eUbi/(kT )] . (4.46)

and

j ≈ −eaGex . (4.47)

The latter is the maximum generation current density. Under high forward bias

dark current dominates the current flow and density of the current increases lin-

early with the applied voltage in the following manner

j = jdark ≈ −
µenthd
d

(Ubi − U) . (4.48)

At open-circuit no current flows through the cell, therefore according to Eq. 4.33

Uoc =
kT

e
ln
n0
nth0

(4.49)

therefore

Uoc =
kT

e
ln
(
Gex

Gth
+ 1

)
. (4.50)

Thus, whenever the photogeneration rate is much greater than the thermal gen-

eration rate and the former is directly proportional to the incident light intensity I0
the open-circuit voltage becomes a logarithmic function of I0

Uoc =
kT

e
ln(cI0) , (4.51)

where c is a constant. Moreover, in this case the open-circuit voltage exceeds the

built-in voltage whenever the photogeneration rate is high enough, i.e. whenever

Gex  kRn
th
d . (4.52)

At short-circuit U = 0, thus

jsc = −µeUbi
d

n0 − nth0
1− nth0 /nthd

= −µeUbi
d

aGex

akR − aGth/nthd + µUbi/d
. (4.53)

47



Theoretical description

0,0 0,2 0,4 0,6 0,8 1,0
0

20

40

60

80

100

fast recombination, low mobility

slow recombination, low mobility

fast recombination, high mobility

0,0 0,2 0,4 0,6 0,8 1,0

0,0

0,1

0,2

0,3

0,4

d=140 nm, a=1 nm

C
[%

]

bi [V]

 kR=109 s-1, =5.10-6 cm2s-1V-1

 kR=109 s-1, =5.10-3 cm2s-1V-1

 kR=107 s-1, =5.10-6 cm2s-1V-1

 kR=107 s-1, =5.10-3 cm2s-1V-1

slow recombination, high mobility

Figure 4.3: Free charge carrier collection efficiency as a function of the built-in field calculated

for the derived CFA model (Eq. 4.55) for different values of recombination constant and free

electron mobility specified in the inset of the graph.

According to this equation, short-circuit current density may be expressed as a

product of the elementary charge, width of the generation layer, free electron

photogeneration rate and electron collection efficiency ϕC :

jsc = −eϕCaGex , (4.54)

where, according to Eqs. 4.34, 4.37 and 4.57 this efficiency may be expressed as

follows

ϕC =
µUbi
d

1
akR{1− exp[−eUbi/(kT )]}+ µUbi/d

=

vd
vd + vR{1− exp[−eUbi/(kT )]}

. (4.55)

Terms vd = µeUbi/d and vR = akR express the electron drift velocity and the

surface recombination velocity respectively. If exp[−eUbi/(kT )] � 1, free charge

carrier collection efficiency can be approximated by the following expression

ϕC =
1

1 + vR/vd
. (4.56)
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Figure 4.4: Influence of chosen parameters on the current-voltage characteristics of a single layer

cell in case of fast recombination and low electron mobility (A) or slow recombination and high

electron mobility (B) for the derived CFA model.

It is worth noting, that electron collection efficiency is a function of the built-in
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voltage (see Fig. 4.3) and is the lowest in the absence of the built-in field

ϕCmin =
1

1 + akR
d
µ
· e
kT

=
1

1 + vR
vT
d

, (4.57)

where vTd is the drift velocity of electrons under thermal voltage. When electron

mobility is high drift velocity is much greater than vR − aGth/nthd and electron

collection efficiency reaches its maximum value equal to 1. If the photogeneration

rate Gex can be expressed in terms of exciton concentration at this interface S(0),

i.e. when

Gex = ϕdisskdissS(0) , (4.58)

where ϕdiss is the exciton-electron conversion efficiency and kdiss is the exciton

dissociation rate constant, short-circuit current density may be written as follows

jsc = −eaϕCGex = −eϕCϕdisssS(0) = −eϕCϕdissΦex
0 , (4.59)

where s = akdiss denotes exciton annihilation velocity, while Φex
0 = sS(0) is the

exciton flux density annihilation rate.

Since light intensity affects the value of n0−nth0 , which is the number of free charge

carriers generated at the front contact upon illumination, according to Eq. 4.53,

light intensity dependence of the short-circuit current may be written as follows

jsc ∼ Ib0 , (4.60)

where b is a constant dependent on recombination processes. If only monomolec-

ular recombination is regarded b should be equal to 1.

The influence of a physical parameters, such as free electron mobility in the or-

ganic layer, recombination constant and built-in voltage on current-voltage char-

acteristics in the regarded CFA model is shown in Fig. 4.4. On the basis of these

characteristics and equations derived in this section, few conclusions can be

drawn:

• built-in field has a strong effect on the open-circuit voltage

• under sufficient illumination the open-circuit voltage exceeds the built-in volt-

age
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• monomolecular recombination decreases the open-circuit voltage

• high free charge carrier mobility and relatively low recombination constant

are prerequisites for achieving high current densities and high fill factors

• built-in field strongly affects the free electron collection efficiency if mobility

of these free charge carriers is low

• a kink in the current-voltage characteristics under forward bias above Uoc is

present even if mobility of free electrons is relatively high

• such kink disappears when concentration of electrons at the rear contact

and mobility of free electrons are high

4.4 Bilayer donor/acceptor systems

4.4.1 Literature overview

Figure 4.5: Schematic representation of relative positions of energy levels of electrodes and donor

and acceptor materials before (A) and after (B) contact in bilayer donor/acceptor cells. A simple

case of no surface dipoles and no band bending is considered, dD and dA denote the thickness of

donor and acceptor layers respectively.

Lets consider one-dimensional current flow through a bilayer cell based on a

planar donor/acceptor junction and proper electrodes of different work functions.

Electrodes are suitable for the D/A junction if Fermi level of the anode matches
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the HOMO level of the donor material, while Fermi level of the cathode lies close

to the LUMO level of the acceptor material and both contacts are ohmic. Bring-

ing materials forming a cell into contact results in Fermi level alignment of the

electrodes and development of electric field in both organic layers (Fig. 4.5). In

the absence of light and external bias no current flows through the cell, since the

current density j0 resulting from thermal generation of free charge carriers in the

bulk and at the donor/acceptor junction [83–85] and the current density jin(U = 0)

originating from thermal injection of charge carriers at the electrodes cancel each

other out

j0 + jin(U = 0) = 0 (4.61)

According to Postcavage et al., Perez et al. and Koehler et al. [83–85], who stud-

ied small molecule/C60 or polymer/C60 cells, one can express j0 as

j0 = jmatexp
(
−∆EDA
βkT

)
, (4.62)

where ∆EDA is the effective energy gap at the D/A interface, jmat is independent

of energy barrier height, but relies on donor and acceptor properties, such as re-

organization energy (connected with electron transfer from D to A molecule) or

recombination rate. Postcavage et al. postulated that β is the ideality factor, rang-

ing from 1.5 to 2, resulting from misalignment of vacuum levels caused by energy

level bending, interface dipoles and formation of CT states, while according to

Perez et al. and Koehler et al.

β = 2m , (4.63)

where m is the diode ideality factor. This factor is multiplied by 2 due to generation

of a pair of free charge carriers in a single thermal activation process. As one can

see, herein j0 is independent of external bias, but depends on temperature and

properties of materials forming the cell.

Recently, Richardosn et al. [25] applied asymptotic methods to model the dark

current-voltage dependence for bilayer organic diodes and solar cells and they

managed to extract the analytical solution of this problem basing on drift-diffusion

equations. In order to find this solution some simplifications were made, including

large jumps in electron affinity and ionization potential at the junction of organic

materials, that ensured there are no electrons in the donor material and no holes
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in the acceptor material. Therefore, only Shockley-Read-Hall (SRH) recombina-

tion at the D/A junction was taken into account, though extension to other re-

combination mechanism was proposed. Moreover, a symmetric one-dimensional

device in a steady state was considered, while Poole-Frenkel mechanism was

neglected. To account for the effect of pinholes a constant shunt resistance was

added. Under low reverse and forward bias U the obtained current density was

expressed by the following equation

jsmall(U) =
U

ARsh

+ j0

[
exp

(
eU

2kT

)
− 1

]
, (4.64)

while at high bias

jlarge(U) =
U − U0
ARs

, (4.65)

where A is the active area of the cell, while U0 is related to the built-in potential.

In the intermediate voltage region another solution smoothly connecting the other

two parts was found. It is worth noting, that this analytical solution is consistent

with the Shockley equivalent circuit model of shunt resistance larger than series

resistance and diode ideality factor of 2 originating from the SRH recombination

assumption. In case of an ideal diode m=1, which means that free charge car-

riers recombine solely in a bimolecular manner at the donor/acceptor interface,

whereas m=2 is obtained when charge carriers undergo trap-assisted (Shockley-

Read-Hall) monomolecular recombination at this junction. In general, both types

of recombination may operate so that 1 ¬ m ¬ 2. If m > 2 then quality of the

diode is very poor.

In practice, anode/organic material and organic material/cathode contacts are not

Ohmic, so injection and extraction barriers for charge carriers are formed. Dipole

layers and band bending are also very common. All these factors affect charge

carrier generation, transport and extraction processes, so they have a serious im-

pact on current-voltage characteristics of photovoltaic cells in the dark and under

illumination and on their overall performance.

Short-circuit current density depends on the number of photogenerated free charge

carriers. If these carriers are generated at the interface via exciton or CT state dis-

sociation current density is depend on light intensity I0. If both types of free charge

carrier recombination operate at the same time concentrations of free charge car-
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riers at the interface follow such general relation

pi, ni ∼ Iα0 , (4.66)

where α is a constant ranging from 0.5 (for bimolecular recombination) to 1 (for

monomolecular recombination). Short-circuit current is directly proportional to the

population of free charge carriers, thus α, and so the dominating recombination

type, can be determined from the light intensity dependence of the short-circuit

current. Analytical model of this dependence for bilayer D/A cells with ohmic

contacts and a uniform electric field within each layer was proposed by Sign-

erski [73]. This model takes into account excitonic and thermal generation of

free charge carriers, along with bimolecular and trap-assisted recombination of

free charge carriers, under the assumption, that concentration of trapping cites

is much higher than concentration of trapped charges. This model was success-

fully applied to describe the light intensity dependence of jsc for CuPc/MePTCDI

and PBrPc/MePTCDI cells illuminated with monochromatic light. One must bare

in mind, that the incident light intensity is not the only feature of incident light

affecting the photocurrent, since the latter depends on the exciton distribution in

organic layers. This distribution is strongly affected by light absorption coefficient

that varies with wavelength. Thus, the photocurrent value is not only a function of

intensity but also a function of wavelength of the incident light.

The open-circuit voltage can be determined from Eq. 3.15 under the assumption

that Rsh � Rs, which is valid for good photovoltaic diodes,

Uoc =
mkT

e
ln

(
jph
j0

+ 1
)
. (4.67)

Since the number of photogenerated charge carriers is much greater than the

number of free charge carriers generated thermally jph � j0, so

Uoc ≈
mkT

e
ln
(
jph
j0

)
. (4.68)

According to Qi and Wang [86], for a given set of materials under 1 sun illumina-

tion and at room temperature, jph may vary in one order of magnitude, whereas

j0 can vary even in few orders of magnitude. For the aforementioned reasons,
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j0 is a crucial parameter determining the open-circuit voltage. If we combine the

equation given above and Eq. 4.62, describing the dark saturation current, and

assume that short-circuit current is practically the same as the generated pho-

tocurrent, we will obtain the following expression for the open-circuit voltage

Uoc =
1
e

[
m

β
∆EDA −mkT ln

jmat
jsc

]
. (4.69)

This expression was successfully used by Postcavage et al. to model experimen-

tal results obtained for small molecule/C60 cells, for which the second term of the

expression given above was in the range of 0.4-0.7 eV [83].

Another simple expression for the open-circuit voltage can be obtained using Eq.

4.17, under the assumption that only one type of carriers is transported through

each layer and electric field within both layers is uniform

Uoc =
kT

e
ln

n(0)p(0)
n(dn)p(−dp)

, (4.70)

where n(0) and n(dn) are concentrations of electrons at the donor/acceptor and

acceptor/cathode junctions, while p(0) and p(−dp) stand for concentration of holes

at the donor/acceptor and anode/donor interfaces respectively. If we assume

that both metal/organic material contacts are ohmic, so light does not affect free

charge carrier concentrations at these contacts, we will obtain the following light

intensity dependence of the open-circuit voltage

Uoc =
mkT

e
ln(cI0) , (4.71)

where c is a constant and m = 2α. Thus, when free charge carriers recombine in

the vicinity of the D/A junction in a monomolecular manner m = 2, while in case

of bimolecular recombination m = 1. Such logarithmic light intensity dependence

of the open-circuit voltage was observed for many organic systems.

More detailed analytical model, taking into account band bending in organic lay-

ers, presence of surface dipoles along with potential energy losses related to

charge carrier extraction at the contacts originating from misalignment of Fermi

levels of electrodes and energy levels in organic layers, was presented by Cheyns

et al. [30]. Determination of band bending allowed to express the open-circuit volt-

age in terms of free charge carrier concentrations at the D/A interface

Uoc =
1
e

(
|HOMOD| − |LUMOA|+ kT ln

n0p0
NAND

)
, (4.72)
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where ND and NA are effective densities of states in donor and acceptor ma-

terials respectively. According to this equation, the open-circuit voltage in D/A

devices does not depend on the electrode work functions and it reaches the max-

imum value determined by the HOMOD − LUMOA offset when concentrations

of free holes and free electrons at the D/A junction reach their maximum values,

equal to the effective densities of states. If one takes the relation between free

charge carrier concentrations and light intensity given by Eq. 4.66 a logarithmic

dependence of the open-circuit voltage on light intensity, analogical to Eq. 4.71,

will be obtained

Uoc =
1
e

[|HOMOD| − |LUMOA|+ 2αkT ln(c1I0)] , (4.73)

were c1 is a constant dependent on recombination process.

4.4.2 Constant field approximation model of a bilayer cell

Lets consider a model of a donor/acceptor junction based on the model derived

for a single-layer cell. For the sake of simplicity the following assumptions are

made:

1. one-dimensional bilayer planar donor/acceptor system is considered,

2. both electrode contacts, i.e. the anode/donor and acceptor/cathode con-

tacts, are neutral (concentrations of free charge carriers at these contacts

p0 and nd are constant, i.e. p0 = pth0 and nd = nthd ),

3. there are no electrons in the donor layer and no holes in the acceptor layer,

4. generation and recombination of free charge carriers takes place solely in

the thin generation layer placed at the D/A junction,

5. electric field within both organic layers is uniform.

Under these assumptions, current densities jD and jA in the donor and acceptor

layers can be expressed in terms of pj and nj, that are free hole and free electron
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concentrations at the D/A junction, i.e. in the generation layer, respectively

jD = −µpqUD
dD

pj − p0exp(− q
kT
UD)

1− exp(− q
kT
UD)

,

jA = −µnqUA
dA

nj − ndexp(− q
kT
UA)

1− exp(− q
kT
UA)

, (4.74)

where µp and µn are hole and electron mobilities in respective layers, while UD

and UA denote the voltages across the donor and acceptor layers respectively. dD
and dA stand for the thicknesses of these layers, whereas p0 and nd are free hole

concentration at the anode/donor contact and free electron concentration at the

acceptor/cathode interface. Voltages UD and UA are expressed as follows

UD = U bi
p − Up , (4.75)

UA = U bi
n − Un , (4.76)

where U bi
p and U bi

n are the built-in voltages in the donor and acceptor layers. Thus,

their sum is the total built-in voltage U bi equal to the difference of electrode work

functions ∆W divided by the elementary charge

U bi
p + U bi

n = U bi = ∆W/e . (4.77)

Up and Un are the voltages arising in the donor and acceptor layers as a result of

external voltage and/or illumination, therefore

Up + Un = U , (4.78)

where U stands for the total voltage measured across the device. Relations be-

tween these voltages may be found from the condition stating the continuity of the

normal component of electric displacement field at the boundary of two media

εDUD
dD

=
εAUA
dA

, (4.79)

that leads to the following expressions

UD =
U bi − U

1 + εDdA/(εAdD)
, (4.80)

UA =
U bi − U

1 + εAdD/(εDdA)
, (4.81)
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Figure 4.6: Free charge carrier generation and recombination processes taken into considera-

tion in the CFA model of a bilayer cell: thermal or photogeneration of free charge carriers (1),

monomolecular trap-assisted recombination (2), trapped electron/hole-free hole/electron recom-

bination (3), free electron-free hole bimolecular recombination (4).

in which εD and εA stand for the dielcetric constants of donor and acceptor layers

respectively. In a steady state the same current flows through both layers and

its density j depends on generation and recombination processes taking place

in the generation layer. In this model the following continuity equation, regarding

thermal and light induced free charge carrier generation, monomolecular trap-

assisted recombination, bimolecular recombination, as well as recombination of

free charge carriers with trapped carriers of the opposite sign, is considered (see

Fig. 4.6)

Gex +Gth − knRnj − αnnjpjt − αnjpj = − j

ea
, (4.82)

where Gex and Gth are the rates of photo- and thermal generation, knR, αn and α

stand for SRH recombination constant, bimolecular free electron-trapped hole re-

combination constant and bimolecular free electron-free hole recombination con-

stant, while pjt is the concentration of trapped holes. If Langevin recombination

is considered free hole-free electron bimolecular recombination constant α is ex-

pressed as follows

α =
e (µp + µn)

ε
, (4.83)

where ε stands for the permittivity of the generation layer. In this equation, also

known as the Debye-Smoluchowski equation, bimolecular recombination rate is

independent of the external electric field, though there are some models that as-

sume this process as the field and free charge carrier concentration dependent
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one [87].

In a steady state occupation of traps does not change, therefore the following

expressions are valid

kpRpj − αnnjpjt = 0 and (4.84)

knRnj − αppjnjt = 0 . (4.85)

Thus, kpRpj = αnnjpjt and

Gex +Gth − knRnj − k
p
Rpj − αnjpj = − j

ea
. (4.86)

According to this equation,

Gth = kpRp
th
j + knRn

th
j + αnthj p

th
j , (4.87)

since no current flows through an unbiased device in the dark. pthj and nthj stand

for the hole and electron concentrations in the generation layer under thermal

equilibrium conditions. These concentrations, as well as concentrations pj and

nj, can be extracted from the set of Eqs. 4.74. Substitution of these concen-

trations into the continuity equation 4.86 results in the following current-voltage

characteristics of the modeled device

0 = −αABj2 +
( 1
ea

+ AC +BD
)
j +Gex + E , (4.88)
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where

A =
dA
[
1− exp

(
− eUA

kT

)]
µneUA

, (4.89)

B =
dD
[
1− exp

(
− eUD

kT

)]
µpeUD

, (4.90)

C = knR + αp0exp
(
−eUD
kT

)
, (4.91)

D = kpR + αndexp
(
−eUA
kT

)
, (4.92)

E = knRn
th
j

[
1− exp

(
eUn
kT

)]
+ kpRp

th
j

[
1− exp

(
eUp
kT

)]
+

αnthj p
th
j

[
1− exp

(
eU

kT

)]
, (4.93)

nthj = ndexp
(
−eU

bi
n

kT

)
, (4.94)

pthj = p0exp
(
−
eU bi

p

kT

)
. (4.95)

As far as one can see, even though the considered model is very simple, as it

does not take into account many processes that may take place in the real de-

vice, such as exciton-exciton interactions, detrapping of charge carriers caused

by light or generation and recombination of free charge carriers in the bulk of

donor and acceptor layers, the obtained current-voltage characteristics is rather

complex.

