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Abstract

In the last decades, organic photovoltaics has emerged as a promising environment-
friendly and low-cost technology for the production of energy. Even though the ef-
ficiency of organic solar cells has increased rapidly during the last years, further im-
provements in terms of device lifetime and performance are still needed for a successful
commercialization of such solar cells.

In this work, two important processes affecting the efficiency of organic solar cells,
namely the recombination and the transport of charge carriers, are investigated. Solu-
tion-processed solar cells based on different polymer:fullerene systems are studied by
using impedance-based techniques, specifically capacitance-voltage and capacitance-
frequency measurements, in combination with steady state current-voltage measure-
ments and numerical simulations.

In the first step, current-voltage measurements and drift-diffusion simulations are
used together to develop a method to discriminate between surface and bulk recombina-
tion in organic solar cells. The application of the method to a range of current-voltage
data of organic solar cells based on different polymer:fullerene systems and with di-
verse architectures confirms the validity of the method and shows the possibility to
observe the whole range of cases, from mostly surface limited to purely bulk limited
recombination, in the field of organic photovoltaics.

After the steady-state analysis, the focus of this work shifts to the investigation of
organic solar cells via frequency-resolved methods, such as capacitance-voltage measure-
ments. The features observed in capacitance-voltage measurements performed on fully
depleted organic solar cells under illumination are explained with a combination of the

photogenerated space charge in the device and the charge-carrier mobility, whose value

iii



ABSTRACT

can thus be extracted from such measurements. Then, the analysis of the capacitance of
a partially depleted device under illumination and short-circuit conditions is addressed.
The discussion of three analytical models for the determination of the charge-density in
the neutral region of such devices and the introduction of the relation between charge
density, capacitance under illumination, and charge-carrier lifetime permit to highlight
the possibility of extracting the lifetime value from capacitance data at short circuit.
Furthermore, the crucial influence of sample properties and measurement conditions
on the applicability of methods to analyze capacitance-voltage data is highlighted and
emphasized.

Finally, an analysis of capacitance-frequency measurements on organic solar cells
under illumination is presented. The possibility to approximate the charge density
present in the active layer of such devices under reverse bias with the density of photo-
generated charge carriers derived from capacitance-frequency data is first verified and
then used to identify the dominant recombination mechanism and to determine either

the charge-carrier lifetime or the bimolecular recombination coefficient.



Zusammentfassung

In den letzten Jahrzehnten hat sich die organische Photovoltaik als potentielle umwelt-
freundliche und billige Technologie fir die Energieversorgung herausgestellt. Obwohl
die Effizienz der organischen Solarzellen in den letzten Jahren rapide zugenommen hat,
sind weitere Verbesserungen beziiglich der Lebensdauer und der Leistung dieser Bauele-
mente fiir eine erfolgreiche Kommerzialisierung solcher Solarzellen noch notwendig.

Diese Arbeit erforscht die Rekombination und den Transport von Ladungstragern,
d.h. zwei wichtige Prozesse, die die Effizienz der organischen Solarzellen beeinflussen.
Losungsprozessierte Solarzellen basierend auf verschiedenen Polymer:Fulleren Systemen
werden durch eine Kombination von Impedanz-basierten Methoden, stationidren Strom-
Spannungs-Messungen und numerischen Simulationen untersucht.

Im ersten Schritt wird eine durch Strom-Spannungs-Messungen und Drift-Diffusion
Simulationen entwickelte Methode fiir die Unterscheidung zwischen Oberflichenrekom-
bination und Volumenrekombination vorgestellt. Die Anwendung dieser Methode auf
Strom-Spannung-Daten von organischen Solarzellen basierend auf verschiedenen Poly-
mer:Fulleren Systemen mit unterschiedlichen Kontaktschichten bestéatigt ihre Anwend-
barkeit und zeigt, dass in der organischen Photovoltaik das ganze Spektrum, von meist
oberflachenlimitierte bis voll bulklimitierte Rekombination, zu beobachten ist.

Nachdem die erste Methode stationdre Messungen von Strom und Spannung der So-
larzelle zur Extraktion von Parametern nutzt, konzentriert diese Arbeit sich auf die Un-
tersuchung der organischen Solarzellen mittels frequenzaufgeloster Methoden, wie zum
Beispiel Kapazitat-Spannungs-Messungen. Die Eigenschaften der an beleuchten und
komplett verarmten Solarzellen durchgefiihrten Kapazitdt-Spannung-Messungen wer-

den durch eine Kombination von photogenerierter Raumladung und Ladungstrigerbe-



ZUSAMMENFASSUNG

weglichkeit erklart und die Ermittlung der Ladungstragerbeweglichkeit von Kapazitéat-
Spannungs-Daten wird présentiert. Danach wird die Kurzschlusskapazitat von teilweise
verarmten Solarzellen unter Beleuchtung untersucht. Die Darstellung von drei ana-
lytischen Modellen fiir die Bestimmung der Ladungstrégerdichte in der neutralen Zone
solcher Solarzellen und die Vorstellung des Zusammenhangs zwischen Ladungstriager-
dichte, Kapazitit unter Beleuchtung und Ladungstrigerlebensdauer zeigen die Moglich-
keit, die Lebensdauer aus der Kurzschlusskapazitat zu ermitteln. Auflerdem wird der
entscheidende Einfluss von Probeneigenschaften und Messbedingungen auf die Anwend-
barkeit der Analysemethoden fiir Kapazitdt-Spannungs-Daten hervorgehoben und be-
tont.

Abschlieflend wird eine Analyse der Kapazitat-Frequenz-Messungen an organischen
Solarzellen unter Beleuchtung vorgestellt. Die Anndherung der Ladungstragerdichte
in der aktiven Schicht solcher Solarzellen unter negative Spannung mit der Dichte
von photogenerierten Ladungstriagern erméglicht die Identifizierung der dominierenden
Rekombinationsmechanismus und die Bestimmung von entweder der Ladungstriager-

lebensdauer oder des bimolekularen Rekombinationskoeffizients.

vi



Chapter

Introduction

In the last years, the continuous increase of energy demand, prompted by the fast
growth of world population, has highlighted the urgent need for a nonpolluting, afford-
able, and sustainable energy supply. Traditional fossil energy resources, such as coal
and oil, have been exploited for decades without considering the consequences of atmo-
sphere pollution, but are now unable to satisfy the growing demand of energy without
significantly spoiling the earth environment. Renewable energies, with their potential
to help solving this important problem, have been attracted a strongly increasing atten-
tion during the last years. In 2008 the European Union (EU) adopted its first package
of climate and energy measures which fixed the target of a 20% reduction of greenhouse
gas emissions and a 20% share of energy from renewable sources by 2020 [1]. Few years
later, in 2014, a new and more ambitious renewable energy target of at least 27% of
EU’s final energy consumption by 2030 was decided by EU countries [2]. The achieve-
ment of these ambitious targets relies on the further development of renewable energy
sources, as well as the optimization of the energy storage system and the reorganization
of the electricity grid.

Besides wind energy, hydroelectric energy, and biomass, another promising environ-
ment-friendly energy source is the photovoltaic energy which in the last decades has
assumed a significant role in the renewable energy production. For example, in 2017
solar systems generated around 39 billion kilowatt hours electricity in Germany [3] and
24 billion kilowatt hours in Italy [4]. This energy production derives from the conversion
of the solar irradiation into electrical energy by means of photovoltaic devices which

exploit the photovoltaic effect. The latter describes the ability of a semiconductor
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CHAPTER 1. INTRODUCTION

material to convert electromagnetic radiation, like the solar radiation, into electric
power and was first observed by Becquerel in 1839 [5]. However, it was only in 1954
that, thanks to the discovery of a way to manufacture silicon p-n junction structures, a
silicon solar cell with a power conversion efficiency (PCE) of about 6% was realized by
D. Chapin, C. S. Fuller and G. Pearson at the Bell Laboratories [6]. In the following
decades the efficiency of these monocrystalline p-n junctions strongly increased and,
with its actual value of 26.7% [7], has almost reached the theoretical limit of about
30% calculated by W. Shockley and H.J. Queisser [8] for a single layer silicon solar cell.
Nevertheless, the laborious, costly, and energy consuming processing of silicon wafers
for the production of conventional silicon solar cells has encouraged the development of
inorganic thin-film technologies, like copper indium gallium selenide (CIGS) or cadmium
telluride (CdTe) solar cells. Despite the higher absorption coefficient of the materials
used in these devices and the consequent smaller amount of needed material, the mass
production of these solar cells is hindered by the use of rare elements like indium and

gallium which are essential for obtaining high device efficiencies.

A completely new approach for the realization of cheap solar cells arose after the
discovery of conductive polymers by H. Shirakawa, A. MacDiarmid and A. J. Heeger [9)].
Industrial and scientific research around this younger and innovative technology based
on the use of organic semiconductors has quickly grown in the last two decades thanks
to the potential use of flexible cheap substrates and the promise of easy upscaling and
low-temperature mass production. In fact, semiconducting polymers employed in or-
ganic solar cells are typically soluble in standard organic solvents, like chlorobenzene,
and can therefore be deposited via spin coating, doctor blading, or mass printing tech-
niques, such as roll-to-roll printing [10,11]. Moreover, the high absorption coefficient
of organic materials implies a reduced amount of needed material and the consequent
possibility to fabricate light thin-film devices for innovative, mobile applications [12]
or semitransparent solar cells for building integration [13]. Despite these numerous po-
tential advantages and power conversion efficiencies that recently reached 16% [14-16],
there are still important issues that have to be tackled in order to achieve a successful
commercialization of organic solar cells. Beside the improvement of the stability in
terms of cell degradation and the extension of the device lifetime, a complete under-
standing of the working principles and the physics of organic solar cells is essential for