If bimolecular recombination can be neglected, i.e. when α ≈ 0, current-voltage

relation becomes less complicated and takes the following form

j = −ea
Gex + knRn

th
j

[
1− exp

(
eUn
kT

)]
+ kpRp

th
j

[
1− exp

(
eUp
kT

)]
1 + eaknRA+ eakpRB

(4.96)

Therefore, two characteristic cases can be distinguished at high revers bias

1. slow recombination and high mobility of free charge carriers,

2. fast recombination and low mobility of free charge carriers.

60



Bilayer donor/acceptor systems

In the first case, current densities are independent of voltage and reach their

maximum values

jdark = −eaGth and (4.97)

j = −eaGex , (4.98)

whereas in the second case, current-voltage response depends strongly on pa-

rameters of both layers, among which εAdD/εDdA ratio plays one of the most

important roles. If this ratio is much lower than 1, while mobilities of free charge

carriers and their recombination constants are of the same magnitude, the donor

layer dominates the current-voltage behavior, thus

jdark = −
eµpp

th
j

dD
(
1 + εDdA

εAdD

) (U bi − U) (4.99)

j = − eµpG
ex

kpRdD
(
1 + εDdA

εAdD

) (U bi − U) , (4.100)

while if εAdD/εDdA is much greater than 1, the acceptor layer is the dominant one,

and hence

jdark = −
eµnn

th
j

dA
(
1 + εAdD

εDdA

) (U bi − U) (4.101)

j = − eµnG
ex

knRdA
(
1 + εAdD

εDdA

) (U bi − U) . (4.102)

In these cases, current flowing through a cell is a linear function of applied volt-

age. Under high forward bias current injected from the electrodes is greater than

the photogeneration current (j = jdark) and the roles of the dominant and minor

layers are switched: if εAdD/εDdA is much lower/greater than one then the accep-

tor/donor layer, respectively, governs the current flow. Again, current density is

linearly dependent on applied voltage and

j = jdark = − eµnnd

dA
(
1 + εAdD

εDdA

) (U bi − U) or (4.103)

j = jdark = − eµpp0

dD
(
1 + εDdA

εAdD

) (U bi − U) , (4.104)

respectively. In the absence of bimolecular recombination short-circuit current

density is expressed by the following equation
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jsc = − eaGex

1 +
aknRdA

[
1−exp

(
− eU

bi
n
kT

)]
µnUbin

+
akpRdD

[
1−exp

(
−
eUbip
kT

)]
µpUbip

, (4.105)

therefore the maximum value of jsc obtained in case of low recombination con-

stants and high mobilities of both types of free charge carriers is equal to the

generation current density, i.e.

jsc = −eaGex . (4.106)

In case of relatively low free charge carrier mobilities and high recombination con-

stants, εAdD/εDdA ratio determines the dominant layer. If this ratio is lower/greater

than one then

jsc = − eµpUbiG
ex

kpRdD
(
1 + εDdA

εAdD

) or (4.107)

jsc = − eµnUbiG
ex

knRdA
(
1 + εAdD

εDdA

) , (4.108)

respectively. At open-circuit no current flows through the device, therefore the

open-circuit voltage can be determined from the following equation

Gex+knRn
th
j

1− exp
eU oc

kT
(
1 + εAdD

εDdA

)
+kpRp

th
j

1− exp
eU oc

kT
(
1 + εDdA

εAdD

)
 = 0 . (4.109)

If εAdD/(εDdA) = 1, then the open-circuit voltage can be expressed in terms of

photo- and thermal generation rates

Uoc =
2kT
e

ln
(
Gex

Gth
+ 1

)
. (4.110)

If Gex

Gth
� 1, the open-circuit voltage may be expressed as follows

Uoc = U bi +
2kT
e

ln
Gex

knRnd + kpRp0
(4.111)

and it becomes greater than the built-in voltage whenever

Gex > knRnd + kpRp0 . (4.112)

The influence of mono- and bimolecular recombination constants on the current-

voltage characteristics and photovoltaic parameters for the modeled device is

62



Bilayer donor/acceptor systems

Figure 4.7: Current density as a function of applied voltage for the D/A cell according to the

derived CFA model in case of low monomolecular recombination constant and high mobility in

the presence and absence of bimolecular recombination in a semilog scale. Values of constants are

given in the graph.

shown in Figs.4.7 and 4.8. On the basis of these graphs and derived equations

the following conclusions regarding the CFA model of a bilayer D/A cell may be

drawn:

• open-circuit voltage can exceed the built-in voltage,

• mobility of free charge carriers does not directly affect the open-circuit volt-

age,

• high values of free charge carrier mobility are prerequisites for achieving

high current densities,

• bimolecular Langevin recombination has a minor impact on the short-circuit

current density
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Figure 4.8: Current density as a function of applied voltage for the the D/A cell according to the

derived CFA model in case of high monomolecular recombination constants and low free charge

carrier mobilities in the presence and absence of bimolecular recombination in a semilog scale.

Values of constants used in both cases are given in the graphs.

• the influence of monomolecular recombination on jsc is strongly pronounced

if free charge carrier mobilities are low

• recombination of free charge carriers strongly limits the open-circuit voltage:

if free charge carrier mobility is low then bimolecular Langevin recombina-

tion constant is low and Uoc is reduced mainly due to monomolecular re-

combination, while in case of high free charge carrier mobilities bimolecular

recombination becomes dominant

• recombination increases the reverse current density in the dark

• presence of bimolecular recombination practically does not influence the

current-voltage curve under illumination under reverse bias and relatively

low forward bias but significantly hampers the forward current around and
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above Uoc.

• relation between dielectric constants and thicknesses of donor and acceptor

layers, namely the εAdD/εDdA ratio, plays an important role, as it determines

the dominant layer that governs the current flow and affects the jsc and Uoc
values

65



Chapter 5

Materials choice, device fabrication and
characterization

5.1 Materials choice

MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy-p-phenylenevinylene)]) and DIP

(diindeno[1,2,3-cd:1’,2’,3’-lm]perylene) were chosen as donor materials to enable

utilization of solar radiation in the whole visible range and to provide a suitable

HOMOD-LUMOA offset. The former is a polymer material, while the latter is a

small molecule, therefore it was possible to determine the course of photovoltaic

phenomenon and applicability of F16ZnPc in polymer/small molecule and small

molecule/small molecule types of cells. Chemical structure of organic materials

Figure 5.1: Chemical structure of organic materials used in the course of this study.
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under study is shown in Fig. 5.1, while normalized absorption spectra of donor

and acceptor materials, as well as, relative positions of HOMO and LUMO levels

of films of these materials are shown in Fig. 5.2. These positions were not verified

experimentally in the course of this study, but taken from literature, according to

which, HOMO positions of MEH-PPV, DIP and F16ZnPc are 5.1-5.3 eV [51, 88],

5.35 eV [89] and 6.5 eV [90], respectively, whereas LUMO positions for these ma-

terials are 2.9-3.0 eV [51,88], 2.85 eV [89] and 4.6 eV [90] respectively. One must

bare in mind, that, as it was already explained, the terms HOMO and LUMO orig-

inally refer to positions of molecular orbitals of single molecules. However, very

often these terms are used to describe positions of charge (hole and electron)

transporting bands in layers formed by these materials. Herein, terms HOMO

and LUMO have the latter meaning.

MEH-PPV is a soluble derivative of poly(p-phenylene vinylene). It is one of the

most common donor polymers used in organic bilayer and bulk heterojunction

solar cells [28, 51, 91–93]. DIP, which is a derivative of a perylene die, is rather

insoluble, but forms thin films of pronounced crystallinity, with molecules standing

almost upright with their long axis perpendicular to the surface of a substrate,

when deposited from the vapor phase under suitable conditions [94, 95]. Such

structural order of DIP layers accounts for high values of free charge carrier mo-

bility and exceptionally high values of exciton diffusion length, exceeding 100 nm,

reported for this material [42].

In the course of this study the ITO and CuI anodes were used. Fermi level of

ITO equals 4.7-5.0 eV [51, 96], while 5.3 eV and 2.3 eV are the positions of the

valence and conduction bands of CuI respectively. Ag, for which the Fermi level

position is 4.3 eV [97] was used as a cathode. To improve metal/organic material

contacts, thin layers of molybdenum oxide and bathocuproine were introduced.

The positions of the valence and conduction bands of MoO3 buffer layer are 5.1-

5.4 eV and 1.9-2.3 eV respectively [98, 99], while HOMO and LUMO positions

of BCP are 7 eV and 3.5 eV [96]. Thin films of MoO3 deposited on the top of

ITO electrode are believed to modify ionization potential of the anode, causing a

rise in the built in potential, and as a result, an increase in the open-circuit volt-

age [100]. It was also stated, that an interlayer made of transition metal oxides,
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Figure 5.2: Normalized absorption spectra along with HOMO and LUMO positions of MEH-

PPV, DIP and F16ZnPc films.

such as MoO3, prevents from chemical reactions between the ITO and the active

layer [63]. Moreover, there are some reports, that conduction and valence bands

of MoO3 may lie much deeper (around 6.7 eV and 9.7 eV respectively) and thus

the role of this interlayer is not to provide hole selectivity of the electrode due

to large energy bandgap of this semiconductor and its valence band alignment

with Fermi level of the anode but, similarly to strong electron-acceptor molecu-

lar dopants, to make p-type regions close to the interlayer/organic junction, as a

result of electron transfer from organic material to this oxide [61, 101]. BCP was

chosen since it is widely used in organic solar cells due to its exciton blocking abil-

ity [102,103] and because of the fact, that thin layers of this material are thought to

protect the active layer from the damage induced during electrode evaporation, as

well as, from further diffusion of metal atoms into organic materials [104]. These

two processes introduce a large number of defects into organic layers. Presence

of these buffer layers should eliminate some electrode effects (like formation of

Schottky junctions at organic material/electrode interfaces) revealing processes

taking place at the MEH-PPV/F16ZnPc and DIP/F16ZnPc junctions.
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5.2 Device fabrication

Detailed description of techniques used for sample fabrication and characteriza-

tion of individual layers can be found in the appendix.

5.2.1 Single layer cells

ITO/F16ZnPc/Ag, ITO/F16ZnPc/BCP/Ag and CuI/F16ZnPc/BCP/Ag devices were

fabricated to enable investigation of photoelectric properties of the regarded ph-

thalocyanine and determination of its applicability in single layer cells. Samples

were prepared on glass substrates partially covered by ITO of sheet resistance of

40 Ω/square, purchased from PGO, or on borosilicate glass, on the top of which

a thin layer of CuI was deposited. Glass substrates were cleaned in an ultra-

sonic bath in acetone and isopropanol, and dried subsequently in the hot air flow.

F16ZnPc and BCP were purchased from Aldrich. F16ZnPc was purified by means

of train sublimation, whereas other materials under study were used as received.

Thin layers of Cu (about 30 nm-thick) were evaporated under high vacuum on the

top of borosilicate glass and then iodized. As a result, CuI layers about 50 nm-

thick were obtained. F16ZnPc layers of different thickness were deposited either

on ITO substrates or on CuI layer by means of physical vapor deposition (Auto

306 Turbo, Edwards, p=3 · 10−4 Pa). The same way 15 nm-thick BCP layers and

40 nm-thick Ag layers were deposited. Metallic electrode was evaporated through

a shadow mask, and as a result four identical devices per one cycle were fabri-

cated. The active area of the cells ranged from 0.05 to 0.1 cm2. Fig. 5.3 shows

the schematic structure of fabricated cells. All measurements were performed in

ambient air, at room temperature, without encapsulation.

Figure 5.3: Structure of single layer cells. BCP is an optional buffer layer.
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5.2.2 Bilayer cells

Planar bilayer ITO/MEH-PPV/F16ZnPc/Ag, ITO/MoO3/MEH-PPV/F16ZnPc/Ag,

ITO/MEH-PPV/F16ZnPc/BCP/Ag, ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag, ITO/

MoO3/DIP/F16ZnPc/BCP/Ag and CuI/DIP/F16ZnPc/BCP/Ag devices were fabri-

cated in order to determine the course of photovoltaic phenomenon in donor/

acceptor cells comprising the investigated F16ZnPc material. Fig. 5.4 shows the

schematic structure of bilayer cells with buffer layers. Simple planar structure of

devices was chosen to enable determination of active junctions and processes

leading to photogeneration of free charge carriers and their recombination. The

same substrates as in case of single layer devices were used. MoO3, MEH-PPV

and DIP were purchased from Aldrich and used without further purification. De-

position of F16ZnPc, BCP, CuI and Ag layers was desribed in the previous sub-

section. 5 nm-thick MoO3 interlayers were evaporated under high vacuum. MEH-

PPV was spin coated either on the top of ITO or anodic buffer layer from toluene

solution of various concentrations, not exceeding 0.5 wt.%. These layers were

subsequently annealed for 30 min at 100 °Cin a nitrogen flow. Thickness of the

MEH-PPV layer varied with spin speed and solution concentration. More details

on the fabrication of this layer are given in the appendix. DIP was deposited by

means of PVD under the same conditions as other thermally evaporated mate-

rials under this study, and its thickness was 50÷60 nm. All measurements were

performed in ambient air, at room temperature, without encapsulation.

Figure 5.4: Structure of bilayer cells with a complete set of buffer layers.
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5.3 Device characterization

Optoelectronic properties of materials forming the junctions, performance of fab-

ricated cells and processes taking place in investigated systems were determined

on the basis of short-circuit current density and open-circuit voltage action spec-

tra, i.e. jsc(λ) and Uoc(λ) curves, light intensity dependence of short-circuit current

density and open-circuit voltage dependence, namely jsc(I0) and Uoc(I0) curves,

along with current-voltage characteristics, i.e. j-V curves, measured in the dark

and under monochromatic illumination. Action spectra were recorded when solar

cells were illuminated at a constant photon flux I0 with monochromatic light of dif-

ferent wavelengths. Therefore, these spectra show the dependence between jsc

or Uoc and wavelength of the incident light, while during jsc(I0) and Uoc(I0) mea-

surements investigated cells were illuminated with monochromatic light of a cho-

sen wavelength and light intensity was a variable. The same experimental setup

shown in Fig. 5.5 was used to determine jsc and Uoc dependences on wavelength

and illumination intensity. Current-voltage curves were collected in the dark and

under monochromatic or white light illumination using Keithley 6517 electrometer

with computer controlled voltage source.

Figure 5.5: Experimental setup used for collection of jsc(λ) and Uoc(λ) action spectra as well

as jsc(I0) and Uoc(I0) curves. MC110 monochromator, Keithly picoammeters and Keithly 6517

electrometer were used in the curse of this study.
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Chapter 6

Photovoltaic phenomenon in single
layer cells with the F16ZnPc layer

6.1 Single layer cells with the ITO anode

In order to evaluate some properties of F16ZnPc layer and determine the quality

of its contact with Ag cathode, ITO/F16ZnPc/Ag and ITO/F16ZnPc/BCP/Ag cells

with a 140 nm - thick phthalocyanine layer were fabricated. Energetic structure

of materials forming investigated structures is shown in Fig. 6.1. Spectral re-

sponse of short-circuit current, light intensity dependence of short-circuit current

and open-circuit voltage as well as current-voltage characteristics for these cells

were measured. Photocurrents flowing through the cells that did not have the

bathocuproine buffer layer, as well as the open-circuit voltage measured for these

cells, were much lower than those measured for the ITO/F16ZnPc/BCP/Ag cells.

This lets us infer that the quality of the F16ZnPc/Ag contact is rather poor. For the

aforementioned reasons only results obtained for the cells with the BCP interlayer

are presented in this section.

6.1.1 Short-circuit current action spectra

From among all advantages showed by organic materials, high values of linear

absorption coefficient in the visible range is the key feature of these materials

making them attractive for photovoltaic applications. However, as it was men-
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Figure 6.1: Energy level diagram of materials forming the ITO/F16ZnPc/BCP/Ag cells.

tioned in section 3.4, exciton dissociation leading to creation of free charge car-

ries takes place not in the bulk of the absorbing organic layer, but rather at the

interface with another material. Therefore, apart from the linear absorption coeffi-

cient value κ, the exciton diffusion length L strongly affects the process of charge

carrier generation, thus it should be considered as a prerequisite determining ap-

plicability of a certain organic material in the field of OPV. Unfortunately, values of

exciton diffusion length showed by organic materials are relatively low. According

to literature, singlet exciton diffusion length in MEH-PPV films is in the range of

5-14 nm [106], while, as it was already mentioned, exciton diffusion length in DIP

layers was found to be exceptionally high. Due to lack of literature data, exciton

diffusion length in the F16ZnPc films was investigated in the course of this work.

There are few different experimental methods enabling to determine the exciton

diffusion length [107]. In case of F16ZnPc a relatively simple method was cho-

sen. This method enables to evaluate the exciton diffusion length in the single

organic layer provided with electrodes, as long as excitons are generated only

via light absorption, they are quenched at the electrode/organic material interface

and providing that one-dimensional diffusion equation can be applied to describe

concentration of excitons S(x) along this layer. Such case was described in sec-

tion 4.1. According to the CFA model of a single layer cell, short-circuit current

density flowing through the sample under these conditions is

jsc = eϕCϕdisssS0, (6.1)
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Figure 6.2: Short-circuit current density action spectrum obtained for ITO/F16ZnPc/BCP/Ag cell

with a 140nm-thick phthalocyanine layer. [105]

and since exciton concentration at the front contact S(0) is expressed by Eq. 4.4

one obtains

jsc =
eϕCϕdissI0

(1 + 1/κL)(1 +D/sL)
. (6.2)

Therefore, if one expresses jsc−1 as a function of κ−1, a simple linear relation is

obtained

jsc
−1 = c+ (c/L)κ−1 , (6.3)

where

c =
1 +D/sL

ϕCϕdisseI0
. (6.4)

In such case, according to Eq. 6.3, exciton diffusion length L can be calculated

knowing the slope of jsc−1 (κ−1) curve and its y-intercept. Short-circuit current

density action spectrum of ITO/F16ZnPc/BCP/Ag cells illuminated from the ITO

side with a constant photon flux density of I0 = 1015 photons/(cm2s) is shown in

Fig. 6.2. Photocurrents flowing through these cells are symbatic within the whole

investigated spectral range, so in this case measured photocurrent is limited by
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Figure 6.3: Inverse of the short-circuit current density obtained for ITO/F16ZnPc/BCP/Ag cell

with a 140nm-thick phthalocyanine layer vs. the reciprocal of linear absorption coefficient of

F16ZnPc within 620 nm - 740nm range. [105]

excitonic processes occurring near the illuminated ITO electrode, which makes

the ITO/F16ZnPc junction an active interface. Moreover, in the 620 nm-740 nm

range absorption coefficient of F16ZnPc is high enough to fulfill the d � κ−1 con-

dition. Furthermore, within this range jsc
−1 is a linear function of κ−1 (Fig. 6.3).

Thus, the method described above can be applied to calculate exciton diffusion

length in the F16ZnPc layer. Exciton diffusion length estimated using this method

is (18±7) nm. This value is reliable, since it is comparable to the exciton diffusion

lengths found for other phthalocyanines, like CuPc and SnPc for which L=5-25 nm

and L=(18.5±4.8) nm respectively [76,108–110].
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Figure 6.4: Short-circuit current density as a function of light intensity for monochromatic illu-

mination (λ=650 nm) of the ITO/F16ZnPc/BCP/Ag cell. Illumination from the ITO side.