the further development of this technology.
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One of the most central and highly relevant topics in the field of organic photo-
voltaics is the identification and quantification of the kinetics of charge-carrier recom-
bination and transport processes [17-20]. Among the most widely used techniques to
study charge transport and recombination in solar cells are frequency-resolved methods
that analyze the response of a device to a periodic, most frequently electrical, exci-
tation. The impedance or admittance of a solar cell can be studied as a function of
frequency [21,22], temperature [23,24], DC bias voltage [25,26], and sometimes also AC
voltage amplitude [27,28]. The capacitance, which may be derived from the imaginary
part of the admittance, is sensitive to the density of charge carriers and, depending on
the range of bias voltages and illumination conditions, may yield the doping density of
the solar cell absorber layer or the optically or electrically injected charge-carrier density.
From the frequency and temperature dependence of the capacitance one may also derive
the density and kinetics of localized states [29,30], if certain conditions are met. While
the variation of measurement conditions allows admittance-based characterization tech-
niques to be sensitive to a plethora of information, access to this information requires
the development of, often quite sophisticated, analysis methods. This is certainly true
for frequency and temperature dependent variations of admittance spectroscopy, but
also for the simplest variant, namely the measurement of the capacitance as a func-
tion of DC voltage and under different illumination conditions. The classic application
of capacitance-voltage measurements is the determination of the doping concentration
from the space-charge capacitance [31]. In order to avoid misinterpretation, this mea-
surement has to be done at reverse bias and in the dark and it works if the absorber
layer is only partially depleted [32], i.e. if the width w of the space-charge region is
smaller than the absorber thickness d over a sufficient voltage range. Under forward
bias, the chemical capacitance of the optically and electrically injected charges will at
some point dominate the space-charge capacitance [33] and the measurement of the
capacitance will become sensitive to the density of states. Even though the different
measurement conditions of a capacitance-voltage measurement in the dark are by now
mostly understood, the analysis of capacitance-voltage measurements under illumina-
tion on devices fully or partially depleted (conditions highlighted in Table 1.1) has
so far been mostly neglected in the literature. The present work attempts to fill this
gap presenting new methods to analyze capacitance-voltage and capacitance-frequency

measurements performed under illumination on bulk heterojunction solar cells. Experi-
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mental data, numerical simulations and analytical equations are in this work considered
together in order to achieve a coherent picture of the mechanisms affecting capacitance-
voltage measurements under illumination and to identify a model-free method for the
determination of recombination parameters from capacitance-frequency measurements
under illumination.

Table 1.1: Information accessible through the analysis of capacitance-voltage data de-
pending on the measurement conditions and the sample properties.

w < d wd
at V<0 at V>0
DARK | space-charge capacitance provides chemical capacitance related to
the doping density the density of states
at V=0 at V<0
LIGHT
to be discussed in this work to be discussed in this work

This thesis is divided into two main parts, with the initial chapters focusing on
the theoretical background and the last chapters containing the experimental results
obtained investigating charge transport and recombination with a combination of nu-
merical simulations and steady-state or frequency-resolved techniques. After giving a
general overview on organic semiconductors and organic solar cell structures, the device
working principle and basic device physics are discussed. Then, the main recombina-
tion mechanisms are presented, followed by the description of the device fabrication
procedure and the introduction of the organic materials, the experimental techniques,
and the simulation tools used in this work. The second part of the thesis presents
first a study of charge-carrier recombination via steady-state measurements, specif-
ically current-voltage measurements, which led to a method to discriminate between
bulk and surface recombination in organic solar cells. Subsequently, capacitance-voltage
measurements under illumination on devices fully and partly depleted are examined and
the big influence of sample properties and measurement conditions on the applicability
of methods to analyze capacitance-voltage data is highlighted. Finally, capacitance-
frequency measurements under illumination are addressed and the possibility to extract
the charge-carrier density and recombination parameters from such measurements is

verified.



Chapter

Organic Photovoltaics

This chapter provides a basic introduction to organic semiconductors and their appli-
cation in organic photovoltaics. It also presents and discusses the different structures,
the working principles, and the basic physics of organic solar cells and it is finalized by

a section on the solar cell characteristics.

2.1 Organic Semiconductors

The basis of the semiconducting behavior in organic compounds is the presence of
carbon atoms with m-conjugated bonds which allow a delocalization of electrons. In
its ground state the carbon atom has the configuration 1s522s%2p? and four valence
electrons. When two carbon atoms interact, one 2s and two of the 2p orbitals can
form three sp? hybrid orbitals leaving one p, orbital perpendicular to the plain of the
sp? orbitals. This hybridization permits neighboring carbon atoms to constitute three
coplanar o-bonds arranged at an angle of 120° and one perpendicular w-bond. The
o-bonds characterized by strongly bound electrons shape the backbone of the molecule,
whereas the p, orbital, overlapping with a p. orbital of a neighbor carbon atom, forms
the m-conjugated bond with electrons weakly bound that tend to be delocalized. The
interaction of several carbon atoms leads to the splitting of the p, orbitals into multiple
binding and anti-biding orbitals, slightly shifted in energy. If the number of carbon
atoms further increases, two energy bands are formed, as shown in Fig. 2.1. The
band lower in energy is called highest occupied molecular orbital (HOMO), has binding

character, and is populated, while the band higher in energy is named lowest unoccupied
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orbital orbital molecular molecular molecular
orbitals orbitals orbitals

Figure 2.1: Formation of the energy bands in semiconducting polymers [34]. The
increasing number of interacting carbon atoms results in a transition from a single
carbon with three sp? hybrid orbitals and one p, orbital to a conjugated polymer with
alternating single-double bonds and two energy bands separated by an energy gap.

molecular orbital (LUMO), has anti-binding character, and is unoccupied. HOMO and
LUMO represent for organic semiconductors what the valence and conduction band
are for inorganic semiconductors. The separation of HOMO and LUMO constitutes in
fact the energy gap needed for the occurrence of the semiconducting character. The
energy gap is typically in the range of 1-3 eV [35] and is thus accessible by visible
light. Its origin can be assigned to the Peierls distortion [36,37], which accounts for the
slightly varying distances between neighboring carbon atoms. The alternation of single
and double bonds between carbon atoms, together with the conjugation, is therefore an
essential requirement for the realization of molecules and polymers with semiconducting

properties.

2.2 Organic Solar Cell Structures

The most basic structure of an organic solar cell is displayed in Fig. 2.2(a) and is
composed by an organic semiconductor sandwiched between two metal electrodes, one

of whom being transparent [38]. For this single layer solar cell the conversion of light
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(b) (c)

Figure 2.2: Structure of single layer (a), single junction (b), and bulk heterojunction (c)
solar cells. The single layer solar cell is composed by a single semiconductor sandwiched
between two electrodes, whereas a single junction consists of adjacent acceptor and
donor layers. A bulk heterojunction solar cell contains an active layer composed by a
donor-acceptor blend.

into electricity starts with the absorption of the light by the organic semiconductor and
the consequent generation of strongly bound electron-hole pairs called excitons [39,40].
This strongly bound excitons are localized on a single molecule or a single conjugated
segment and, due to the low dielectric constants of organic compounds (g, ~ 3—4 [35]),
hardly dissociate into free charges. The Coulomb energy binding these localized charges
is in fact high (~ 1 eV) compared to the thermal energy and, consequently, the charge
generation process in single layer solar cells is very poor. To enhance exciton dissoci-
ation, a single junction solar cell as the one presented in Fig. 2.2(b) can be used [41].
The intrinsic difficulties of exciton dissociation are here reduced by introducing a sec-
ond semiconductor with an higher affinity for electrons. Hence, in this type of solar
cells the absorber layer, also called active layer, is formed by two organic semiconduct-
ing materials with different electron affinities (EA) deposited one after the other. The
material with lower EA is called electron donor and the material with higher EA is
denoted as electron acceptor. In this architecture, once the light is absorbed and the
exciton is generated, the latter diffuses to the donor-acceptor interface where the energy
offset drives its dissociation into an electron and a hole. Thanks to the higher EA, the
electron moves to the acceptor and travels to the cathode. On the other hand, the
hole remains in the donor and proceeds towards the anode. However, the small exciton
diffusion length (~10 nm) [42-44] and the restricted donor-acceptor interface area still
limit the efficiency of this type of solar cells. These limits are mitigated by blending
the two semiconductors to form an interpenetrating and bicontinuous network of sep-

arated donor-rich and acceptor-rich domains (Fig. 2.2(c)). Such a structure is called

7
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bulk heterojunction (BHJ) and, providing a larger interfacial area, further facilitates
the exciton dissociation. In BHJ solar cells the absorber layer is often considered a
single effective semiconductor with the LUMO of the electron acceptor and the HOMO
of the electron donor [45,46]. A bulk heterojunction solar cell can be realized using two
possible configurations [47]. The first possibility, denoted as superstrate configuration,
is the most used and allows the light to enter the device through a transparent super-
strate on which the front electrode and subsequently the device are built. In the second
possible configuration, referred to as substrate configuration, all solar cell layers are
deposited on top of a substrate which can also be opaque since the illumination of the
device occurs through the front contact. Figure 2.3 shows the schematic illustrations
of a BHJ solar cell with a standard and inverted structure, both in superstrate con-
figuration. In the former, the transparent electrode, usually Indium Tin Oxide (ITO),
acts as hole collecting electrode and a metal with low workfunction, such aluminum,
is used as electron collecting electrode. However, in the presence of moisture, these
low workfunction metals are quite sensitive to oxidation. This limitation is partially
overcome using an inverted structure, in which the electron collecting electrode is the
semitransparent electrode and a high workfunction metal, like silver or gold, acts as
hole collecting electrode.

All the devices used in this study are bulk heterojunction solar cells with an inverted

structure in superstrate configuration.

GLASS GLASS
CATHODE

standard inverted

Figure 2.3: Device structure of a bulk heterojunction solar cell with standard and
inverted architecture in superstrate configuration.
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2.3 Organic Solar Cell Operating Principles

As illustrated in Fig. 2.4, the operation of a bulk heterojunction solar cell relies on four

main physical processes:
1. Absorption of the light within the active layer and exciton formation;
2. Exciton diffusion and dissociation;
3. Charge-carrier transport;

4. Charge-carrier extraction at the contacts.

() (b)

.
\
CATHODE ;
(4)
¥\ _i)
DONOR
ACCEPTOR

Figure 2.4: Device structure (a) and energy-band diagram (b) depicting the four crucial
physical processes of an organic solar cell: (1) light absorption and exciton generation,
(2) exciton diffusion to the donor-acceptor interface and exciton dissociation, (3) free
charge-carrier transport to the electrodes, (4) charge extraction at the contacts with
the help of interlayers.