6.1.2 Illumination intensity dependence of short-circuit current and
open-circuit voltage

The effect of light intensity on short-circuit current and open-circuit voltage for

monochromatic light of wavelength λ=650nm, referring to one of the absorption

peaks of perfluorozincphthalocyanine, is presented in Fig. 6.4 and Fig. 6.5. Col-

lected data, showing the relation between jsc and I0, are consistent with Eq. 4.60,

therefore the dominant type of recombination can be inferred from this relation

knowing the values of parameter b

• b ≈ 1 up to I0 = 5 · 1015 photons/(cm2s),

• b ≈ 0.79 at I0 > 5 · 1015 photons/(cm2s).

Hence, we may conclude that at low light intensities only monomolecular recom-

bination of free charge carriers is observed, while at higher light intensities the

influence of bimolecular recombination is also pronounced.
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Figure 6.5: Open-circuit volatge as a function of light intensity for monochromatic illumination

(λ=650 nm) of the ITO/F16ZnPc/BCP/Ag cell. Illumination from the ITO side.

The data presented in the second graph, showing Uoc as a function of light in-

tensity, fit well to the Eq. 4.51 at illumination intensities greater than I0 > 5 · 1013

photons/(cm2s) only if a prefactor m is introduced

Uoc =
mkT

e
ln(cI0) , (6.5)

thus, they seem not to fit to the CFA model. Moreover, despite similarity of this

equation and the one characteristic for an ideal diode, this prefactor can not be

treated as a diode ideality factor, since its value is lower than 1 and therefore,

these results can not be interpreted in terms of ideal diode device physics. Such

dependence between the open-circuit voltage and illumination intensity might fol-

low from exciton-charge carrier interactions.

6.1.3 Current-voltage characteristics

The role of the BCP layer and its influence on currents flowing through F16ZnPc/Ag

junction will be discussed in the next chapter, where it will be shown, that in the
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Figure 6.6: Current-volatge characteristics of the ITO/F16ZnPc/BCP/Ag cell measured in the

dark. U is the potential applied to the ITO electrode. Red lines and values of Ubi and nthd marked in

red result from fitting the experimental data to Eq. 4.40 assuming that kR = 109 1/s, a = 10−7 cm

and µ = 5 · 10−6 cm2/(Vs).

presence of this interlayer F16ZnPc/Ag contact becomes Ohmic for the injection

of electrons. On the basis of the action spectra measured for investigated cells

and the direction of the current flow we may conclude that the ITO/F16ZnPc con-

tact is the active rectifying contact for electrons, and that under illumination at

short-circuit holes are injected from the phthalocyanine layer to the ITO elec-

trode, whereas electrons are transported through this layer toward Ag electrode.

Forward/reverse polarization of the cell is the one for which positive/negative po-

tential is applied to the ITO electrode respectively. Therefore, currents flowing

through ITO/F16ZnPc/BCP/Ag cells under forward bias (positive polarization of

ITO with respect to Ag) should be much higher than the ones flowing through

these samples under reverse bias.

Current-voltage characteristics were collected in the dark and under monochro-
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Figure 6.7: Current-volatge characteristics of the ITO/F16ZnPc/BCP/Ag cell measured under

monochromatic illumination of λ=650 nm (B). U is the potential applied to the ITO electrode.

Red lines and values of Ubi, nthd and Gex marked in red result from fitting the experimental data

to Eq. 4.39 assuming that kR = 109 1/s, a = 10−7 cm and µ = 5 · 10−6 cm2/(Vs).

matic illumination of wavelength λ=650 nm and light intensity of I0 = 1015 photons/

(cm2s) (Figs. 6.6 and 6.7). These dependencies confirm our presumptions on the

type of electric contacts between electrodes and the F16ZnPc layer.

Both collected curves were fitted to the CFA model of a single layer cell model,

i.e. to Eqs. 4.39 and 4.40. It seems that a perfect fit, for which the adjusted R-

Square equals 1, was obtained for the dark j-V curve when the following values

of monomolecular recombination constant kR, width of the generation layer a and

electron mobility µ were assumed

• kR = 109 s−1, a = 10−7 cm, µ = 5 · 10−6 cm2V−1s−1.

In this case the following values of the built-in electric field and the concentration

of electrons at the rear contact were found

• Ubi = 0.3 V and nthd = 2.09 · 1015 cm−3 .
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Figure 6.8: Current-volatge characteristics measured in the dark (black squares) for the

ITO/F16ZnPc/BCP/Ag cells. U is the potential applied to the ITO electrode. Green line and values

of j0 and m result from fitting the experimental data to Eq. 3.15 in the voltage range from -0.1 V

to 0.3 V, while red lines refer to linear fits enabling estimation of resistances of the cell, RR is

the rectification ratio. The inset presents magnification of the current-voltage curve under reverse

bias.

It is worth noting, that although the adjusted R-Square equals 1 the fitted curve

does not match the measured current-voltage characteristics under reverse bias

(see the inset of the graph), for which this current is neither constant nor linearly

dependent on the applied voltage. Nevertheless, quite a good fit, for which the

adjusted R-Square equal to 0.995, was obtained for current-voltage characteris-

tics of the illuminated cell for the same values of kR, a, µ, Ubi and the following

values of photogeneration rate and thermal concentration of electrons at the rear

contact respectively

• Gex = (5.48± 0.55) · 1022 cm−3s−1 and nthd = (2.26± 0.02) · 1015 cm−3 .

This time, the CFA model matches well the experimental data collected in the

whole range of applied voltages except for a narrow range of voltages around the

open-circuit voltage. The measured values of this parameter, short-circuit current
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Figure 6.9: Current-volatge characteristics measured under monochromatic illumination of

λ=650nm and intensity 1015 photons/cm2s−1 for the ITO/F16ZnPc/BCP/Ag cells. U is the po-

tential applied to the ITO electrode. Green line and values of jph, Rs and Rsh show the results

of fitting the experimental data to Eq. 3.15 in the voltage range from -0.9 V to 0.2 V for m=1.7,

T=290K and j0=10 nA/cm2.

density and the calculated value of the fill factor under investigated illumination

conditions are

• Uoc = 0.07 V, jsc = 0.33 µAcm−2 and FF=0.3 ,

while the ones resulting from the CFA model are

• Uoc = 0.21 V, jsc = 0.93 µAcm−2 and FF=0.34 .

Such dissimilarity between these values may follow from the fact, that the CFA

model does not fit to the experimental current-voltage relation in the voltage range

around the open-circuit voltage.

Knowing the value of photogeneration rate we may calculate the value of elec-

tron collection efficiency ϕC at short-circuit. The values of ϕC estimated from Eqs.

4.59 and 4.56 are consistent with each other, as they are equal to ϕC ≈ 0.106 %
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Figure 6.10: Current-volatge characteristics measured in the dark (black squares) and under

monochromatic illumination of λ=650 nm and intensity 1015 photons/(cm2s) (open circles) for

the ITO/F16ZnPc/BCP/Ag cells with a 140 nm-thick phthalocyanine layer.

and ϕC ≈ 0.1 % respectively. This means, that the surface recombination ve-

locity vR is about three orders of magnitude greater than the drift velocity vd.

Such a large disproportion between these velocities arises from high recom-

bination constant and low mobility of free charge carriers that bring about low

electron collection efficiency and account for poor performance of the investi-

gated ITO/F16ZnPc/BCP/Ag system, for which the maximum power conversion

efficiency under investigated illumination conditions is very low and equal to about

2.3·10−4%.

Lets now try to evaluate the obtained current-voltage characteristics using the

SEC model. As it was mentioned, shape of the dark j-V curve under revers bias

is far from ideal diode behavior (see the insets of Figs. 6.6 and 6.8), while under

forward bias greater than 0.35 V current-voltage relation becomes linear. In the

intermediate voltage region ranging from -0.1 V to 0.3 V the jdark(U) curve can
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be fitted to the equation obtained for the Shockley equivalent circuit (Eq. 3.15).

Parameters that are obtained from such fit are:

• saturation current density j0,

• diode ideality factor m,

• series resistance Rs,

• shunt resistance Rsh.

Ranges of magnitude of these parameters should be somehow predetermined

before the fitting process, since many different sets of these parameters may give

a good fit to the same model. Some methods of solar cell parameter extraction

can be found in [39,111–113]. Herein, the following procedure based on the SEC

model was employed:

Since the current flowing through the cell varies with voltage in the following man-

ner

J =
Rsh

Rsh +Rs

{
J0

[
exp

(
e(U − JRs)

mkT

)
− 1

]
+

U

Rsh

− Jph
}

(6.6)

the first derivative of the current with respect to electric bias yields

dJ
dU

=
1
Rsh

+ eJ0A
mkT

Rs( 1Rsh + eJ0A
mkT

) + 1
, (6.7)

where

A = exp
[
e(U − JRs)

mkT

]
. (6.8)

Therefore, if this derivative is a constant, two different cases can be distinguished:

a) 1
Rsh
� eJ0A

mkT
, which means that dJdU ≈

1
Rs+Rsh

b) 1
Rsh
� eJ0A

mkT
, thus dJdU ≈

1
Rs

The first case regards the reverse bias, while the second is characteristic for the

forward bias, so if linear sections of the current-voltage curve may be found at

these two polarization directions, shunt and series resistances may be preliminar-

ily estimated knowing the slopes of these linear sections. Moreover, if we rewrite

Eq. 6.7 into the following form

x =
G

1−GRs

− 1
Rsh

, (6.9)
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where x = eJ0A/(mkT ) and G = dJ/dU , we will notice that

lnx = ln
eJ0
mkT

+
e

mkT
(U − JRs) . (6.10)

Hence, if we calculate G from the set of the experimental data and use it to calcu-

late x knowing the estimated values of shunt and series resistances, we should

be able to estimate the diode ideality factor m and saturation current J0 by plotting

the natural logarithm of x versus (U − JRs). These results are regarded as ini-

tial values in the process of fitting the experimental current-voltage plots into the

SEC model. The aforementioned approach may also be applied to current-voltage

curves measured under illumination as long as the photogeneration current Jph
does not depend on the applied voltage.

Approximated value of the series resistance of the ITO/F16ZnPc/BCP/Ag cell,

equal to 139 kΩ, was calculated from the linear part of the curve shown in Fig.

6.8. Afterwords, approximated value of the shunt resistance, equal to 23 MΩ,

was found from the short linear part of the curve under reverse bias. Since, as

it was already pointed out, under such bias current-voltage curve diverges from

the ideal diode behavior, the value of shunt resistance has a relatively large error

and therefore x is not well defined in this case. Nevertheless, it was possible to

estimate the values of m and j0 by plotting lnx as a function of (U−JRs), which is

the voltage applied to the diode. In this fashion m=1.44 and j0=2.5 nA/cm2 were

obtained. This set of 4 parameters, i.e.

• Rs=139 kΩ, Rsh=23 MΩ, j0=2.5 nA/cm2 and m=1.44

was used in the subsequent fitting process. The best fit (shown in Fig. 6.8), for

which the Adjusted R-square equals 0.994, was obtained for

• Rs=200 kΩ, Rsh=52 MΩ, j0=10 nA/cm2 and m=2.

Such a large value of the dark saturation current density accounts for the low

open-circuit voltage value, while diode ideality factor equal to 2 suggests, that

free charge carriers undergo trap-assisted recombination (SRH recombination)

in the vicinity of the active interface.
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The same method of predetermination of parameters was applied to the current-

voltage relation obtained under monochromatic illumination of λ=650 nm and in-

tensity I0 = 1015 photons/(cm2s) shown in Fig. 6.9, but although it seems that

both resistances, i.e. Rs=110 kΩ, Rsh=3.74 MΩ, were quite well defined for this

case reliable values of m and j0 were not found. Nevertheless, almost a perfect

fit of the current-voltage curve for which the adj. R-square=0.9997 was obtained

for the saturation current density of 10 nA/cm2, calculated for this cell in the dark

and the following set of parameters

• m=1.7, Rs=108 kΩ, Rsh=3.8 MΩ and jph=0.34 µA/cm2.

It is worth noting, that these values are reliable, since values of both resistances

are consistent with the ones found from the slopes of the linear sections of the

current-voltage curve, while the obtained photogeneration current density is a bit

greater than the short-circuit current density, which is equal to 0.33 µA/cm2 under

regarded illumination conditions. Estimated values of dark saturation current den-

sity, photogeneration current density, diode ideality factor under illumination and

Eq. 4.22 modified by introduction of the diode ideality factorm allow for calculation

of the open-circuit voltage

Uoc =
mkT

e
ln (1 + jph/j0) ≈ 150 mV . (6.11)

This value is more than twice greater than the experimental one equal to 70 mV,

but lower than the one found from the CFA model.

One must bare in mind, that the value of adjusted R-square does not determine

whether the applied model is good or not, and although the fit to the SEC model

seems to be practically perfect, the method of evaluating the diode ideality factor

and saturation current failed in this case, which suggests that even if this model

can be applied to the investigated system, photogeneration current might be de-

pendent on voltage. Moreover, if we take a look at the revers current under illumi-

nation, we will notice that it seems to be a linear function of the applied voltage.

Such a linear current-voltage characteristics under illumination at reverse bias

was observed in ZnPc/C60 cells and this phenomenon was attributed to additional

hole injection at the electron contact resulting from illumination of the fullerene

layer and therefore the loss of selectivity of this contact [12]. This phenomenon
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was called photoshunt. Authors of this work stated that presence of such photo-

shunt resulting from photoconductivity is an important loss mechanism limiting the

fill factor of heterojunction solar cells. Since in case of the ITO/F16ZnPc/BCP/Ag

cells theF16ZnPc layer is rather thick and spectral response of the short-circuit

current suggests, that the front contact is the only active contact, there should be

no photoshunt. However, it is evident that illumination of the cell causes a major

drop of a shunt resistance of the cell. This could be related to bulk generation of

free charge carriers, light induced detrapping process or interactions between free

charge carriers or excitons. Furthermore, the value of series resistance found at a

forward bias above the powergenerating region under illumination is about 20 %

lower than the one found in the dark, that may follow from additional light induced

mechanism of free charge carrier generation, such as detrapping of charge car-

riers. The diode ideality factor m found for illuminated cells is lower than the one

obtained for the dark curve, which suggests that under illumination free charge

carriers may undergo monomolecular trap-assisted recombination, as well as, bi-

molecular recombination.

It is worth noting, that the dark saturation current related to thermal generation

of free charge carriers should not depend on illumination or its lack, and indeed

in case of the investigated ITO/F16ZnPc/BCP/Ag cells values of j0 evaluated from

both current-voltage plots are identical. However, if we set the value of series

resistance in the dark to be equal to the one found from the slope of the current-

voltage curve then value of j0 obtained from the fit to the SEC model will be

equal to 18 nA/cm2 and will differ from the one obtained under illumination. If we

present jdark vs voltage and j under illumination vs voltage on the same graph in

the log-log scale (Fig. 6.10) we will notice, that under higher forward bias these

two plots practically overlap each other. This is consistent with Eq. 3.11, accord-

ing to which j ≈ jdark when dark current injected from electrodes is much greater

than the photogenerated one.

Lets know try to compare both models applied herein, i.e. the CFA model and

the SEC model. Unfortunately, the adjusted R-square is not a parameter that

allows for determination of more suitable model. We may only notice, that the

CFA model fits the experimental current-voltage relation in a much wider range

of voltages than the SEC one does. Although these models seem to differ a lot,
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some similarities may be found that allow for interpretation of the parameters

characteristic for the SEC model in terms of the ones describing the CFA model:

• Series and shunt resistances, that characterize the behavior of an ideal

diode, can be derived from Eqs. 4.44, 4.45 and 4.48. In the dark

1
AA(Rs +Rsh)

=
µeGth

kRd
, (6.12)

whereas under illumination

1
AA(Rs +Rsh)

=
µeGex

kRd
, (6.13)

while disregarding illumination

1
AARs

=
µenthd
d

=
µeGth

kRdexp[−eUbi/(kT )]
, (6.14)

where AA is the active area of the sample. Thus,

Rs =
d

µenthd
AA−1 , (6.15)

Rdark
sh =

kRd

µeGth
(1− exp[−eUbi/(kT )])AA−1 , (6.16)

while

Rill
sh =

kRd

µe

(
1
Gex
− 1
nthd kR

)
AA−1 . (6.17)

These equations indicate, that series resistance of a cell is constant, while

shunt resistance strongly depends on illumination conditions, i.e. decreases

with increasing light intensity, which is consistent with the results of our mea-

surements. Moreover, both these resistances depend on mobility of free

charge carriers, organic layer thickness, concentration of free charge carri-

ers at electrodes in thermal equilibrium and the built-in field. Since a good

diode is a diode of high shunt resistance and low series resistance, Rdark
sh /Rs

and Rill
sh/Rs ratios should be as high as possible. According to equations

given above, these ratios are

Rdark
sh

Rs

= eeUbi/(kT ) − 1 , (6.18)
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while
Rill
sh

Rs

=
kRn

th
d

Gex
− 1 =

kRn0
Gex

eeUbi/(kT ) − 1. (6.19)

Thus, it seems that prerequisites for good quality diodes are: high built-

in electric field, i.e. high value of the difference between electrode work

functions, and high free charge carrier concentration at the ohmic contact.

One must remember, that according to the CFA model high value of the

built-in voltage is essential for providing high free charge carrier collection

efficiency, in case of cells in which mobility of free charge carriers is low and

recombination of these carriers is fast (see Fig. 4.3). Rsh/Rs ratios can be

calculated knowing Ubi, kR and Gex or resistances, extracted from the fits to

the CFA or SEC models, respectively. These values are

– Rdarksh

Rs
≈ 1.6 · 105 (CFA model) or Rdarksh

Rs
≈ 260 (SEC model)

while under monochromatic illumination of 1015 photons/(cm2s)

– Rillsh
Rs
≈ 40 (CFA model) or Rillsh

Rs
≈ 35 (SEC model).

The values of these ratios obtained in the dark on the basis of regarded

models are inconsistent with each other (it may follow from the non ideal

shape of the dark j-V curve under reverse bias), while the ones found for

the illuminated cell stand in a good agreement with each other. Neverthe-

less, these results show that the increase in the incident light intensity brings

about a serious deterioration of the performance of the cell, since under rel-

atively low illumination intensity a rapid drop of the Rsh/Rs ratio is observed.

• If the diode ideality factor equals m the following relation results from the

modified Eq. 4.22 and Eq. 4.50 under the assumption of sufficient illumina-

tion intensity (i.e. if Gex � Gth and jph � j0)

Gex

Gth
=
(
jph
j0

)m
. (6.20)

In the CFA model eaGex is the maximum current density flowing through an

ideal illuminated cell, characterized by high mobility of free charge carriers

and low value of their recombination constant, while in the SEC model jph
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determines the density of the photogeneration current before any loss pro-

cesses. Therefore, eaGex seems to be analogous to jph and hence, eaGth,

that is the density of the current resulting from thermal generation of free

charge carriers in the generation layer, should be analogous to the satura-

tion current density j0 characteristic for an ideal diode. However, the equa-

tion given above shows, that photogeneration rate/thermal generation rate

ratio is proportional to photocurrent/saturation current ratio raised to power

m dependent on recombination processes. In case of the ITO/F16ZnPc/BCP/Ag

cells

– Gex/Gth ≈ 4000,

while

– (jph/j0)
m ≈ 400 ,

so these two ratios differ by one order of magnitude. Such discrepancy might

be a result of inaccuracy of parameters extracted from the fits, especially m

and Ubi, since both ratios are very sensitive to these parameters.

6.2 Single layer cells with the CuI anode

ITO/F16ZnPc/BCP/Ag cells have shown rather poor performance, though as it

will be presented later on, the F16ZnPc/BCP/Ag contact is ohmic, while the ITO/

F16ZnPc heterojunction is capable of dissociation of excitons. Therefore, in order

to verify the applicability of F16ZnPc in other single layer structures, cells compris-

ing a thin layer of cuprous iodide (CuI) instead of ITO were fabricated. This sec-

tion presents analysis of photovoltaic phenomenon in single-layer CuI/F16ZnPc/

BCP/Ag cells. Energy level diagram of materials forming this system is shown in

Fig. 6.11. The thickness of the F16ZnPc layer in the investigated cells was 80 nm.

6.2.1 Short-circuit current and open-circuit voltage action spectra

Spectral response of the short-circuit current collected under illumination I0 =

1014 photons/(cm2s) is shown in Fig. 6.12. Under illumination through the front
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Figure 6.11: Energy level diagram of materials forming the CuI/F16ZnPc/BCP/Ag cells.

electrode (in this case I0 is the intensity of light at the CuI/F16ZnPc heterojunction)

jsc follows the absorption of the phthalocyanine layer in the whole presented spec-

tral range. Moreover, under illumination from the opposite side (in this case I0 is

the intensity of light at the F16ZnPc/BCP heterojunction), jsc is symbatic as long

as absorption of the F16ZnPc layer is poor and rather antibatic in case of strong

absorption of this material. Hence, the CuI/F16ZnPc junction seems to be the ac-

tive junction in the CuI/F16ZnPc/BCP/Ag system. However, if we take a closer

look at the spectral response of short-circuit current obtained under illumination

from the Ag side around wavelengths of 400 nm and 560 nm, where absorption

of CuI is significant, we will notice that jsc seems to follow the absorption of CuI,

which suggests that photogeneration of free charge carriers as a result of exciton

dissociation at the CuI/F16ZnPc heterojunction might not be the only mechanism

of free charge carrier generation in the regarded system. Another mechanism of

free charge carrier generation can be related to light absorption in the CuI layer

related to band to band transitions. This would mean that this layer not only forms

a rectifying contact, enabling dissociation of excitons and collection of holes, but it

is also one of the active materials. In order to verify this fact, spectral dependence

of short-circuit current under illumination from the front side at the same value of

light intensity equal to 1014 photons/(cm2s) but at the glass/CuI junction was mea-

sured (Fig. 6.13). In this case, a peak of jsc followed by a local minimum of the

current around 400 nm, where absorption of CuI reaches its local maximum, is

clearly pronounced. The same behavior was observed in the open-circuit voltage
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Figure 6.12: Short-circuit current density as a function of wavelength of the incident light mea-

sured for CuI/F16ZnPc/BCP/Ag cell at light intensity I0 = 1014 photons/(cm2s), when the cell was

illuminated from the CuI (squares) or Ag (circles) side. Light intensity I0 is the intensity of light

incident on the CuI/F16ZnPc interface (when illuminated through CuI) and on the F16ZnPc/BCP

interface (under illumination through Ag).

action spectra (Fig. 6.14). However, the origin of these peaks and local minima

can be interpreted in two different ways:

1. observed minima follow from the decrease in light intensity at the active

CuI/F16ZnPc heterojunction caused by absorption of CuI,

2. peak values result from generation of free charge carriers in the CuI layer.

It is not easy to decide which of these interpretations is correct basing solely on

the action spectra, since it is rather hard to determine whether and how much the

peaks of CuI absorption and these of jsc and Uoc should be shifted with respect to

each other to prove one of these interpretations right. Therefore, collected action

spectra are inconclusive and other measurements have to be carried out to verify

the role of CuI in the CuI/F16ZnPc/BCP/Ag cells.
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Figure 6.13: Spectral response of short-circuit current measured at light intensity I0 = 1014

photons/(cm2s) for CuI/F16ZnPc/BCP/Ag cell, when the cell was illuminated from the CuI side.

Herein light intensity I0 is the intensity of light incident on the glass/CuI interface.

6.2.2 Illumination intensity dependence of short-circuit current and
open-circuit voltage

In order to verify the influence of light intensity on processes of generation and

recombination of free charge carriers in CuI/F16ZnPc/BCP/Ag cells, short-circuit

current density and open-circuit voltage were measured as a function of this pa-

rameter. Results of these measurements carried out under monochromatic illu-

mination of wavelength λ=650 nm, corresponding to the absorption peak of ph-

thalocyanine layer, are shown in Figs. 6.15 and 6.16. Herein, I0 is the intensity of

light at the glass/CuI interface. As one can see form the log-log plot of jsc vs I0,

even at relatively high light intensities short-circuit current is practically a linear

function of light intensity, since the slope b of the curve is close to 1 (b = 0.94).

Therefore, a single-photon absorption is responsible for excitation of the organic

layer, while monomolecular recombination of free charge carriers is a dominant

quenching process under short-circuit conditions up to I0 = 1016 photons/(cm2s).
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Figure 6.14: Spectral response of open-circuit voltage measured at light intensity I0 = 1014

photons/(cm2s) for CuI/F16ZnPc/BCP/Ag cell, when the cell was illuminated from CuI side.

Herein light intensity I0 is the intensity of light incident on the glass/CuI interface.

The slope of the Uoc(I0) semi-log curve gives the value of a prefactor m close

to 1.6, that can be interpreted as the diode ideality factor, suggesting the pres-

ence of monomolecular trap-assisted recombination of free charge carriers at the

CuI/F16ZnPc interface and bimolecular recombination in the bulk of the phthalo-

cyanine layer.

Knowing the dominant type of recombination at short-circuit the problem of de-

termination of the role of CuI in CuI/F16ZnPc/BCP/Ag cells, stated in the previous

subsection, can be addressed. Lets assume that absorption of light by CuI does

not result in free charge carrier generation, and therefore it does not contribute

to the current flow causing only a decrease in the light intensity reaching the

CuI/F16ZnPcinterface. In such case, the ratio of short-circuit current measured

when light intensity I0 is the incident light intensity at the glass/CuI interface and

short-circuit current measured when I0 is the intensity of light incident on the

CuI/F16ZnPc interface, namely jsc1/jsc, should be equal to the ratio of light in-

tensities at the CuI/F16ZnPc interface in these two cases raised to power b=0.94
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Figure 6.15: Light intensity dependence of short-circuit current density for CuI/F16ZnPc/BCP/Ag

cells. Cells were illuminated from the CuI side with monochromatic light of wavelength

λ=650 nm. I0 is the intensity of light at the glass/CuI interface.

accounting for recombination of free charge carriers, i.e. (I01/I0)0.94. This rela-

tion follows from the fact, that jsc ∼ I0
b, and in this case b = 0.94 in the whole

investigated range of light intensities. Light intensity I01 at the CuI/F16ZnPc junc-

tion with respect to illumination intensity I0 incident on the glass/CuI interface is

found knowing the absorbance of the CuI layer. These two ratios calculated for

illumination intensity I0= 1014 photons/(cm2s) in the range of wavelengths from

350 nm to 900 nm are shown in Fig. 6.17. As one can see, their values match

each other very well in the whole spectral range, that confirms the assumption

made above about the role of CuI in the investigated system: CuI forms an ac-

tive junction with the phthalocyanine layer, but its absorption does not enhance

photogeneration of free charge carriers. It is worth noting, that the largest devia-

tions between the plotted parameters are found in spectral ranges corresponding

to low short-circuit currents and may be attributed to experimental errors arising

during measurements of such low current values.
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Figure 6.16: Light intensity dependence of open-circuit voltage for CuI/F16ZnPc/BCP/Ag cells.

Cells were illuminated from the CuI side with monochromatic light of wavelength λ=650 nm. I0
is the intensity of light at the glass/CuI interface.

6.2.3 Current-voltage characteristics

Current-voltage characteristics were collected in the dark, under monochromatic

illumination of wavelength λ=650 nm and light intensity of I0 = 1015 photons/(cm2s)

as well as under white light illumination of intensities equal to 20 mWcm−2 and

100 mWcm−2. Schematic diagram of energy levels of materials forming the inves-

tigated cells was shown in Fig. 6.11. Analogically to the previous type of cells with

the ITO anode, we may point out the front electrode, i.e. CuI, as the active rec-

tifying contact for electrons. Therefore, terms forward and reverse bias for cells

with the CuI anode refer to the same polarization directions as in case of cells

comprising the ITO layer. Hence, currents flowing through CuI/F16ZnPc/BCP/Ag

cells at positive polarization of CuI with respect to Ag are expected to be much

higher than the ones obtained for the opposite polarization. Relation between the

dark current density and applied voltage obtained for CuI/F16ZnPc/BCP/Ag cells

is shown in Fig. 6.18 and it is consistent with our expectations. Rectifying behav-
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Figure 6.17: jsc1/jsc - ratio of short-circuit current densities measured for CuI/F16ZnPc/BCP/Ag

cells illuminated through CuI with light of intensity I0 = 1014 photons/(cm2s) at the glass/CuI

and the CuI/F16ZnPc interfaces; (I01/I0)0.94 - calculated ratio of light intensities at CuI/F16ZnPc

interface in these two cases raised to power b=0.94.

ior is quite well pronounced. The value of RR found at ± 0.6 V is equal to 705.

All collected current-voltage characteristics, presented in Figs. 6.18-6.21 were fit-

ted to the CFA model of a single layer cell, i.e. to Eqs. 4.39 and 4.40. The same

values of free electron mobility, recombination constant and width of the gener-

ation layer as in case of single layer cells with the ITO anode, i.e. µ = 5 · 10−6

cm2(Vs)−1, kR = 109 s−1 and a = 10−7 cm, were used during the fitting process.

The following values of the built-in potential, concentration of free electrons at the

rear contact and photogeneration rate were determined from the best fit of each

experimental curve:

• in the dark

Ubi = (0.54± 0.01) V, nthd = (1.57± 0.04) · 1015 cm−3

• under monochromatic illumination of wavelength λ=650 nm, and intensity

I0= 1015 photons/(cm2s)
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Figure 6.18: Dark current-voltage characteristics of the CuI/F16ZnPc/BCP/Ag cell. U is the po-

tential applied to the CuI electrode. Red lines and values of Ubi and nthd marked in red result

from fitting the experimental data to Eq.4.40 assuming that kR = 109 s−1, a = 10−7 cm and

µ = 5 · 10−6 cm2/(Vs).

Ubi = (0.52± 0.01) V, nthd = (2.85± 0.06) · 1015 cm−3,

Gex = (6.1± 0.3) · 1022 cm−3s−1

• under white light illumination of intensity I0=20 mW/cm2

Ubi = (0.57± 0.01) V, nthd = (5.67± 0.15) · 1015 cm−3,

Gex = (1.85± 0.01) · 1024 cm−3s−1

• under white light illumination of intensity I0=100 mW/cm2

Ubi = (0.56± 0.01) V, nthd = (4.62± 0.04) · 1015 cm−3,

Gex = (3.78± 0.02) · 1024 cm−3s−1

Just as in case of single layer cells with the ITO electrode, the CFA model does

not match the dark current-voltage relation under reverse bias (see the inset of

Fig. 6.18). The fit is far from perfect also in the narrow voltage range around

the derived value of Ubi. Fits found for the current-voltage curves measured un-

der illumination of the cell are quite good, as they follow the experimental data
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Figure 6.19: Current-voltage characteristics of the CuI/F16ZnPc/BCP/Ag cell under monochro-

matic illumination of λ=650 nm and illumination intensity 1015 photons/(cm2s). Red lines and

values of Ubi, nthd and Gex marked in red result from fitting the experimental data to Eq.4.39

assuming that kR = 109 s−1, a = 10−7 cm and µ = 5 · 10−6 cm2/(Vs).

practically in whole investigated voltage ranges. The value of the built-in voltage

resulting from all fits ranges from 0.52 V to 0.57 V, therefore we may regard it

as a constant. However, the value of free electron concentration at the rear con-

tact derived during the fitting process is not constant, since it changes from about

1.6·1015 cm−3 up to 5.7·1015 cm−3 depending on illumination conditions. Moreover,

values of nthd found for cells with ITO and CuI anodes should be identical, since

rear contacts of these cells are identical. Therefore, change in the anode mate-

rial should cause a change in the built in field leaving the nthd value unaffected.

nthd dependence on illumination is inconsistent with the assumptions made in the

derived CFA model. If this parameter is kept constant during the fitting process

mobility becomes the parameter that increases upon illumination, since the slope

of the j-V curve depends on these two constants. Illumination intensity depen-

dence of nthd or µ implies the series resistance dependence on I0. According to

Vissenberg [114], mobility enhancement in organic materials is possible if con-
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Figure 6.20: Current-voltage characteristics of the CuI/F16ZnPc/BCP/Ag cell under white light

illumination of intensity I0 = 20 mW/cm2. Red lines and values of Ubi, nthd and Gex marked in

red result from fitting the experimental data to Eq.4.39 assuming that kR = 109 s−1, a = 10−7 cm

and µ = 5 · 10−6 cm2/(Vs).

centration of free charge carriers is relatively high, i.e. when it approaches the

density of states. However, the most probable reason for the observed photo-

conductivity of the regarded system is free charge carrier detrapping induced by

illumination. This process was not regarded in the CFA model and that is why one

of the parameters, namely nthd or µ change with illumination. It is worth noting, that

photoconductivity that could be associated with light induced free charge carrier

detrapping process was also reported for other systems comprising F16ZnPc and

other phthalocyanines [6,115–117].

Photovoltaic parameters of the investigated CuI/F16ZnPc/BCP/Ag cells extracted

from the experimental data are given below

• λ=650 nm, I0= 1015 photons/(cm2s)

jsc=3.7 µA/cm2, Uoc=0.39 V, FF=0.42, η=0.2 %,
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Figure 6.21: Current-voltage characteristics of the CuI/F16ZnPc/BCP/Ag cell under white light

illumination of intensity I0 = 100 mW/cm2. Red lines and values of Ubi, nthd and Gex marked in

red result from fitting the experimental data to Eq.4.39 assuming that kR = 109 s−1, a = 10−7 cm

and µ = 5 · 10−6 cm2/(Vs).

• white light illumination of intensity I0=20 mW/cm2

jsc=0.11 mA/cm2, Uoc=0.53 V, FF=0.29, η=0.084 %,

• white light illumination of intensity I0=100 mW/cm2

jsc=0.21 mA/cm2, Uoc=0.55 V, FF=0.25, η=0.03 %,

Values of these parameters resulting from the fits are

• λ=650 nm, I0= 1015 photons/(cm2s)

jsc=3.14 µA/cm2, Uoc=0.42 V, FF=0.31

• white light illumination of intensity I0=20 mW/cm2

jsc=0.106 mA/cm2, Uoc=0.545 V, FF=0.26

• white light illumination of intensity I0=100 mW/cm2

jsc=0.21 mA/cm2, Uoc=0.55 V, FF=0.25.
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Noticeable discrepancy between the experimental values and the ones result-

ing from the fits was obtained only under monochromatic illumination. Electron

collection efficiencies at short-circuit ϕC calculated from the CFA model under in-

vestigated illumination conditions knowing Gex are 0.32 %, 0.35 % and 0.34 %,

respectively and these results are consistent with the value of ϕC equal to 0.3 %

estimated on the basis of drift and surface recombination velocities. Such value of

ϕC implies, that the surface recombination velocity is about two orders of magni-

tude greater than the drift velocity. Moreover, this free electron collection efficiency

is three times greater than the one calculated for the ITO/F16ZnPc/BCP/Ag cells.

Such improvement in free charge carrier collection efficiency follows from the rise

in the built-in field and decrease in the phthalocyanine thickness, but it is still in-

sufficient to enable good photovoltaic performance of the investigated system.

One must bare in mind, that according to the CFA model high value of ϕC , i.e. high

value of drift velocity (resulting from high free charge carrier mobility, high built-in

voltage and small layer thickness) as and low value of surface recombination ve-

locity (originating from low recombination constant), is not the only prerequisite

for obtaining good photovoltaic performance. Efficient photoexcitation followed by

effective exciton dissociation, that determine the photogeneration rate, are the

processes of fundamental importance. It is evident, that under white light illumi-

nation of investigated cells photogeneration rate is a sublinear function of light

intensity, since a fivefold increase in I0 brings about only a twofold rise in Gex.

According to the CFA model, jsc ∼ Gex and this accounts for the observed twofold

increase in the short-circuit current density. Therefore, although the increase in

the illumination intensity causes the increase in jsc and Uoc, fill factor decreases

and so does the efficiency of the cell. It is also worth noting, that under white light

illumination of 20 mW/cm2 the open-circuit voltage is practically saturated and

approaches the value of the built-in voltage. Saturation of this parameter may be

attributed to sublinearity of light intensity dependence of the photogeneration rate.

Lets now analyze the current-voltage behavior of the investigated CuI/F16ZnPc/

BCP/Ag cells in terms of the SEC model. Just as in case of cells with ITO anode,

two characteristic regimes of the dark current - voltage curve (Fig. 6.22) can

be distinguished: 1) a limited range from -0.05 V to 0.35 V where a good fit to

101



Single layer cells with the F16ZnPc layer

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

0

1x10-5

2x10-5

3x10-5

4x10-5

-0,1 0,0 0,1 0,2 0,3 0,4
0

1x10-7

2x10-7

3x10-7

j da
rk
 [A

/c
m

2 ]

U [V]

Rsh=2.14 G

j da
rk
 [A

/c
m

2 ]

U [V]

CuI/F16ZnPc/BCP/Ag

RR(0.6V)=705

U[-0.05V ; 0.35V]
j0=0.09 nA/cm 2, Rs=75 k
Rsh= G , m=1.70

Rs=88 k

Adj. R-Square = 0.999

Figure 6.22: Current-volatge characteristics measured in the dark (squares) for

CuI/F16ZnPc/BCP/Ag cells. Green line and parameters j0, m, Rs, Rsh and Adj. R-Square

show the results of the fit of experimental values to the SEC model in the voltage range from

-0.05 V to 0.35 V. RR is the rectification ratio calculated at ±0.6 V. Arrows point out series and

shunt resistances estimated from the slopes of the linear parts of the curve.

the SEC model was found and 2) a short linear part of the curve under forward

bias  0.7 V from which approximated value of the series resistance of 88 kΩ

was calculated. The value of shunt resistance equal to 2.14 GΩ was estimated

from the slope of the curve under reverse bias. Saturation current density equal

to 0.068 nA/cm2 and diode ideality factor of 1.65 were predetermined from the

lnx vs (U − IRs) plot, according to the method described in the previous section.

These values, along with estimated values of series and shunt resistances, were

used as initial values in the fitting process. The highest value of Adj. R-Square

was obtained for the following parameters

• m=1.7, j0=0.09 nA/cm2, Rsh=1.5 GΩ and Rs=75 kΩ.