CATHODE

2.3.1 Photon Absorption and Exciton Generation

The conversion of solar light into electricity in an organic solar cell starts with the

absorption of photons by the materials composing the active layer. The absorption
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coefficient of organic compounds is usually high and therefore, in principle, both con-
stituents of the active layer, the donor and the acceptor, can absorb the incident light.
However, the conjugated polymers mostly used as donor materials have higher absorp-
tion coefficient than fullerene derivatives applied as acceptors [48] and, consequently,
the former act as principal light absorber. Thanks to the high absorption coefficients, an
active layer which is few hundred nanometers thick already absorbs an adequate amount
of light and can provide reasonable solar cell characteristics [49]. The photoexcitation
of the active-layer materials, differently from what happens in an inorganic semiconduc-
tor, results in the generation of electrically neutral and strongly bound excited states
called excitons. The existence of these bound excitons prior to the generation of free
charge carriers represents one main difference between the charge generation in organic
and inorganic solar cells. As already mentioned, due to the low dielectric constants
of the organic semiconductors, the exciton binding energies are much higher than the
thermal energy kgT [50,51]. Under these conditions, the internal electric field is not
high enough to allow charge pairs to be generated spontaneously and efficiently at room
temperature. Thus, an intermediate step via a less strongly bound electron-hole pair is
needed. In order for this step to take place, the excitons have to diffuse to the interface

between donor and acceptor.

2.3.2 Exciton Diffusion and Dissociation

In order to be dissociated, the excitons need to travel to the donor-acceptor interface.
The distance they can diffuse before they recombine is called exciton diffusion length
and in organic materials is in the order of a few tens of nanometers [48,51]. Excitons
which are generated at a distance from the donor-acceptor interface longer than this
diffusion length will recombine before dissociating. Hence, the ideal active-layer blend
is obtained when the maximum distance to the next donor-acceptor interface does not
exceed the exciton diffusion length. When an exciton reaches an interface between donor
and acceptor materials, the electron is transferred from the donor to the acceptor, due
to the higher electron affinity of the latter, whereas the hole remains in the donor.
This charge transfer occurs only if it is energetically favorable, i.e. if the energy offset
between the donor and acceptor LUMO levels is greater than the exciton binding energy
or, in other words, if the difference in free energies between the exciton and the charge

separated state overcomes the lost exciton binding energy [35,42]. Once the exciton
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is dissociated, the charges are still linked by Coulombic forces despite being physically
separated and residing on different molecules, the electron on an acceptor molecule and
the hole on a donor molecule. However, their binding energy is now substantially tinier
and, therefore, a total charge separation by internal/external electric field becomes
possible. This intermediary bound state with still Coulombically linked charges which
are physically separated at the interface between donor and acceptor is called charge
transfer (CT) state.

2.3.3 Charge-Carrier Transport

After a successful exciton dissociation, the separated electron and hole are transported
to the corresponding electrodes inside the acceptor- and donor-phase, respectively. Un-
like in inorganic semiconductors where the three dimensional periodic lattice structure
allows the electron wave function to delocalize over the entire crystal, the charge trans-
port in organic semiconductors is characterized by the disordered nature of the materials
and the lack of long range order. The delocalization just over single molecules or conju-
gated polymer segments obliges charge carriers to be transported by hopping from one
localized state to another [52-54]. In order to describe in general the charge transport
properties of the active-layer materials the charge-carrier mobility u is used. The latter
is defined as the proportionality constant between the carrier drift velocity vq and the
electric field F' [48, 55]

vg = pk. (2.1)

For most organic semiconductors the charge-carrier mobility is relatively low, lying
between 10~* and 107% em?/Vs [40,52]. The carriers of opposite charge, on their way
towards the respective electrodes, may also meet each other and annihilate. This loss
mechanism, named nongeminate recombination, can have severe impact on the device
performance and will be discussed in detail in section 3.2.

In order to reach an effective charge-carrier transport to the respective electrodes,
uninterrupted percolation paths are needed in the active layer [42,56]. Thus, the search
for the perfect morphology, able to maximize the efficiency of a bulk heterojunction
solar cell, is an interplay between two opposing prerequisites: well intermixed donor-
acceptor phases necessary for efficient exciton dissociation and extended phases and

percolation paths essential for charge transport.
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2.3.4 Charge-Carrier Extraction

If there are continuous pathways to the electrodes and the charge carriers are not lost
due to nongeminate recombination processes, they can be finally extracted at their re-
spective electrodes and released into an external circuit. To guide the charge carriers to
the corresponding electrode and hinder the drift towards the ‘wrong’ electrode, interfa-
cial layers are usually introduced between the organic absorber layer and the electrodes.
More specifically, a hole extracting layer, also referred to as hole transport layer (HTL),
is adopted at the anode and an electron extracting layer, also named electron transport
layer (ETL), is employed at the cathode. These thin interlayers add selectivity to the
relevant carriers at the contacts and help reducing the extraction barrier facilitating
to obtain quasi-ohmic contacts [57] and an efficient charge extraction [58]. Besides se-
lectively collecting electrons and holes, the electrodes also define the built-in potential
Vhi, which is given by the difference between the work functions of the cathode and the
anode [59, 60].