Low value of the saturation current density and high value of the shunt resistance

account for good diode behavior of the investigated device. Series resistance of
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Figure 6.23: Current-volatge characteristics measured under monochromatic illumination of

λ=650nm and intensity 1015 photons/(cm2s) (circles) for CuI/F16ZnPc/BCP/Ag cells; Green line

and parameters j0, m, jph, Rs, Rsh and Adj. R-Square show the results of the fit of experimental

values to the SEC model in the voltage range from -0.4 V to 0.4 V. Arrows point out series and

shunt resistances estimated from the slopes of the linear parts of the curve. Illumination from the

front side.

this cell is comparable to the one found for the ITO/F16ZnPc/BCP/Ag cell, there-

fore it can be interpreted as the bulk resistance of the device. Small dissimilarity

between these resistances can be attributed to the difference in the thickness of

the phthalocyanine layers. Diode ideality factor of 1.7 confirms the presence of

trap-assisted monomolecular recombination of free charge carriers.

Two characteristic parts of the current-voltage curve, i.e. one corresponding to

the SEC model for voltages up to the value of the open-circuit voltage and the

other part corresponding to a linear dependence of the photocurrent on the ap-

plied voltage under higher forward bias, were also found under all investigated

illumination conditions (see Figs. 6.23, 6.24 and 6.25). Values of shunt and se-

ries resistances were estimated from the curves and used to calculate x. In the
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Figure 6.24: Current-volatge characteristics measured under white light illumination of 20

mW/cm2 (triangles) for CuI/F16ZnPc/BCP/Ag cells. Green line and parameters j0, m, jph, Rs,

Rsh and Adj. R-Square show the results of the fit of experimental values to the SEC model in the

voltage range from -0.4 V to 0.4 V. Arrows point out series and shunt resistances estimated from

the slopes of the linear parts of the curve. Illumination from the front side.

case of monochromatic illumination lnx vs (U − JRs) plot was made, but unre-

liable results were obtained, while under white light illumination this method of

parameter estimation failed. Nevertheless, good fits to the SEC model in a limited

ranges of voltage were obtained in all these cases for the same value of the satu-

ration current density j0 equal to 85 pA/cm2 and the diode ideality factor m=1.57.

These values stand in a perfect agreement with the values of saturation current

density and the diode ideality factor extracted from the dark current-voltage plot

and the open-circuit voltage action spectra, respectively. Values of the parame-

ters derived from the SEC model upon illumination of the investigated structure

were as follows:

• λ=650 nm, I0= 1015 photons/(cm2s)

jph = (3.7 ± 0.2) µA/cm2, Rsh=3.9 MΩ and Rs=55 kΩ
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Figure 6.25: Current-volatge characteristics measured under white light illumination of 100

mW/cm2 (stars) for CuI/F16ZnPc/BCP/Ag cells. Green line and parameters j0, m, jph, Rs, Rsh
and Adj. R-Square show the results of the fit of experimental values to the SEC model in the volt-

age range from -0.4 V to 0.55 V. Arrows point out series and shunt resistances estimated from the

slopes of the linear parts of the curve. Illumination from the front side.

• white light illumination of intensity I0=20 mW/cm2

jph=(0.21 ± 0.02) mA/cm2, Rsh=68 kΩ and Rs=36 kΩ

• white light illumination of intensity I0=100 mW/cm2

jph=1.02 mA/cm2, Rsh=10 kΩ and Rs=38 kΩ

The increase in illumination intensity brings about a significant decrease in the

shunt resistance, as well as a less pronounced drop in the value of series re-

sistance, that remains of the same order of magnitude. Decrease in the series

resistance of the cell may be attributed to the light induced detrapping of free

charge carriers. Furthermore, under monochromatic illumination short-circuit cur-

rent density is identical as the obtained value of jph, while under white light illumi-

nation jsc corresponds to only 52% and 20.5% of calculated jph upon illumination

intensity of 20 mW/cm2 and 100 mW/cm2 respectively. Yet, the ratio of photogen-
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Figure 6.26: Current-volatge characteristics measured in the dark (squares), under monochro-

matic illumination of λ=650nm and intensity 1015 photons/(cm2s) (circles), white light illu-

mination of 20 mW/cm2 (triangles) and white light illumination of 100 mW/cm2 (stars) for

CuI/F16ZnPc/BCP/Ag cells. Illumination from the front side.

erated current densities derived from the SEC model under 100 mW/cm2 and 20

mW/cm2 illumination intensity is practically the same as the ratio of these light

intensities, which suggests that under the investigated white light illumination in-

tensity the photogenerated current is still a linear function of light intensity and

monomolecular recombination of free charge carriers at the active junction is still

a dominant quenching process at this junction. The disproportion between the cal-

culated jph and measured jsc values may follow from the major decrease in shunt

resistance that causes a rapid drop in the Rsh/(Rsh + Rs) ratio, since according

to the resistances calculated from the fits to the SEC model, this ratio is equal to

about 1, 0.65 and 0.21 under 1015 photons/(cm2s), 20 mW/cm2 and 100 mW/cm2

respectively, and these values stand in a good agreement with obtained jsc/jph ra-

tios. Moreover, analysis of the SEC model based on Rsh/(Rsh+Rs) ratios and val-

ues of the photogenerated currents shows that under reverse bias, for which the

photogenerated current dominates the current flow, currents flowing through the
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investigated cell should be higher under light intensity of 100 mW/cm2 than under

20 mW/cm2, while under high forward bias, for which the dark injected current

is much greater than the photogenerated one, current density measured under

lower light intensity should be greater. Comparison of all collected current-voltage

plots shown in Fig. 6.26 confirms the reasoning given above. Due to changes in

the shunt resistance of the cell induced by light, current-voltage curves do not

overlap each other even under high forward bias. Such a great reduction in the

shunt resistance observed under illumination is consistent with the derived CFA

model, since Rsh/Rs ratios calculated in the dark and under illumination of the cell

with the CuI anode calculated on the basis of both regarded models are

• in the dark
Rdarksh

Rs
≈ 2 · 109 (CFA model) and Rdarksh

Rs
≈ 2 · 106 (SEC model),

• under monochromatic illumination of 1015 photons/(cm2s)
Rillsh
Rs
≈ 46 (CFA model) or Rillsh

Rs
≈ 70 (SEC model),

• white light illumination of intensity I0=20 mW/cm2
Rillsh
Rs
≈ 2.1 (CFA model) or Rillsh

Rs
≈ 1.9 (SEC model).

• white light illumination of intensity I0=100 mW/cm2
Rillsh
Rs
≈ 0.22 (CFA model) or Rillsh

Rs
≈ 0.26 (SEC model).

Values of Gex/Gth and (jph/j0)m calculated for these two models are also consis-

tent with each other, since their values are

• under monochromatic illumination of 1015 photons/(cm2s)

Gex/Gth ≈ 3 · 109 (CFA model) or (jph/j0)m ≈ 11 · 109 (SEC model),

• white light illumination of intensity I0=20 mW/cm2

Gex/Gth ≈ 2.3 · 107 (CFA model) or (jph/j0)m ≈ 1.9 · 107 (SEC model),

• white light illumination of intensity I0=100 mW/cm2

Gex/Gth ≈ 4 · 1010 (CFA model) or (jph/j0)m ≈ 13 · 1010 (SEC model).

It is worth mentioning, that the current-voltage relation for the intensity of light of

100 mW/cm2 was collected three weeks after the other current-voltage curves,

while the calculated values of jph suggest no degradation of the cell.

107



Single layer cells with the F16ZnPc layer

6.3 Conclusions

• Both investigated systems, namely ITO/F16ZnPc/BCP/Ag and CuI/F16ZnPc/

BCP/Ag, shown photovoltaic action resulting from exciton dissociation at the

front illuminated electrode/organic material interfaces.

• Additional mechanism of free charge carrier generation in the CuI/F16ZnPc/

BCP/Ag cell, following from band to band transition in the bulk of the CuI

layer, was not observed. Therefore, CuI plays solely the role of the electrode

in the regarded system.

• Reliable value of the exciton diffusion length in the perfluorozincphthalocya-

nine layer of 18± 7 nm was determined from the short-circuit current action

spectra measured for the ITO/F16ZnPc/BCP/Ag cell.

• Both regarded models, i.e. CFA and SEC models, were used to describe

the current-voltage behavior of the investigated single layer cells and it is

impossible to determine which model is more suitable basing on the values

of the adjusted R-square. However, the Shockley equivalent circuit model

could be used in a limited range of voltages, while good fits to experimental

data practically in the whole investigated voltage range were obtained when

the derived CFA model was applied, though illumination dependence of one

of the constants had to be assumed.

• Comparison of both regarded models leads to a conclusion that, as long

as exciton dissociation at one of the electrode/organic material interfaces

is the only process affected by illumination, series resistance of the single

layer cell is constant, while shunt resistance of the cell is strongly reduced

upon illumination. High free charge carrier mobility and high built-in field are

prerequisites for good quality diodes of low series resistance and high shunt

resistance.

• The ratio of photo and thermal generation rates characteristic for the de-

rived CFA model is analogous to the ratio of photogeneration and saturation

currents raised to power m equal to the diode ideality factor dependent on

the dominant free charge carriers recombination mechanism.
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• Under identical illumination conditions photogeneration rates found for both

investigated systems are comparable, therefore better photovoltaic perfor-

mance of the CuI/F16ZnPc/BCP/Ag system may be associated with:

– greater built-in field of this system and lower phthalocyanine layer thick-

ness that bring about an increase in the value of Uoc and drift velocity

vd, and as a result enhancement of ϕC and current density (in terms of

the derived CFA model),

– lower series resistance, greater shunt resistance and lower dark satu-

ration current density of this system (in terms of the SEC model).

• Current-voltage curves collected in the dark and under illumination do not

overlap each other, suggesting light intensity dependence of concentration

of free charge carriers at the rear contact, implying light intensity depen-

dence of series resistance. Decrease in the series resistance of both in-

vestigated systems brought by illumination may be attributed to photocon-

ductivity of the cells resulting from light induced detrapping or generation of

free charge carriers in the bulk of the phthalocyanine layer, though the latter

phenomenon is far less probable.

• Monomolecular trap-assisted recombination is the dominant quenching pro-

cess in regarded systems under relatively low light intensities. Under higher

illumination intensity the influence of bimolecular recombination is notice-

able.

• Due to the fact that CuI/F16ZnPc/BCP/Ag cells show relatively high jsc, Uoc,

FF and η values in the ambient air, without encapsulation and optimiza-

tion, and because they are able to utilize light from quite a broad range of

wavelengths, it seems that F16ZnPc may be a good material for photovoltaic

applications.
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Chapter 7

Photovoltaic phenomenon in bilayer
cells based on the donor/F16ZnPc
heterojunction

This chapter presents results of research concerning the photovoltaic effect taking

place in bilayer polymer/F16ZnPc and small molecule/F16ZnPc cells with MEH-

PPV and DIP donor layers respectively.

7.1 Bilayer cells based on the MEH-PPV/F16ZnPc het-

erojunction

This section is devoted to verification of the processes leading to free charge

carrier generation and determination of any loss mechanism affecting the course

of photovoltaic phenomenon in the cells based on the planar MEH-PPV/F16ZnPc

heterojunction. Special attention is paid to the role of buffer layers in the investi-

gated system. In order to verify the influence of bathocuproine (BCP) and molyb-

denum trioxide MoO3 on the performance of cells based on the investigated junc-

tion ITO/MEH-PPV/F16ZnPc/Ag, ITO/MEH-PPV/F16ZnPc/BCP/Ag, ITO/MoO3/

MEH-PPV/F16ZnPc/Ag and ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag cells were fab-

ricated. Energy band diagram of materials forming these systems is shown in

Fig. 7.1
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Figure 7.1: Energy level diagram of investigated materials [105].

7.1.1 Short-circuit current and open-circuit voltage action spectra

MEH-PPV was chosen as a donor material due to its absorption spectrum and

sufficient offset between its HOMO/LUMO positions and HOMO/LUMO positions

of the investigated phthalocyanine, that should enable efficient exciton dissocia-

tion at the junction of these materials. Short-circuit current and open-circuit volt-

age action spectra presented in Fig. 7.2 were collected in order to verify this as-

sumption. These spectra show the wavelength dependence of jsc and Uoc for the

cell without buffer layers, illuminated through the ITO electrode at a constant light

intensity of 1015 photons/(cm2s). Absorption spectra of donor and acceptor layers

of thickness equal to about 100 nm are also included in the graphs. Both obtained

action spectra are symbatic in the region of F16ZnPc absorption, while in the spec-

tral range of intensive absorption of MEH-PPV, in which absorption of F16ZnPc is

negligible, jsc and Uoc spectra are not clearly antibatic, but the peak values of

short-circuit current density and open-circuit voltage are certainly blueshifted to-

ward the region of lower polymer absorption. Such a spectral response proves

that generation of free charge carriers occurs via exciton photogeneration in poly-

mer and/or phthalocyanine layer and subsequent dissociation of excited states at

the MEH-PPV/F16ZnPc interface, which makes this interface an active junction in

the considered system. Direction of the current flow shows, that during the ex-
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Figure 7.2: Spectral response of short-circuit current (A) and open-circuit voltage (B) of the

ITO/MEH-PPV/F16ZnPc/Ag cell illuminated through the ITO electrode with light of intensity

I0 = 1015 photons/(cm2s) (black squares), MEH-PPV absorption spectrum (pink line) and

F16ZnPc absorption spectrum (purple line). Thickness of the MEH-PPV layer ∼ 100 nm.

citon dissociation process at the D/A junction holes are injected to the polymer

layer, whereas electrons are injected to the phthalocyanine layer. According to

the action spectra recorded for cells having MEH-PPV layers of different thick-

ness (Figs. 7.2-7.5), only excitons created in the vicinity of the active junction are

able to dissociate into free charge carriers at the regarded D/A interface and to
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Figure 7.3: Spectral response of short-circuit current (A) and open-circuit voltage (B) of the

ITO/MEH-PPV/F16ZnPc/Ag cell (squares) and ITO/MEH-PPV/F16ZnPc/BCP/Ag cell (triangles),

MEH-PPV absorption spectrum (pink line) and F16ZnPc absorption spectrum (purple line).

Thickness of the MEH-PPV layer ∼ 50 nm, samples fabricated in the same cycle. I0 = 1015

photons/(cm2s), illumination from the ITO side.

give their contribution to electric current flow or to the open-circuit voltage, since

action spectra obtained for all investigated cells illuminated through ITO electrode

are symbatic in the region of phthalocyanine absorption, but the thicker the MEH-

PPV layer is the more antibatic jsc and Uoc spectra are in the region of polymer
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Figure 7.4: Spectral response of short-circuit current (A) and open-circuit voltage (B) of the

ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell (circles) and ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag

cell (stars) [105], MEH-PPV absorption spectrum (pink line) and F16ZnPc absorption spectrum

(purple line). Thickness of the MEH-PPV layer ∼ 30 nm, samples fabricated in the same cycle.

I0 = 1015 photons/(cm2s), illumination from the ITO side.

absorption. It is not surprising that the thicker the polymer layer is the lower is the

value of the short-circuit current density, especially in the region of strong absorp-

tion of this material. This may be a result of a short exciton diffusion length in the

MEH-PPV layer and bulk resistance of this layer. The former reason can also ac-
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Figure 7.5: Spectral response of A) short-circuit current and B) open-circuit voltage of the

ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag cell with a thick ∼ 200 nm MEH-PPV layer (open

stars), MEH-PPV absorption spectrum (pink line) and F16ZnPc absorption spectrum (purple line).

I0 = 1015 photons/(cm2s), illumination from the ITO side.

count for the fact, that if the thickness of MEH-PPV is  30 nm, which is the case

of all investigated cells, photocurrent density is hardly ever higher in the spectral

range of MEH-PPV absorption than in the spectral range of intensive absorption

of F16ZnPc, while regardless of buffer layers, devices with thick MEH-PPV layers

show higher maximum values of the open-circuit voltage in the acceptor absorp-
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tion range, whereas those having thin MEH-PPV layers in the spectral range of

donor absorption. It is also noticeable, that the thicker the polymer is the higher

is the value of Uoc in the whole investigated spectral range, which is characteristic

for all fabricated photovoltaic cells. This can result from the fact, that the surface

of the MEH-PPV layer (check supplementary material) is rather uneven, there-

fore this layer may not be homogeneous, which in case of thin layers increases

the risk of shorting and lowers the open-circuit voltage value.

There is no doubt that introduction of buffer layers has a significant impact on jsc
and Uoc action spectra. It seems that introduction of any interlayers should lead

to an increase in the series resistance of a cell. Thus, at least a small drop in the

short-circuit current value in the whole spectral range should be expected [118],

but Figs. 7.3 and 7.4 show something different. Even though additional BCP layer

was incorporated to investigated cells, values of short-circuit current density have

increased in case of cells with both buffer layers. Such a result suggests a rise

in charge carrier photogeneration efficiency and/or a drop in the bulk recombina-

tion rate of charge carriers and decrease in series resistance. All these effects

could be related to better quality of the organic active layer having lower num-

ber of defect states. This quality improvement can originate from presence of the

BCP interlayer during thermal evaporation of a silver electrode, since as it was

already mentioned, during this process silver atoms may diffuse into bare organic

layers causing severe damage to the active layer. Moreover, reduction of potential

barrier heights for charge carrier injection at anode/organic material and organic

material/cathode interfaces caused by incorporation of buffer layers is also pos-

sible, as it can account for the increase of jsc as well. Furthermore, introduction

of any additional layers to the investigated system for sure changes the optical

field distribution in this system, due to optical effects such as reflection of light at

interfaces and interference of light within the bulk of a sample. Thus, differences

in the shape of action spectra resulting from incorporation of MoO3 and BCP

buffer layers can be explained this way. It is worth noting, that it is rather unlikely

that excitons reflected from the BCP buffer layer, which is regarded as an exciton

blocking layer (EBL), reach the active donor/acceptor interface and contribute to

current generation. They rather recombine before getting to that junction due to a

relatively high thickness of the phthalocyanine layer (∼ 100 nm) and a relatively
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low value of the exciton diffusion length (L ∼ 18 nm) in this material.

7.1.2 Light intensity dependence of short-circuit current and open-
circuit voltage

Figure 7.6 shows short-circuit current density as a function of incident light inten-

sity for diodes with thin, i.e. ¬ 50 nm, MEH-PPV layers. All cells were illuminated

through the ITO electrode with monochromatic light of wavelength 650 nm, for

which short-circuit currents reach peak values. For all investigated structures the

same relation between jsc and I0 as in case of single layer cells was found, i.e.

jsc ∼ I0
b. At low light intensities, not exceeding 2 · 1014 photons/(cm2s), 0.92¬

b ¬0.96 disregarding the presence of buffer layers. It means that at low illumina-

tion intensity excitons are created in the process of single-photon absorption and

photocurrent is limited by monomolecular recombination of free charge carriers

resulting from the presence of trapping sites. However, as the light intensity in-

creases influence of buffer layers becomes evident. In the absence of the BCP

b drops to about 0.8, that suggests the presence of bimolecular recombination.

It is also possible, that at higher illumination intensities photocurrent is affected

by space charge created as a result of low conductivity of organic layers and

poor collection of free charge carriers at respective electrodes [119]. Better jsc re-

sponse to light intensity was obtained for cells with the BCP interlayer. At higher

illumination intensities b drops to 0.9 and 0.86 for cells with the BCP and both

buffer layers, respectively, which means that bimolecular recombination is less

pronounced in these cases. This could follow from more effective collection of

charge carriers at electrodes. Moreover, though the presence of the BCP layer

influences the value of b, which means it affects the type of recombination, it does

not shift the jsc(I0) curve upwards (see Fig. 7.6A). This upward shift is present

only when both buffer layers are used (Fig. 7.6B), which was also seen on the

short-circuit current action spectra (Figs. 7.3A and 7.4A) and indicates a positive

role of the anodic MoO3 layer on jsc but only in the presence of the BCP layer.