2.4 Device Physics

Despite the differences in terms of charge-carrier photogeneration and transport, the
physics of organic and inorganic solar cells follows the same fundamental principles. In
the following the terminology commonly applied to inorganic semiconductors is there-
fore used to briefly present the physics at the basis of the function of organic devices.
In the active layer of a bulk heterojunction solar cell the electrostatic potential due

to charge carriers obeys Poisson’s equation [61]

Vi = - (2.2)
€0fr

with ® being the electrostatic potential, g9 the dielectric permittivity of the vacuum,
¢, the relative permittivity of the active layer, and p the space charge which results
from both mobile and fixed charges. The distinction between fixed and mobile charges
is crucial within the analysis of p-n junctions, where two electrically different regions,
namely the space-charge region and the neutral region, can be identified. When a
n-doped and a p-doped semiconductors are brought into contact, the free electrons

diffuse from the n-type material into the p-type material and the free holes diffuse from
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the p-type material into the n-type material. The result of this diffusion process is the
depletion of free charge carriers in the region around the junction interface and the build-
up of negative charge in the p-doped semiconductor and of positive charge in the n-
doped semiconductor. The electrostatic potential originating from the build-up of space
charges makes it then increasingly harder for both electrons and holes to diffuse across
the junction and eventually an equilibrium between diffusion effects and electrostatic
forces is reached. This thermal equilibrium state, characterized by the equalizing of the
Fermi levels of the two semiconductors, determines the final dimensions of the region
depleted of free charge carriers, i.e. the width of the space-charge region. Since the
space-charge region is the region around the junction interface that gets depleted of
free charge carriers, it is also referred to as depletion region. The space-charge region
features an electric field different from zero and is usually considered to contain just
fixed ionized doping atoms, whereas the neutral region, i.e. the region far from the
junction interface, is field-free and contains mobile charge carriers. By separating the

contribution of mobile and fixed charge, the Poisson’s equation can be rewritten as

q

0cr

Vi) = . (—pPhixea + 7 — D), (2.3)

where ppyeq is the local density of fixed charges, and n and p are the free electron and
hole densities, respectively. The principle of the conservation of charges is expressed by

the continuity equations for electrons and holes

dn ldJn

. — 2.4
dt g dzx HE-R (24)
dp 1dJ,
Lo TP LG R 2.5
dt q dx + ' (25)

with ¢ being the elementary charge, and G and R the generation and the recombination

rates. J, and J, are the electron and hole current densities which can be articulated as

dn
Jn = nF Dni 26
i F + gD (2.6)

dp
Jp = qpupF — qua. (2.7)

Here p, and g, are the electron and hole mobilities, F' is the electric field, and D,
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and D, are the diffusion coefficients of electrons and holes given by Einstein’s relation:
Dyjp = pin /p%. The diffusion coefficients are also related to the diffusion length which
is a measure of the distance a minority charge carrier will travel on average before
recombining. According to Eqs. (2.6) and (2.7), the current densities can possess a
diffusion component and a drift component whose relevance depends on the net elec-
tric field within the active layer. The combination of the current equations with the
continuity equations under steady-state condition results in the transport equations for

electrons and holes

d?n dn dF

D,— WF— Mm—+GE—-R=0 2.8
dx2+’u derundalc+ (28)
d?p dp dF

DP@J’_MPF@ +Mppa —‘rG—R— 0. (29)

Under thermal equilibrium conditions, the most stable energetic distribution of elec-
trons in a semiconducting material is described by the Fermi-Dirac statistics and the
average probability of electron occupation at a energy level F is given by the Fermi-

Dirac distribution function f, [61]

fo(E, Ep,T) = S (2.10)

(E—Ep)

14e m

Here Efp is the Fermi energy, T is the temperature in K, and kg is the Boltzmann’s
constant. Knowing the density of electronic states as function of energy ¢.(F), the

electron density in a conduction band with minimum energy E. can be calculated by

oo

n= /gC(E)fO (B, Ep, T)dE. (2.11)

E.

Analogously, once the density of states as function of energy g¢,(FE) in a valence band

with maximum energy FE, is known, the density of holes is given by

p= / 6(E) (1 — fo (. By, T)) dE. (2.12)

—00

If the Fermi energy is far enough from both band edges, e.g. in thermal equilibrium,
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the integrals in Egs. (2.11) and (2.12) simplify and the electron and hole densities can
be expressed as [62]

n= Nce(E£;f6> (2.13)
p= Nve(EZ;F>, (2.14)

where N. and N, are the effective densities of states of the conduction and valence
band, respectively. According to Egs. (2.13) and (2.14), the electron and hole densities
vary exponentially with the position of the Fermi level inside the bandgap and their
product is constant at a given temperature. This constant value defines the intrinsic
carrier density n;

n?=np= NCNVS_% (2.15)

which is equal to the density of electrons thermally excited in the conduction band of a
semiconductor in thermal equilibrium. Here, the energy gap E; is given by the difference
between the minimum energy of the conduction band and the maximum energy of the
valence band: F, = E. — E,. When the system is disturbed from equilibrium by
illumination or by the application of an external bias, the population of electrons and
holes changes and thus can no longer be described by the Fermi-Dirac distribution
function fy. However, if the disturbance is not too big, the charge carriers will relax
within their bands to achieve a state of quasi-thermal equilibrium. The definition of
quasi-thermal equilibrium is possible because the charge carriers relax within the bands
much faster than between the bands. This allows each band to be at local equilibrium
and have its own separate Fermi level. Hence, a splitting of the Fermi levels arises and
its size depends on the entity of the disturbance. The separate Fermi levels Fr, and
Er,, for electrons and holes respectively, are called quasi-Fermi levels. Assuming quasi-
thermal equilibrium, the electron and hole densities can be expressed by substituting
the unique Fermi level Er in Eqs. (2.13) and (2.14) with the two quasi-Fermi levels
Ep, and Ep,

n= Nce(bpkl;;Tbc) (2.16)

p= Nve(Evk;in). (2.17)