Improvement caused by incorporation of the anodic buffer layer may not be ob-

served in the absence of BCP due to damage caused by evaporation of silver

electrode. It is worth noting, that the presence of buffer layers is not the only fac-
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Figure 7.6: Short-circuit current density as a function of incident light intensity for ITO/MEH-

PPV/F16ZnPc/Ag (squares) and ITO/MEH-PPV/F16ZnPc/BCP/Ag cell (traingles) fabricated in

the same cycle (A), ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell (circles) and ITO/MoO3/MEH-

PPV/F16ZnPc/BCP/Ag cell (stars) fabricated in the same cycle (B) [105]. λ=650 nm, illumination

from the ITO side, thin polymer layers.
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Figure 7.7: Short-circuit current density as a function of incident light intensity for

ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag cells with a thin (stars) and thick (open stars) polymer

layer. λ=650 nm, illumination from the ITO side.

tor affecting recombination of free charge carriers. Fig. 7.7 shows the influence

of polymer thickness on light intensity dependence of jsc for cells with both buffer

layers. It confirms our previous conclusions, that due to short exciton diffusion

length, the thicker MEH-PPV layer is the lower is the number of excitons reaching

the active interface and the lower is the photogeneration yield. Increase in series

resistance, originating from increase in the thickness of polymer layer and poor

conductivity, hampers charge collection enhancing free charge carrier recombi-

nation. Therefore, a rapid drop in b to 0.69 at higher light intensity, i.e. at I0 > 1015

photons/(cm2s), is observed for cells with MEH-PPV layer thickness exceeding

100 nm.

The effect of buffer layers, polymer thickness and wavelength of incident light on

open-circuit voltage under different illumination intensities is presented in Figs.

7.8, 7.9 and 7.10. The presence of the anodic buffer layer seems not to affect the

Uoc of MEH-PPV/ F16ZnPc cells, but undoubtedly, introduction of the BCP buffer

layer causes two positive effects. The first one is a clear upward shift of the Uoc

in the whole investigated I0 range. This effect can be explained in a few different
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Figure 7.8: Open-circuit voltage as a function of incident light intensity for ITO/MEH-

PPV/F16ZnPc/Ag cell (squares) and ITO/MEH-PPV/F16ZnPc/BCP/Ag cell (traingles) fabricated

in the same cycle (A), ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell (circles) and ITO/MoO3/MEH-

PPV/F16ZnPc/BCP/Ag cell (stars) fabricated in the same cycle (B) [105]. λ=650 nm, illumination

from the ITO side, thin polymer layers.

ways. The first explanation concerns finite surface recombination rate of majority

carriers at the cathode in the absence of BCP, which means that extraction of elec-
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Figure 7.9: Open-circuit voltage as a function of incident light intensity for ITO/MoO3/MEH-

PPV/F16ZnPc/BCP/Ag cells with a thin (stars) and thick (open stars) polymer layer. λ=650 nm,

illumination from the ITO side.

trons at the F16ZnPc/Ag contact is limited and these charge carriers accumulate

at regarded interface creating space charge that reduces Uoc [120]. Introduction

of the BCP layer might cause an improvement of electron extraction rate from the

bulk to the electrode, giving rise to the open-circuit voltage. On the other hand,

this upward shift of Uoc attributed to BCP is less pronounced in the presence

of the anodic buffer layer (compare Figs. 7.8 A and B). Moreover, it is evident

that another crucial factor affecting the value of Uoc is the polymer thickness (see

Fig. 7.9) - the thicker the polymer is the higher is the value of open-circuit volt-

age. Therefore, thick polymer layers and presence of the BCP layer might limit

the short-circuit effects (increasing shunt resistance). Another important fact is

that cells without the BCP layer show fast saturation of the open-circuit voltage

with increasing light intensity, whereas cells with this layer do not. The same sat-

uration effect was found for ITO/CuPC/MePTCDI/Ag cells in the absence of the

BCP interlayer [118] and was attributed to exciton quenching at the organic ma-

terial/cathode interface. According to authors, introduction of the BCP interlayer

disables the exciton quenching, preventing from saturation of Uoc. Therefore, the
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Figure 7.10: Open-circuit voltage as a function of incident light intensity for ITO/MoO3/MEH-

PPV/F16ZnPc/Ag cell (circles) and ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag cell (stars) fabri-

cated in the same cycle. λ=470 nm, illumination from the ITO side, thin polymer layers.

role of BCP in the regarded MEH-PPV/F16ZnPc system needs further considera-

tion. Nevertheless, Eq. 4.68 can be used to describe the dependence of Uoc on I0
for cells having the BCP interlayer

Uoc ≈
mkT

e
ln (c2I0) , (7.1)

where m plays the role of diode ideality factor. Values of m obtained for all cells

varied from 1.3 to 2.0 depending on the presence of buffer layers polymer thick-

ness and wavelength of incident light. The lowest m value, indicating the smallest

contribution of trap-assisted SRH recombination taking place at the donor/acceptor

interface, was obtained for the cell with both buffer layers and thin polymer layer

under monochromatic illumination of λ=650 nm (phthalocyanine absorption range).

However, the same sample illuminated with monochromatic light from polymer

absorption range, i.e. with λ=470 nm, showed higher m value, suggesting that

processes of recombination of free charge carriers depend on the material ex-

citons are generated in. The highest m value was found for the cell with thick

polymer layer, which means that in this case free charge carriers recombine in
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the SRH manner at the donor/acceptor interface.

It is worth noting, that according to literature, maximum predicted value of Uoc, that

is the difference between HOMO of the donor and LUMO of the acceptor posi-

tions divided by elementary charge, for the cells based on the MEH-PPV/F16ZnPc

junction is 0.7 V, while in the course of this research the open-circuit voltage equal

to 0.65 V was obtained for cells with both buffer layers and 200 nm - thick poly-

mer layer under monochromatic radiation of 2 · 1016 photons/(cm2s) and wave-

length λ=650 nm, which is only 0.05 V lower than the predicted maximum value.

Nevertheless, one must remember that HOMO and LUMO positions taken from

literature may have an uncertainty of few tenths of eV and that might be the cause

of such small difference between the predicted and experimental maximum open-

circuit voltage value, since due to various unfavorable factors, maximum value of

Uoc is usually about 0.3 V lower than the one resulting from the HOMO-LUMO

offset.

7.1.3 Current - voltage characteristics

Due to the relative positions of HOMO/valence level of MEH-PPV/MoO3 and

Fermi level of ITO (see Fig. 7.1), the anode/donor contact should remain Ohmic

for the injection of holes disregarding the presence of applied buffer layer. The

F16ZnPc/Ag contact should also be Ohmic but for the injection of electrons. The

position of conduction band of BCP lets us assume that incorporation of this buffer

layer should introduce a high potential barrier for the injection of electrons from

both sides of the above mentioned junction, especially from the acceptor’s side,

for which the barrier height is at least 1.1eV. This should lead to a worse per-

formance of the solar cell incorporating a BCP layer. However, it has been sug-

gested that during cathode deposition process some metal atoms diffuse into a

BCP layer and introduce additional sites inside its energy bandgap [121]. These

sites are considered responsible for the conduction of electrons in this case. Prob-

ability that a free electron will be injected from ITO to MEH-PPV in the presence

or absence of anodic buffer layer is very low, even at high negative polarizations

of ITO electrode (according to literature potential barrier height is greater than

1.7 eV), just like the probability that a free hole from the cathode will be injected
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into F16ZnPc HOMO level (potential barrier height is greater than 2.0 eV) disre-

garding the presence of a buffer layer and positive polarization of Ag. Thus we

should expect a very low value of a dark current when a negative potential is

applied to the anode. If a positive potential is applied to the latter we should ob-

serve mono and bimolecular recombination of free charge carriers (holes injected

by ITO and electrons injected by Ag) at MEH-PPV/F16ZnPc junction, as well as

space charge limited currents (SCLC) due to high potential barriers for holes and

electrons at that junction. Therefore, it is very probable that only holes contribute

to the current flowing through the MEH-PPV layer and analogically, only electrons

make their contribution to the current flowing through the F16ZnPc layer. Struc-

tural defects of deposited layers may have additional impact on electric charge

generation (e.g. thermal generation) and trapping processes, hence their pres-

ence may influence electric currents flowing through investigated cells, especially

under revers bias, i.e. in case of negative polarization of ITO with respect to Ag.

Maximum dark current density values measured at a forward bias of 1 V for

ITO/MEH-PPV/F16ZnPc/Ag devices varied in a broad range (10−7÷10−5 A/cm2)

showing no direct dependence on the thickness of MEH-PPV layer. That could

indicate a large number of defects in the investigated samples, especially in a

donor layer, which means that this layer significantly contributes to a total series

resistance and it may reduce the shunt resistance of a cell as well.

The effect of buffer layers on current-voltage characteristics of cells with thin

MEH-PPV layers is shown in Figs. 7.11 and 7.12. Introduction of the BCP ca-

thodic interlayer caused an increase in the dark current density under forward

bias greater than 0.3 V and a reduction of one order of magnitude in the cur-

rent density at a reverse bias, thus an increase in the rectification ratio - RR

values calculated at ±0.3 V are 3 and 20 for the cells without and with the BCP

buffer layer, respectively. On the contrary, cells provided with anodic buffer layer

only had very low RR values, comparable to the ones found for cells with no

buffer layers. Simultaneous insertion of the MoO3 and BCP buffer layers brought

about a notable increase in dark current density under forward bias. Currents

flowing through these cells were more than two orders of magnitude higher than
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Figure 7.11: Current density vs. voltage measured in the dark and under monochromatic illu-

mination of intensity I0 = 1015 photons/(cm2s) and wavelength λ = 650 nm for ITO/MEH-

PPV/F16ZnPc/Ag (squares) and ITO/MEH-PPV/F16ZnPc/BCP/Ag (triangles) cells fabricated in

the same cycle.

those flowing through bare ITO/MEH-PPV/F16ZnPc/Ag cells and the ones with

MoO3 layer only. As a result, high RR values exceeding 750 at ±0.3 V for devices

with thin (∼30 nm) polymer layers were obtained. This effect gives evidence of

improved hole and electron injection from ITO and Ag electrodes to donor and

acceptor layers respectively noted in the presence of both buffer layers, while re-

duction of the current density at the revers bias observed in the presence of BCP

shows that this layer hampers the injection of holes from Ag. Such changes in

the magnitude of current density may also indicate a reduction in series resis-

tance of the cell. The same effects of simultaneous incorporation of MoO3 and

BCP buffer layers were observed for ITO/CuPc/MePTCDI/Ag cells [118]. The fol-

lowing sets of parameters describing the performance of investigated cells under

monochromatic illumination of wavelength λ = 650 nm and intensity I0 = 1015

photons/(cm2s) were obtained:
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Figure 7.12: Current density vs. voltage measured in the dark and under monochromatic illumi-

nation of intensity I0 = 1015 photons/(cm2s) and wavelength λ = 650 nm for ITO/MoO3/MEH-

PPV/F16ZnPc/Ag (circles) and ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag (stars) cells fabricated

in the same cycle.

• ITO/MEH-PPV/F16ZnPc/Ag with a 50 nm thick MEH-PPV layer

jsc=0.47 µA/cm2, Uoc=0.25 V, FF=0.19, η=0.007%

• ITO/MEH-PPV/F16ZnPc/BCP/Ag with a 50 nm thick MEH-PPV layer

jsc=0.48 µA/cm2, Uoc=0.37 V, FF=0.27, η=0.016%

• ITO/MoO3/MEH-PPV/F16ZnPc/Ag with a 30 nm thick MEH-PPV layer

jsc=0.49 µA/cm2, Uoc=0.33 V, FF=0.27, η=0.014%

• ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag with a 30 nm thick MEH-PPV layer

jsc=0.79 µA/cm2, Uoc=0.31 V, FF=0.33, η=0.026%

One must bare in mind, that only cells with identical thickness of both organic

materials can be directly compared, since according to the CFA model current

flowing through the cell and therefore all parameters characterizing the photo-
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voltaic performance of this cell show thickness dependence. Moreover, optical

field distribution that affects the performance of the cell also relies on the thick-

ness of each layer.

S-shaped characteristics with a pronounced kink around Uoc and local satura-

tion of current in the conducting direction were found for bare ITO/MEH-PPV/

F16ZnPc/Ag cells and those with the BCP buffer layer only. This might be a re-

sult of the already mentioned finite surface recombination rate of majority charge

carriers postulated by Wagenpfhal et al. [120]. According to computer simulations

run by the authors, decrease in this recombination rate limits power-conversion

efficiency due to a drop in Uoc, jsc and fill factor. However, it is evident that in-

troduction of the BCP interlayer into ITO/MEH-PPV/F16ZnPc/Ag cells causes a

beneficial change in the shape of current-voltage characteristics, i.e. a notable

increase in Uoc from 0.25 V to 0.37 V and FF from 0.19 to 0.27. However, BCP

does not seem to affect jsc value too much and saturation of current in the con-

ducting direction is still present and it may follow from the problem with free charge

carrier extraction at the ITO/MEH-PPV contact. Situation changes when MoO3 is

incorporated into the cell. In this case saturation of current is far less pronounced

and diminishes completely in the presence of both buffer layers. Though the Uoc

value extracted form the current-voltage characteristics for the cell with both buffer

layers seems to be lower than the one of the cell with MoO3 layer only the open-

circuit voltage action spectra prove that the former cell shows higher values of

Uoc. Therefore, we may conclude that simultaneous improvement in Uoc, jsc and

FF is observed in the presence of both buffer layers. A relatively high value of fill

factor equal to 0.33 for devices fabricated, stored for few weeks and investigated

in the ambient air was reached for cells with both buffer layers and a thin polymer

layer, while the highest value of the open-circuit voltage of 0.61 V under these illu-

mination conditions was obtained for diodes with both buffers but a thick polymer

layer. However, thick polymer layer hampered charge transport and resulted in

low rectification ratio in the dark, low current density values in the dark and under

illumination and low fill factor of only 0.17.

It is worth noting that cells with high dark rectification ratios shown higher fill fac-

tors. Another fact that is worth mentioning is the difference between the shape
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Figure 7.13: Current density versus voltage measured under monochromatic illumination

of λ=650 nm (circles) and λ=470 nm (open circles) recorded for the ITO/MoO3/MEH-

PPV/F16ZnPc/Ag cell at illumination intensity I0 > 1015 photons/(cm2s).

of current-voltage curves obtained for the same device but illuminated with light

of two different wavelengths. Fig. 7.13 shows an example of two current-voltage

curves recorded for the same ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell illuminated

with light from donor absorption region (λ=470 nm) and acceptor absorption re-

gion (λ=650 nm). Such differences were observed for other investigated systems

as well. As one may notice, short-circuit current density is much lower in the

polymer absorption region but the shape of the curve at this wavelength is much

closer to the ideal diode behavior and the fill factor is much higher (FF=0.39).

This means it is probable that photogeneration efficiency, charge transport and/or

charge collection differ depending on the material excitons are generated in. That

might result from the positions of excitonic levels in donor and acceptor materials.

Since the model of a donor/acceptor junction developed in the course of this work

considers devices with ohmic contacts only current-voltage data collected for the

ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell with a 30 nm thick polymer layer and an

80 nm thick phthalocyanine layer were fitted to this model (see Figs. 7.14 and

7.15). Good fits were obtained under the assumption that free electron concen-
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Figure 7.14: Dark current-voltage characteristics of the ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell.

Red line and values of kpR and knR marked in red result from fitting the experimental data to the

CFA model assuming that εD = 3.9, p0 = 5 · 1017 cm−3, µp = 5 · 10−6 cm2V−1s−1, εA = 6,
nd = 0.986·1015 cm−3, a=1 nm,Ubi=0.48 V, µn = 5·10−6 cm2V−1s−1 and α = 3.5·10−12 cm3s.

tration at the rear contact may depend on illumination conditions, while mobility

of free charge carriers and free hole concentration at the front contact remain

unchanged. The best fits were obtained for the following set of parameters

• εD = 3.9, p0 = 5 · 1017 cm−3, µp = 5 · 10−6 cm2V−1s−1, εA = 6, µn = 5 ·
10−6 cm2V−1s−1, a = 1 nm, Ubi = 0.48 V, α = 3.5 · 10−12 cm3s

and

• nd = 0.986 · 1015 cm−3, kpR = 105 s−1, knR = 1010 s−1 in the dark and

• nd = 1.92 ·1015 cm−3, kpR = 105 s−1, knR = 9.6 ·109 s−1, Gex = 2.5 ·1023 cm−3s−1

under monochromatic illumination of λ=650 nm and intensity I0 = 1015

photons/(cm2s).

Illumination dependence of free electron concentration at the cathode was re-

garded due to the fact that, just as in case of single layer cells with CuI anode,
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Figure 7.15: Current-voltage characteristics of the ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell under

monochromatic illumination of λ=650 nm and intensity I0 > 1015 photons/(cm2s).Red line and

values of kpR, knR and Gex marked in red result from fitting the experimental data to the CFA

model assuming that εD = 3.9, p0 = 5 · 1017 cm−3, µp = 5 · 10−6 cm2V−1s−1, εA = 6,
nd = 2 · 1015 cm−3, a=1 nm, Ubi=0.48 V, µn = 5 · 10−6 cm2V−1s−1, α = 3.5 · 10−12 cm3s−1.

dark current-voltage characteristics and those collected under illumination for all

bilayer MEH-PPV cells do not overlap each other, even under high forward bias.

However, one must remember that this fact points out photoconductivity of the

system, that can be attributed to light induced detrapping of free charge carriers

that was not addressed during the derivation of the CFA model.

It has to be pointed out, that although the fits are good, monomolecular recombi-

nation constants resulting from these fits have large errors, exceeding the values

of knR and kpR. Suitable bimolecular recombination rate used during the fitting pro-

cess was estimated from the Langevin model (Eq. 4.83), assuming that dielectric

constant of the generation layer is equal to the average value of dielectric con-

stants of donor and acceptor layers. The value of the built-in potential derived from

the fits of current-voltage curves to the CFA model of a single layer cell with ITO

anode and BCP/Ag back electrode was equal to 0.3 V, while the one found on the
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Figure 7.16: Dark current-voltage characteristics of the ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell.

Green line and parameters j0, m, Rs, Rsh and Adj. R-Square show the results of the fit of exper-

imental values to the SEC model in the 0÷0.4 V voltage range. Arrows point out series and shunt

resistances estimated from the slopes of the linear parts of the curve.

basis of the CFA model and experimental data collected for the bilayer cell with

ITO/MoO3 front contact and BCP/Ag back contact equals 0.48 V. These results

suggest that MoO3 may modify the ITO work function enhancing the built-in field

within the cell, therefore it may have a positive effect on the open-circuit voltage

of the cell, as it was stated by Kinoshita et al. [100]. Furthermore, values of the

open-circuit voltage found for the regarded cell exceeded the extracted value of

the built-in voltage introduced by ITO/MoO3 and BCP/Ag electrodes.

It is also worth noting, that according to the fits, monomolecular recombination

rate of free holes is five orders of magnitude lower than the one found for free

electrons.

The same current-voltage curves were fitted to the SEC model, according to the

same procedure as previously. Initial values of resistances calculated from the

linear parts of the curves, along with diode ideality factor and saturation current

density resulting from the lnx vs. (U − JRs) plots were
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Figure 7.17: Current-voltage characteristics of the ITO/MoO3/MEH-PPV/F16ZnPc/Ag cell under

monochromatic illumination of λ=650 nm and intensity I0 > 1015 photons/(cm2s). Green line and

parameters j0, jph, m,Rs,Rsh and Adj. R-Square show the results of the fit of experimental values

to the SEC model in the -0.3 ÷0.36 V voltage range. Arrows point out series and shunt resistances

estimated from the slopes of the linear parts of the curve. Illumination from the front side.

• in the dark

Rs=130 kΩ, Rsh=4.13 GΩ, j0=0.085 nA/cm2 and m=1.8,

• under monochromatic illumination of λ=650 nm and intensity

I0 = 1015 photons/(cm2s)

Rs=107 kΩ, Rsh=6 MΩ, j0=0.2 nA/cm2 and m=1.69.

Good agreement between the experimental data and the regarded model was ob-

tained in the dark and under illumination in limited, i.e. 0÷0.4 V and -0.3 V÷0.36 V,

voltage ranges respectively and the following values of cell parameters, consis-

tent with their initial values, were found

• in the dark

Rs=100 kΩ, Rsh=4 GΩ, j0=0.09 nA/cm2 and m=1.8,
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• under monochromatic illumination of λ=650 nm and intensity I0 = 1015

photons/(cm2s)

Rs=140 kΩ, Rsh=5.5 MΩ, j0=0.281 nA/cm2, jph=0.81 µA/cm2 m=1.8.

It is worth noting, that the same diode ideality factor of 1.8 was found in the

dark and under illumination, suggesting the major role of monomolecular free

charge carrier recombination. Therefore, we may try to analyze parameters of the

cell derived from the SEC model in terms of the drift-diffusion model neglecting

bimolcecular recombination proposed in the course of this study (see Eq. 4.96).

According to the latter model along with extracted values of free charge carrier

mobilities and concentrations at both electrodes, as well as recombination and

dielectric constants, current density under high reverse bias can be approximated

with the following expressions

jdark ≈ −eµn
kpRp

th
j + knRn

th
j

knRdA
(
1 + εAdD

εDdA

) (U bi − U) (7.2)

j ≈ −eµn
Gex

knRdA
(
1 + εAdD

εDdA

) (U bi − U) . (7.3)

Under high forward bias the acceptor layer governs the current flow, thus

j = jdark ≈ −
eµnnd

dA
(
1 + εAdD

εDdA

) (U bi − U) . (7.4)

Since in all these cases current varies linearly with applied voltage we may relate

series and shunt resistances of the cell with properties of donor and acceptor lay-

ers. Keeping in mind the illumination dependence of free electron concentration

at the rear contact we obtain

Rdark
s ≈

dA
(
1 + εAdD

εDdA

)
eµnndarkd

AA−1 ≈ 160 kΩ , (7.5)

Rill
s ≈

dA
(
1 + εAdD

εDdA

)
eµnnilld

AA−1 ≈ 80 kΩ , (7.6)

Rdark
sh ≈

dA
(
1 + εAdD

εDdA

)
eµn

(kpR
knR
pthj + nthj

)−1
− 1
ndarkd

AA−1 ≈ 9.7 GΩ , (7.7)

while

Rill
sh ≈

dA
(
1 + εAdD

εDdA

)
eµn

(
knR
Gex
− 1
nilld

)
AA−1 ≈ 5.6 MΩ . (7.8)
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Resistances calculated on the basis of these simplified expressions stand in close

agreement with the ones calculated from the slopes of linear parts of presented

current-voltage plots. We may conclude, that as long as mobility of free charge

carriers and free charge carrier concentrations at electrodes are independent of

illumination series resistance remains constant. Otherwise, the latter decreases

with illumination as a result of enhanced free charge carrier transport. This en-

hancement causes further deterioration of the shunt resistance that decreases

with light intensity due to the rise in photogeneration rate. Deterioration of Rsh

under illumination is commonly observed in case of organic solar cells. Moreover,

even if one of the layers governs the current flow throughout the cell, some prop-

erties of the other layer, namely its thickness and dielectric constant, still affect

both resistances. Withal, we may notice that the built-in field also plays quite a

significant role as it affects thermal equilibrium concentrations of free charge car-

riers at the donor/acceptor junction that influence the dark shunt resistance of the

cell.

Further comparison of regarded models indicates that the open-circuit voltage de-

termined from the derived CFA model is a complicated function of a large number

of parameters and even in a simple case of monomolecular recombination only

(see Eq. 4.109) it is hardly ever analogous to the one given by Eq. 4.67 determin-

ing the open-circuit voltage in the SEC model. Open-circuit voltage expressions

determined from these two models are consistent with each other only if εAdD
εDdA

= 1

and α ≈ 0. Then

Uoc =
2kT
e

ln
(
Gex

Gth
+ 1

)
. (7.9)

Therefore, we may infer that the diode ideality factor m equal to 2 does indicate

that monomolecular recombination of free charge carriers within the D/A inter-

face is the main free charge carrier quenching process, while Gex/Gth ratio is

analogous to the jph/j0 ratio. This analogy shows that saturation current den-

sity j0, as well as photogeneration current are dependent on the properties of the

donor/acceptor junction if bulk generation can be neglected. Moreover, if εAdD
εDdA

6= 1

the physical meaning of the diode ideality factor can not be easily interpreted in

terms of the derived CFA model.
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Figure 7.18: Energy level diagram of materials forming the investigated cells.

7.2 Bilayer cells based on the DIP/F16ZnPc heterojunc-

tion

As absorption spectra of DIP and F16ZnPc complement one another and HOMO-

LUMO offset between these two materials is 0.75 eV, photovoltaic cells based

on this junction should be able to harvest light quite efficiently within the whole

visible range and should be able to generate voltage up to 0.75 V. Moreover, DIP

has already proved its applicability in organic photovoltaics. For the aforemen-

tioned reasons ITO/MoO3/DIP/F16ZnPc/BCP/Ag cells were fabricated but their

performance was very poor. Therefore, another structure containing the same

donor/acceptor heterojunction but CuI instead of ITO/MoO3 was fabricated and

investigated, as such CuI anode proved its applicability in single layer cells. Se-

lected results of the research carried out for both of the aforementioned systems,

namely ITO/MoO3/DIP/F16ZnPc/BCP/Ag and CuI/DIP/F16ZnPc/BCP/Ag cells are

presented below. Energy band diagram of materials forming these systems is

shown in Fig. 7.18.

7.2.1 Short-circuit current and open-circuit voltage action spectra

Short-circuit current action spectrum of the ITO/MoO3/DIP/F16ZnPc/BCP/Ag cell

collected at constant light intensity of 1014 photons/(cm2s) and illumination from
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Figure 7.19: Spectral response of short-circuit current of the ITO/MoO3/DIP/F16ZnPc/Ag cell

(squares) and DIP/F16ZnPc absorption spectrum (pink line). I0 = 1014 photons/(cm2s), illumi-

nation from the ITO side.
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Figure 7.20: Spectral response of short-circuit current of the ITO/MoO3/DIP/F16ZnPc/Ag cell

(squares) and DIP/F16ZnPc absorption spectrum (pink line). I0 = 1014 photons/(cm2s), illumi-

nation from the ITO side.
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Figure 7.21: Spectral response of short-circuit current of the CuI/DIP/F16ZnPc/Ag cell at I0 =

1014 photons/photons/(cm2s) (black squares) and I0 = 1013 photons/(cm2s) (open squares), ab-

sorption spectra of F16ZnPc (violet line), DIP (red line) and CuI (green line). Illumination from

the CuI side, I0 is the intensity of light at the glass/CuI interface. Note magnification of the current

measured at lower illumination intensity.

the ITO side is shown in Fig. 7.19. As one can see, though a donor/acceptor het-

erojunction was used currents flowing through the cell at wavelengths below 600

nm are low, since current density measured for this system is comparable to the

one obtained for the single layer ITO/F16ZnPc/BCP/Ag cells. Furthermore, jsc ac-

tion spectrum follows the absorption of DIP, but surprisingly, practically no current

flows through the cells at wavelengths longer than 600 nm, i.e in the region of ph-

thalocyanine absorption. This indicates that the active junction could be located

not at the DIP/F16ZnPc junction, but in the vicinity of the ITO anode. However,

the open-circuit voltage action spectrum (Fig. 7.20) shows symbatic relationship

with absorption spectrum of DIP/F16ZnPc bilayer in the whole investigated spec-

tral range, which points out that photogeneration of charge carriers takes place

rather near the donor/acceptor interface. No current flow at wavelengths longer

than 600 nm suggests, that for some reason there is a problem with charge car-

rier transport and/or collection if free charge carriers origin from photoexcitation

of the acceptor layer. If we take a look at the jsc action spectrum collected for the
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Figure 7.22: Spectral response of short-circuit current of the CuI/DIP/F16ZnPc/Ag cell (squares)

absorption spectra of F16ZnPc (violet line), DIP (red line) and CuI (green line). I0 = 1014

photons/(cm2s) at the glass/CuI interface, illumination from the CuI side.

cells with CuI anode under the same illumination conditions (black squares in Fig.

7.21) we will notice that

• current density is about 5 times greater than for the cells with ITO, though

absorption of CuI lowers light intensity at the DIP/F16ZnPc junction,

• the same problem, namely no current flow at longer wavelengths, occurs for

both systems.

Situation changes when illumination intensity is one order of magnitude lower

(open squares in Fig. 7.21; note magnification of the current). In this case, short-

circuit current follows absorption spectra of both organic semiconductors for λ>410

nm, just like the action spectrum of Uoc measured at 1014 photons/(cm2s) (Fig.

7.22). Voltage and current drop observed at shorter wavelengths can be associ-

ated with strong absorption of CuI. Therefore, it seems that the lower the number

of excitons generated in the phthalocyanine layer is the higher is the efficiency

of transport and/or collection of free charge carriers in both systems based on

the DIP/F16ZnPc heterojunction. The open-circuit voltage is about 150 mV higher
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Figure 7.23: Illumination intensity dependence of short-circuit current density found for the

CuI/DIP/F16ZnPc/Ag cell under monochromatic illumination of wavelength λ=470 nm (open

squares) or 650 nm (open circles). I0 is the intensity of light at the glass/CuI interface, illumi-

nation from the CuI side.

for the cells with CuI anode than for the ones with ITO as long as CuI does not

absorb too much light. Since former cells show better performance than the ones

with ITO/MoO3 anode, only results regarding the former system will be presented

in the next part of this thesis.

7.2.2 Light intensity dependence of short-circuit current and open-
circuit voltage

The effect of illumination intensity on short-circuit current density and open-circuit

voltage for two different wavelengths, namely 470 nm from the DIP absorption

range and 650 nm from the phthalocyanine absorption range, is presented in

Figs. 7.23 and 7.24. These characteristics suggest that at short-circuit conditions

monomolecular recombination of free charge carriers at the donor/acceptor junc-

tion is the main quenching process when free charge carriers are generated as
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Figure 7.24: Illumination intensity dependence of open-circuit voltage found for the

CuI/DIP/F16ZnPc/Ag cell under monochromatic illumination of wavelength λ=470 nm (open

squares) or 650 nm (open circles). I0 is the intensity of light at the glass/CuI interface, illumi-

nation from the CuI side.

a result of photoexcitation of the DIP layer (b ≈ 0.92 within the whole experimen-

tal range), while even at low light intensities population of free charge carriers

is diminished mainly in a bimolecular manner when these carriers origin from

dissociation of excitons generated in the phthalocyanine layer (b ≈ 0.64 above

1012 photons/(cm2s)). However, the diode ideality factors of 1.92 at 470 nm and

1.86 at 650 nm extracted from the Uoc(I0) plots imply that at open-circuit mono-

molecular recombination of free charge carriers is the main recombination pro-

cess regardless of the wavelength. On the basis of these results the character of

jsc and Uoc action spectra can be explained. Such wavelength dependence of the

dominant recombination type at short-circuit suggests that there is a problem with

free charge carrier separation after exciton dissociation at the D/A junction if the

acceptor layer is the absorbing one. Moreover, HOMO and LUMO levels of DIP

are practically identical as the positions of HOMO and LUMO levels of MEH-PPV

and current flowing through the cell with the latter donor material and the same
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Figure 7.25: Current-voltage characteristics collected for the CuI/DIP/F16ZnPc/BCP/Ag cell in

the dark and under different illumination conditions. I0 is the intensity of light at the glass/CuI

interface, illumination from the CuI side.

set of electrodes upon illumination from the phthalocyanine absorption range is

of the same magnitude as the on measured upon illumination from the MEH-PPV

absorption range. Nevertheless, it is evident that the shape of the current-voltage

curves of these cells depend on the photoexcited material. Therefore, it seems

that efficiency of free charge carrier extraction, transport or collection is depen-

dent upon relative positions of excitonic levels of donor and acceptor materials

and electric field within the cell.

7.2.3 Current - voltage characteristics

According to energy level band diagram presented in Fig. 7.18, positive polar-

ization of ITO or CuI means that the investigated cells are under forward bias.

Current-voltage characteristics were collected in the dark, under monochromatic

illumination of two different wavelengths, namely 470 nm and 650 nm, and inten-

sity I0 = 1015 photons/(cm2s) as well as under white light illumination of intensity
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I0 =20 mW/cm2. These characteristics are shown in Fig. 7.25. Very low rectifi-

cation ratio of about 9 under bias of ±0.6 V was found. Dark and photocurrents

flowing through the cell under forward bias are very low suggesting free charge

carrier injection/extraction and transport problems along with great recombina-

tion losses related to low mobility of free charge carriers and high recombination

constants (see. Fig. 4.8). Moreover, photoconductivity of the system is strongly

pronounced as the photocurrent at high forward bias is even three ranges of mag-

nitude higher than the dark current. Photovoltaic parameters of the investigated

CuI/DIP/F16ZnPc/BCP/Ag cells extracted from the experimental data are given

below

• λ=650 nm, I0= 1015 photons/(cm2s)

jsc=0.165 µA/cm2, Uoc=0.45 V, FF=0.21, η=0.005%,

• λ=470 nm, I0= 1015 photons/(cm2s)

jsc=0.932 µA/cm2, Uoc=0.47 V, FF=0.28, η=0.029%,

• white light illumination of intensity I0=20 mW/cm2

jsc=9.87 µA/cm2, Uoc=0.53 V, FF=0.24, η=0.006%,

It is evident, that although the values of the open-circuit voltage are relatively high

short circuit-current density, fill factor and as a consequence energy conversion

efficiency are unsatisfactory. Just as in case of bilayer cells with the MEH-PPV

layer, better performance of the cell was observed under monochromatic illumi-

nation of wavelength λ=470 nm from the donor absorption range.

Though relatively good fits of experimental data to the derived CFA model were

obtained parameters resulting from these fits were inconsistent with each other,

therefore this model can not be used to describe the current-voltage behavior

of this system. Parameters characterizing properties of the cell according to the

SEC model predetermined from the dark-current voltage curve as described be-

fore were

• m=5.3, j0=0.3 nA/cm2, Rsh=9 GΩ and Rs=0.47 GΩ ,

while the following set of data was obtained from the best fit for this model in the

-0.1 V÷0.5 V range (see Fig. 7.26)
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Figure 7.26: The best fit of the SEC model to the dark current-voltage characteristics collected

for the CuI/DIP/F16ZnPc/BCP/Ag cell.

• m=6.0±1.1, j0=0.21 nA/cm2, Rsh=5.47 GΩ and Rs=0.5 GΩ .

Although these values stand in close agreement with each other the diode ide-

ality factor found for the CuI/DIP/F16ZnPc/BCP/Ag cell is much greater than 2,

therefore interpretation of the current-voltage behavior of this cell on the basis of

this model is also impossible. The only reasonable conclusion that can be drawn

for this system is its very high series resistance, that is three orders of magnitude

greater than in case of all other investigated single and bilayer cells. Since the ph-

thalocyanine/BCP/Ag contact is ohmic such high resistance suggests free charge

carrier injection and extraction barriers at the front contact as well as problems

with free charge carrier transport through the bulk of the cell. It is very proba-

ble that the CuI/DIP contact, just as the ITO/MoO3/DIP one, is not ohmic and a

proper anode should be found in order to improve the performance of the cell.

Nevertheless, a strong dependence of cells performance on the wavelength of in-

cident light suggests that relative positions of HOMO/LUMO and excitonic levels

in these materials is disadvantageous for efficient light harvesting.
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7.3 Conclusions

• Disregarding electrodes and buffer layers cells based on the investigated

heterojunctions, i.e. MEH-PPV/F16ZnPc and DIP/F16ZnPc, shown photo-

voltaic action resulting from exciton dissociation at the donor/acceptor in-

terface.

• Just as in case of single layer cells, all investigated devices show pro-

nounced photoconductivity that may result from the free charge carrier de-

trapping process, since bulk generation of free charge carriers in organic

materials upon illumination from the visible range is rather uncommon.

• CFA and SEC models were used to describe the current-voltage behavior of

the ITO/MoO3/MEH-PPV/F16ZnPc/BCP/Ag cell. Nevertheless, due to photo-

conductivity, illumination dependence of free electron concentration at the

rear contact and series resistance had to be assumed.

• Buffer layers, namely MoO3 and BCP, enhance collective and injecting prop-

erties of ITO and Ag electrodes respectively. Moreover, it seems that BCP

can prevent from exciton quenching at organic material/cathode interface

obviating the saturation of the open-circuit voltage with light intensity. In the

course of this study the direct influence of MoO3 on the open-circuit voltage

was not observed, although comparison of the collected experimental data

and the derived CFA models of single and bilayer cells suggests, that MoO3

modifies the ITO work function and enhances the built-in field within the cell,

therefore it may have a positive effect on the open-circuit voltage.

• None of the regarded models is suitable for the analysis of the current-

voltage behavior of the cells based on the DIP/F16ZnPc heterojunction, for

which the dark current under forward bias was very low, while photocurrent

strongly dependent on illumination conditions. It is possible, that both mod-

els failed to fit the experimental data due to non-ohmic character of the front

electrode and pronounced photoconductivity of the investigated structure.

• When the ratio εAdD
εDdA

equals 1 and bimolecular recombination can be ne-

glected there is an analogy between the ratio of photo and thermal gener-
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ation rates characteristic for the derived CFA model and the ratio of photo-

generation and saturation currents, while the diode ideality factor is equal to

2. Otherwise, the physical meaning of the diode ideality factor is difficult to

determine.

• The derived CFA model explains the origin of illumination dependence of

shunt resistance of a cell.
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Chapter 8

Summary

The course of photovoltaic phenomenon in organic photovoltaic cells utilizing thin

layers of perfluorozincphthalocyanine was studied in few single and planar bilayer

configurations. On the basis of collected experimental data mechanisms of photo-

generation and recombination of free charge carriers were determined and active

interfaces were localized. In case of single layer cells these interfaces were lo-

cated at the front electrode/F16ZnPc junctions, whereas photogeneration of free

charge carriers in all investigated bilayer systems took place at the donor/acceptor

junctions.

In order to relate the phenomena observed in the investigated systems with elec-

tric properties of materials forming these systems and their thickness, theoreti-

cal models describing the current-voltage behavior of single layer excitonic cells

and planar bilayer cells (termed the CFA models) were developed. These mod-

els show how free charge carrier mobilities, electrode work functions, dielectric

constants and thickness of donor and acceptor layers along with mono and bi-

molecular recombination constants affect the shape of the current-voltage curves.