The splitting of the quasi-Fermi levels measured at the contacts at open circuit, i.e. the

difference of the electrochemical potential at the electron and hole contacts, defines the
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open-circuit voltage (V,.) measurable from a solar cell under illumination [55,63]
1
Vvoc = 5 (EFn,c - EFp,a) ; (218)

with Epm, being the electron quasi-Fermi level at the cathode and Fy, , the hole quasi-

Fermi level at the anode.
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Figure 2.5: Schematic energy-band diagram of a bulk heterojunction solar cell with
the active layer sandwiched between two metallic contacts (a) at short circuit in the
dark and (b) at open circuit under illumination. The vacuum level E.,. is represented
together with the contact work functions, the contact barriers p, and . at the anode
and the cathode, the electron affinity of the acceptor, the ionization potential of the
donor, the energy bandgap E,, the built-in voltage V4;, the open-circuit voltage Vi,
and the Fermi levels Ep, Ef,, and Ep,.

n?

Figure 2.5 displays the schematic energy-band diagram at short and open circuit of
a bulk heterojunction solar cell with the active layer sandwiched between two metallic
contacts. In both diagrams the donor:acceptor blend of the active layer appears as
a single effective semiconductor with a conduction band (or LUMO) defined by the
electron affinity of the acceptor and a valence band (or HOMO) defined by the ionization
potential of the donor. These conduction and valence bands are separated by a bandgap
with energy F, and the potential difference between the front and back contact is
determined by the difference between the built-in voltage V4; and the applied voltage

V. Depicted in the diagrams are also the work functions of anode and cathode and
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the contact barriers ¢, and ¢, derived from the difference between the contact work
functions and the conduction and valence band edges at the two contacts. Despite the
similarities, there is yet a significant difference between the two diagrams displayed
in Fig. 2.5, namely the Fermi level position. At short circuit, i.e. when V =0V
(Fig. 2.5(a)), there is a unique Fermi level Er in the bandgap, whereas at open circuit
(Fig. 2.5(b)) the splitting of the Fermi levels occurs and the two quasi-Fermi levels Eg,
and Ep, for electrons and holes arise and define the measurable open-circuit voltage

Voc-

2.5 Solar Cell Characteristics

The standard method of assessing the photovoltaic performance of a solar cell is the
current-voltage measurement which provides current-voltage (J-V') curves like the ones
schematically represented in Fig. 2.6. The measurement performed in the dark delivers
a curve in which three regions can be identified [64,65]. Under reverse bias (V < 0)
and small forward bias a leakage current flowing through the parallel resistance Ry,
governs the dark curve; in the ideal case, i.e. when Ry, — oo, this current is very
small. Approaching the flat band condition, the injection of charge carriers from the
contacts becomes significant and an exponential current increase is observed. Finally,
at voltages bigger than Vi; the electric field is reversed and the current gets limited
by the resistivity of the material constituting the active layer. Thus, the behavior of
a solar cell in the dark resembles the behavior of a diode which under forward bias
admits much larger current than under reverse bias. When the solar cell is illuminated
the photovoltaic effect takes place, the entire curve is shifted towards more negative
currents (orange curve in Fig. 2.6), and throughout it some characteristic points can be
identified. The current density at zero bias is referred to as short-circuit current density
Jse and the voltage at which the current density equals zero is called open-circuit voltage
Vie. Moreover, the cell power density reaches a maximum at the maximum power point
(MPP) which is identified by a certain voltage Vi, and the corresponding current
density Jmpp. The fill factor, defined as

ooV
FF = Sy, (2.19)
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Figure 2.6: Schematic representation of the dark (blue) and light (orange) current-
voltage response of a solar cell. The green line represents the output power density
whose maximum identifies the maximum power point (MPP) which is marked in red
like the short-circuit current density J;. and the open-circuit voltage V,.. The fill factor
is defined by the ratio of the areas of the small and big rectangles.

describes the ’'squareness’ of the current-voltage curve and is represented in Fig. 2.6
by the ratio between the small and the big rectangles. Finally, the solar cell power
conversion efficiency 7 is the ratio between the power generated by the device at the

maximum power point and the incident light power Pight

_ JmooViupp _ JSCVOCFF. (2.20)

Piigh Piign
In order to allow data comparisons among different research groups, these four key
performance parameters (J., Voo, F'F, and n) should be defined under the standard
test condition (STC), i.e. Air Mass 1.5 spectrum, incident power density of 1000 W /m?,
and temperature of 25 °C. Other important performance indicators for solar cells are

the external and internal quantum efficiencies. The former, together with the incident
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light spectrum, determines the value of the short-circuit current via [61]

Je=q / #(E)EQE(E)dE. (2.21)

Here ¢(F) is the incident spectral photon flux density and EQE is the external quantum
efficiency which defines the probability that an incident photon of a given energy will be
converted in an electron collected at the electrodes. Thus, EQE is basically a measure
of how efficiently incident photons are converted into usable power and is expressed
by the ratio between the number of collected electrons and the number of incident
photons of a given energy. The internal quantum efficiency (IQE) is instead the ratio
of the number of collected charge carriers to the number of photons of a given energy
absorbed by the solar cell.