Knowing this dependence, such important physical quantities as the open-circuit

voltage and short-circuit current were correlated with the aforementioned param-

eters. Subsequently, experimental data collected for all investigated systems were

analyzed on the basis of the developed models and the Shockley equivalent cir-

cuit model commonly used for organic solar cells. Although good fits of the de-

rived CFA models to experimental data, apart from the data collected for the cells

based on the DIP/F16ZnPc heterojunction, were obtained, light intensity depen-
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dence of free electron concentration at the rear F16ZnPc/BCP/Ag contact had

to be assumed, due to marked photoconductivity shown by all investigated sys-

tems. This photoconductivity may origin from the light induced free charge carrier

detrapping process, since the bulk generation of free charge carriers in organic

materials upon illumination in the visible range is rather uncommon. Therefore,

further improvement of the CFA models via introduction of the former process

into the equations describing generation-recombination kinetics may bring bet-

ter understanding of photoelectric properties of single layer and bilayer systems

showing pronounced photoconductivity. Nevertheless, comparison of the derived

CFA models and the SEC model brought some insight on the relation between

physical properties of the layers forming the modeled cells and parameters char-

acterizing performance of a cell, such as series and shunt resistances, diode

ideality factor or photogeneration and saturation currents. Inter alia, it was pos-

sible to explain the illumination dependence of the shunt resistance commonly

observed in case of organic solar cells. Moreover, it was shown that one of the

layers of the D/A systems may govern the current flow and that the free charge

carrier mobility is not necessarily the most important factor influencing the free

charge carrier transport through the cell, since the latter might be mainly affected

by the εAdD
εDdA

ratio. Furthermore, according to the developed CFA model the open-

circuit voltage can exceed the built-in voltage and the latter has a strong impact

on free charge carrier collection.

Surprisingly, the best photovoltaic performance, even under white light illumina-

tion, was shown by the single layer CuI/F16ZnPc/BCP/Ag cell, though in contrast

to the fabricated bilayer cells it utilized light from a narrower range of wavelengths.

Further increase of the performance of this system is possible if optimization of

the phthalocyanine layer is made. Such optimization is also necessary in case of

investigated bilayer cells. All in all, relatively high values of fill factors and open-

circuit voltage obtained in the course of this study lead to the conclusion, that

the investigated material, namely F16ZnPc, may be a promising material for the

applications in the field of organic photovoltaics.
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Appendix A

Fabrication and characterization of
individual layers

A.1 Coating techniques

Many different deposition techniques including PVD (physical vapor deposition),

CVD (chemical vapor deposition), MBE (molecular beam epitaxy), MS (magne-

tron sputtering), spin coating, dip coating, inkjet printing, doctor blade and drop

casting have been developed for the production of thin films of organic and in-

organic materials. The choice of the most suitable method depends on a great

variety of factors, among which type and solubility of deposited material as well

as scale of the device play the most significant role. Herein coating techniques

used to fabricate devices described in this thesis, i.e. PVD and spin coating, are

presented.

• Physical vapour deposition

Physical vapour deposition (PVD) is the most common method used for

deposition of insoluble organic materials e.g. phthalocynanines, porphyrins,

fullerenes, and inorganic materials e.g. metals, oxides and inorganic semi-

conductors. Furthermore, this technique can be used as alternative depo-

sition method for some soluble materials, like P3HT [122]. A typical setup

used for PVD is presented in Fig. A.1. PVD is a vacuum sublimation process

taking place in a vacuum chamber under very low pressure (high vacuum).

During this process small amounts of a deposited material are placed in
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Figure A.1: Elements of a PVD system used for vacuum sublimation.

a crucible or boat, called the evaporation source, that is heated by con-

trolled electric current flow. Glass substrates are mounted above the source

behind a shutter. When the temperature of the material in the evaporation

source reaches a suitable value the shutter is removed and a thin layer of

material is evaporated on the substrate through a shadow mask of a cho-

sen shape. Thickness control is usually provided via crystal sensor located

near the substrate. Depending on the type of evaporated material and the

structure one wants to obtain substrates may be heated or cooled during the

deposition process. One must remember, that even if no heating is applied

the temperature of the substrate may rise significantly during the evapora-

tion process affecting the obtained structure. The latter, as well as thick-

ness and quality of evaporated layers depend on many factors, including

vacuum conditions, deposition rate, crucible type and the distance between

evaporation source and substrates. More homogeneous layers are usually

obtained when substrate fixtures with rotation about vertical axis are used.

Some High-Tech systems developed especially for organic electronics are

equipped with few organic low temperature evaporation sources and several
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high temperature metal sources. In addition, these systems often combine

thermal evaporation with other vacuum deposition techniques, like mag-

netron sputtering, e-beam evaporation and atomic layer deposition. Thanks

to these features whole device consisted of buffer layers, active layer and

electrodes can be produced in one cycle without the necessity of breaking

the vacuum after each evaporation step. This benefit is extremely important

since organic materials show high sensitivity to water and oxygen. Another

advantage of employing few evaporation sources in one system is the pos-

sibility of co-evaporation, i.e. simultaneous deposition of several different

materials. Such approach enables to produce bulk heterojunctions of insol-

uble materials [?, 123,124].

Thin films fabricated using this method are high quality layers, however the

cost of their production, affected mainly by high vacuum requirement, is

rather high. Moreover, such method is unsuitable for large scale devices, so

it can not be implemented for the fabrication of large area low cost commer-

cial solar cells.

• Spin coating

Spin coating is a relatively simple and one of the most common solution pro-

cessing techniques used for fabrication of thin films of organic and inorganic

soluble materials, especially polymers. Spin coating procedure involves few

steps: dispense, spin-up and drying (Fig. A.2). During the first step small

volume of a solution of a material is manually or automatically dispensed on

the center of a substrate mounted on a rotating chuck. Automatic dispense

is much more convenient since it provides better control over the amount

of deposited material and as a consequence it increases reproducibility of

layer thickness and its properties. Droplet of the liquid can be deposited ei-

ther on a static substrate (static dispense) or on a substrate rotating with

a relatively low speed around 30 rps (dynamic dispense). Very often, after

dispense step a spin-up step is carried out during which angular velocity of

a substrate increases in time, usually linearly, till it reaches the final value.

Since the substrate is rotating and initially there is no inward force acting

on molecules of casted solution liquid starts to spread out radially on the

substrate. Moreover, as a consequence of angular acceleration additional
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twisting force is applied to the resin so that the solution is distributed over

substrate’s surface more evenly. The excess of liquid that gets to the edge

of the substrate is removed from the spin bowl via a series of small drains

drilled in the chuck. As substrate rotates thinning of deposited layer along

with solvent evaporation occurs. As a result of the latter viscosity of the resin

increases to such extent that it prevents from further thinning of the layer in-

duced by rotation. The final step involves rotation with lower spin speed and

is dedicated to the drying process. This stage is especially important in case

of thick films. Drying rate is dependent on many factors like volatility of used

solvent and the ambient air around the substrate.

Although spin coating technique is a quite simple method final thickness,

homogeneity and other properties of the spin coated layer are affected by

a great variety of factors. Not only spin coating conditions, such as dis-

pense type, spin speed, acceleration, time of each stage of the process but

also properties of the initial solution, like its viscosity, concentration, solvent

volatility and wetting abilities along with ambient air conditions (temperature,

humidity, air flow, turbulence etc.) have a strong impact on the fabricated

layer. That is why the spin coating parameters mentioned above and sol-

vent type have to be chosen individually for each of deposited materials.

Moreover, it is not so trivial to predict the thickness of deposited layer know-

ing these parameters. In general it is obvious that higher spin speeds and

longer spin times lead to thinner layers, but there are no universal formulas

that can be applied to calculate the final thickness of any material know-

ing these deposition conditions due to the number of factors affecting this

parameter. However, Chang et al. [125] managed to develop theoretical

model describing spin coating of conjugated polymers, such as MEH-PPV

and P3HT, for electronic and optoelectronic applications. Despite the above

mentioned complexity, once the proper solvent and spin coating parameters

suitable for a given material are chosen thin layers of this material are easily

fabricated. Furthermore this method is cheap and quick, but there is a seri-

ous drawback of this technique: it is not applicable to large area substrates.

Hence, spin coating is suitable only for small scale laboratory devices and

cannot be used for commercial production of large area electronics.
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Figure A.2: Stages of a spin coating process: dispense of the liquid on a static or slowly spinning

substrate (a); spin-up step, during which centrifugal force and twist cause spreading of the resin

over the substrate’s surface (b); drying of the layer rotating at the speed lower than the maximum

speed of the spin-up step (c); ω0-initial angular speed, ε -angular acceleration, t-time, ω -final

angular speed during drying stage.

A.2 Characterization of individual layers

This section presents a short overview of methods used for characterization of

surface topography, thickness and absorption of individual layers forming the de-

vices investigated in the course of this study.

A.2.1 Atomic force microscopy

Atomic force microscopy (AFM) is one of the most common non-destructive meth-

ods used to investigate the surface structure of various materials. Operational

principle of the atomic force microscope is illustrated in Fig. A.3. In contrast to

scanning electron microscopy (SEM) conductivity of a sample is not a prerequi-

site for usage of AFM, thus the latter method was chosen to characterize surface

topography of fabricated layers. In this technique dimensions of a scanned area

can be tuned from few tens of microns down to few hundreds of nanometers

keeping near-atomic-resolution of 3D images. These images provide information

on surface roughness and feature sizes as small as few angstroms. Topography of

a sample is mapped on the basis of local atomic interactions between molecules

at the scanned surface and molecules at a sharp tip that is located at a cantilever

scanning the sample (such cantilever with one or few tips is called a probe).
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These interactions cause deflection of the cantilever. Determination of this de-

flection is done using a photodetector and a laser beam that is directed at a back

of a cantilever. Light reflected from a deflected cantilever reaches a photodetec-

tor (usually a split photodiode) that measures the intensity of light. Knowing the

changes in light intensity, molecular interactions that caused deflection of a tip are

evaluated, and thus, the distance between the tip and the surface of the scanned

fragment of the sample is found. Photodetector is connected to a controller that

governs the position of a piezoelectric scanner which moves the probe in x, y and

z directions and the acquired data are sent to a computer where a 3D image of

surface topography is created.

Figure A.3: Atomic force microscope setup.

A.2.2 Layer thickness and absorbance

Thickness of each layer was measured using profilometer AlphaStep 500 KLA

Tencor. Absorbance measurements were carried out separately for each layer

using Shimadzu 1240 UV-VIS spectrophotometer with a resolution not higher

than 1 nm. Reference layers of materials used in the course of this study were

deposited on thin glass substrates and used for absorption measurements and

AFM measurements.

Absorbance A, also called the optical density, is defined as

A = log
I0
I
, (A.1)
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where I0 is the incident light intensity and I stands for the intensity of light right be-

hind the illuminated layer. Assuming that Lambert-Beer law holds for investigated

samples and knowing the thickness of the absorbing layer and its absorbance

one is able to determine the linear absorption coefficient κ of the investigated

material.

A.3 Solution processing of MEH-PPV layers and their

absorbance

According to Gaudin et al. [126] absorption spectrum of thin layers of MEH-PPV is

dependent on the thickness of the film. Namely, the greatest peak of the absorp-

tion spectrum is blue-shifted for thicker layers. On the basis of measurements run

for samples of different thickness fabricated from chlorobenzene solution of dif-

ferent concentrations at different spin speeds the authors inferred, that the above

mentioned relation can be completely accounted for by reflection and interference

effects and is not related to morphology of the film. In order to verify the thickness

dependence of absorption spectrum of MEH-PPV layers cast from toluene solu-

tion films of different thickness were deposited from solutions of 0.5 wt.% concen-

trations on glass substrates cleaned in ultrasonic bath in acetone and isopropanol

and dried in a hot air flow. As it was mentioned, MEH-PPV was purchased form

Sigma-Aldrich and used as received without further purification. Dynamic dis-

pense was applied with no spin-up stage, i.e. a droplet of the MEH-PPV solution

was cast on a substrate already rotating with the desired final speed. Fig. A.4A

shows absorption spectra in the 350-650 nm range recorded for MEH-PPV lay-

ers of different thickness deposited from the same solution batch. Variation of

film thickness was obtained by change in spin speed and application of a multi-

stage spin coating procedure. During this procedure few droplets of the same

solution were cast one by one on the same substrate in about one-minute time

intervals, so that layers of greater thickness were fabricated. Final thickness of

the films was not measured, since the ratio of the thickness of samples should be

equal to the ratio of absorbance values measured for these samples at the same

wavelength. As one can see, there is hardly any difference in the position of the

154



Solution processing of MEH-PPV layers and their absorbance

Figure A.4: Absorption spectrum of MEH-PPV layers of different thickness fabricated from the

same toluene solution but at different spin speeds. λmax denotes the position of the absorption peak

(A); Absorption spectrum of MEH-PPV layers of different thickness fabricated from the same

toluene solution but subjected to the ultrasonic treatment of different duration (B). The thicker

the layer is, i.e. the greater its absorption is, the longer was the treatment. The thinnest layer was

fabricated from the pristine solution before the ultrasound treatment.

absorption peaks λmax for these layers even though the thickness of the thick-

est MEH-PPV layer is one order of magnitude greater than the thickness of the
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thinnest film (λmax for these layers are 503-506 nm and 505-507 nm respectively).

Differences in the position of these absorption peaks are rather within the exper-

imental error. However, thickness dependence of the absorption spectrum was

found when layers of different thickness were fabricated after ultrasonic treatment

of the solution when duration of such treatment was varied. Absorption spectra

of MEH-PPV films fabricated this way are shown in Fig. A.4B. The thinnest layer,

i.e. the one showing the lowest absorption, was spin coated before the ultrasonic

treatment. The longer the time of the treatment was the greater was the thickness

of a deposited layer. A blue-shift of the absorption peak with increasing thickness

of these films is pronounced in this case. Since previous investigation shown no

effects of reflectance and interference on absorption of MEH-PPV layers of dif-

ferent thickness, the shift observed in the second case should not result from

these effects either. It should be rather associated with change in morphology

of the layer caused by the ultrasonic treatment that could affect the conjugation

length of MEH-PPV chains. Such change in morphology could also follow from

the change in solution concentration and temperature during the treatment.

A.4 Surface topography

Figure A.5: AFM 2D (left) and 3D (middle) top views of a surface of ITO substrate recorded for

a 3 x 3 µm fragment and a surface roughness profile 1 (right) for this fragment.

It is believed that surface of ITO is rather rough which affects the electric contact

between this electrode and an adjacent organic layer and may cause shorting.

It is also believed, that such negative effects can be prevented by application of
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Figure A.6: AFM 2D (left) and 3D (middle) top views of a surface of 5 nm thick MoO3 layer

deposited on the top of ITO substrate recorded for a 3 x 3 µm fragment and a surface roughness

profile 1 (right) for this fragment.

buffer layers [64] that may smooth out the surface of the electrode. Layer surface

topography of bare ITO, MoO3 deposited on the top of ITO, BCP and the underly-

ing F16ZnPc film was investigated by means of atomic force microscopy. Collected

AFM data were processed using a freeware Nanotec WsxM Program [127] avail-

able at www.nanotec.es. Fig. A.5 shows the 2D and 3D AFM scans of a 3x3 µm

ITO fragment and its roughness profile recorded along the line shown on the scan.

As one can see, surface of the ITO electrode is rather smooth, with regular grain-

like features about 0.5 µm wide and at most 6 nm high. Next scans shown in Fig.

A.6 present 2D and 3D surface topographies and roughness profile of a 5 nm

thick MoO3 anodic buffer layer evaporated on the top of the ITO electrode. The

size of the scanned fragment and magnification are the same as in case of the

ITO fragments to enable comparison of surface topographies of these materials.

MoO3 deposited on the top of ITO forms very similar grain-like structures of more

less the same size, though probably a bit more smooth than the ones observed

for bare ITO substrates since the maximum height of the profile 1 recorded for

MoO3 scan is less than 4 nm. Thus, MoO3 may improve the contact between the

donor layer and the ITO electrode. Bright high features visible on the scans might

be some MoO3 crystallites that were torn out of the sample during transport or

some impurities. Moreover, it is probable that MoO3 does not fully cover the ITO

substrate, since the thickness of this interlayer is only 5 nm. AFM top views of 100

nm - thick F16ZnPc layer deposited on a glass substrate are presented in Figs. A.7

and A.8, while scans of the 15 nm - thick cathodic buffer layer evaporated on the
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top of the former material are shown in Fig. A.9. In the first set of images taken

Figure A.7: AFM top views of a 100 nm thick F16ZnPc layer deposited on a glass substrate.

2D image (top left), 3D image (top right), surface roughness profiles 1 and 2 (bottom), scan size

10x10 µm.

for a 10x10 µm fragment (Fig. A.7) one can distinguish quite regular crystallites

about 1-2 µm wide and only few nanometers high, so the surface of the F16ZnPc

layer is relatively smooth. If we take a closer look at the surface topography of

this layer (Fig. A.8top) we will be able to distinguish pyramid-shaped crystallites

(well pronounced at a 3D image and a surface roughness profile 1), but apart

from that we will also notice very regular elongated parallel stripes clearly visible

on a 3D image. To estimate the width of these needles this image was flattened

(Fig. A.8bottom) and a surface roughness profile 2 after flattening was drawn.

The width of stripes estimated on the basis of this profile is around 10-30 nm,

while their length determined from the 3D image seems to be larger than 3 mi-

crons. Similar elongated structures were observed by Torne for thin (12-34 nm)

films of perfluorocopperphthalocyanine deposited on Al2O3 [95]. The length of

these F16CuPc needles was few microns while their width ranged from 20 nm

to 100 nm. Interestingly, though Torne fabricated thin F16CuPc layers using the
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Figure A.8: AFM top views of a 100 nm thick F16ZnPc layer deposited on a glass substrate:

2D image (left), 3D image (middle), surface roughness profile 1 (right) (top); flattened 2D image

(left) and surface roughness profile 2 (right) found for this image (bottom). Scan size 3x3 µm.

same method (namely molecular beam epitaxy) on three different substrates, i.e.

oxidized silicon wafers, sapphire (single-crystalline Al2O3 and MgO, he obtained

such elongated highly-ordered structures, only for Al2O3 substrates, while in case

of SiO2 needle-shaped crystallites of much smaller size and random orientation

were produced. Such highly-ordered films fabricated on Al2O3 shown anisotropic

electrical and optical properties, like enhanced charge carrier transfer along the

plane of the films caused by the upright stacking of molecules. Unfortunately,

this is not the direction of electron transport in the fabricated devices. In con-

trast to thin F16CuPc films produced on sapphire, the creation of highly-ordered

needle-like F16ZnPc crystallites fabricated in the course of this study should not

be associated with substrate structure since the phthalocyanine layer is rather

thick while the surface of glass is not ordered. This structural order should rather

follow from the chosen PVD fabrication conditions. As one can see in Fig. A.9,

a 15 nm thick bathocuproine layer evaporated on the top of such a highly-ordered

F16ZnPc film does not reproduce the topography of the latter. Moreover, the sur-
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Figure A.9: 2D (left) and 3D (middle) AFM images of a 15 nm thick BCP layer deposited on the

top of F16ZnPc layer and a surface roughness profile 1 (right). Scan size 3x3 µm.

face of BCP evaporated on the top of perfluorozincphthalocyanine seems to be

the most rough from among all layers fabricated by means of PVD in the course

of this study, therefore the role of this layer is not to improve the contact with the

cathode due to surface smoothing.
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