The operating conditions needed by a solar cell to generate power to an external load
are represented in the fourth quadrant of the current-voltage curve in Fig. 2.6, i.e. when
the voltage V' > 0 and the current density J < 0. All the different operating points can
be probed by sweeping the voltage from short circuit (V' = 0) to open circuit (V = V).
This voltage sweep modifies the net electric field considerably and consequently also
the energy-band diagram undergoes big changes. Figure 2.7 schematically displays
the configuration of the band diagram at three different operating points in the third
and fourth quadrant of a current-voltage curve. At V < 0 the high injection barriers
for electrons at the anode and for holes at the cathode prevent charge injection from
the electrodes and the strong internal electric field allows the complete extraction of
the photogenerated charges. At low forward bias the drift component of the current
decreases and less charge carriers are extracted. For voltages larger than V. the electric
field changes sign, the energy bands are tilted in the opposite direction, and charges
are injected from the electrodes causing a strong current increase.

As already mentioned, a solar cell in the dark behaves like a diode. For an ideal
diode the general voltage and temperature dependence of the dark current density Jqari

is expressed by the Shockley equation [66]

qV.

Jaare(V) = Jo <ek? - 1) : (2.22)

where Jj is the saturation current density which can be defined as the recombination

current density in thermal equilibrium [67]. According to this definition, the value
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Figure 2.7: Schematic display of the band diagram at three different points on a current-
voltage characteristics. Under reverse bias the internal electric field is strong and allows
all generated charge carriers to be extracted. At low forward bias the entity of the
electric field decreases and less carriers are collected at the electrodes. At voltages
greater than V,. a change in the sign of the electric field occurs and a strong charge
injection from the contacts takes place.

of the current density Jy does not depend on external factors like applied voltage or
illumination, but is entirely determined by the temperature and the properties of the
materials composing the active layer of the solar cell [68]. Since under illumination
the current-voltage response of a solar cell can be approximated by superimposing the
dark J-V curve and a photogeneration term Jye, [65,69], the expression of the current

density becomes
qV.
J(V) = _Jgen + JO <6"idkBT - 1) . (223)

Here, the ideality factor niq is introduced to account for the deviations from the ideal

diode behavior; its value depends on the recombination mechanism and typically lies
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between 1 and 2 [46,70]. As already mentioned, the potential difference between the
electrodes reaches its maximum value, defined as open-circuit voltage, when the dark
current equals the short-circuit current, or in other words when the recombination of
charges balances the generation of charges. Applying this condition to Eq. (2.23)
results in an expression for V;. that highlights its logarithmic dependence on Jge, and,

therefore, also on the light intensity [71]

i T en
v, — Make 1n<‘]g' +1>. (2.24)
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Figure 2.8: (a) Simple equivalent circuit of a real solar cell containing a photocurrent
source, a diode, and parallel and series resistances. (b) Influence of parallel resistance
Rg, and series resistance R on the current-voltage curve. Both resistances reduce the
fill factor.

From the electrical point of view, a solar cell can be modeled with a light-dependent
current generator in parallel with a non-linear and asymmetric resistive element, i.e. a
diode. To this simple model, a series and a shunt resistor are added to describe the
non-ideal behavior of a real device [63,72]. Figure 2.8(a) depicts the resultant electrical
circuit with its four constituent parts [65]. The photocurrent source represents the
conversion of absorbed photons into free charge by the solar cell and the diode models

the recombination of electrons and holes in the device. The series resistor accounts
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for the resistance of the cell materials to current flow and includes the resistance of
the bulk active layer and the resistance of the contacts. The shunt resistor models the
leakage currents through the cell (e.g. via pinholes), around the sides of the device,
and between contacts of different polarity. Based on this model, the current density .J
provided by a real solar cell and recorded on the external load can be expressed as

a(V—JRs) —
J(V) = 7‘]5'011 + JO <6W - 1> + 4 RJRS7
sh

(2.25)
where Rg and Ry, are the series and shunt resistance, respectively. Both Ry and Ry,
cause a reduction of the solar cell fill factor but their effect on the J-V curve is different,
as displayed in Fig. 2.8(b). Since without a current the voltage drop at a resistor is
zero, the series resistance has no influence on V,.. Similarly the shunt resistance does
not affect J. because at short circuit the voltage and, thus the current at Rg,, equals
zero. Equation (2.25) clearly indicates that to be efficient a solar cell needs to posses a

small as possible series resistance and a big as possible shunt resistance.
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Recombination Dynamics

In section 2.3 the photovoltaic process for the successful conversion of the incident pho-
tons into electrons and holes collected at the contacts was presented. In real devices,
each step of this process presents potential loss mechanisms which limit the efficiency of
the solar cell. This chapter focuses on the losses caused by the recombination of charge
carriers, i.e. the annihilation of electrons and holes, presenting the two main recombi-
nation processes. Firstly, the recombination of still Coulombically bound electron-hole
pairs, denoted as geminate recombination, is addressed (see Sec. 3.1). Secondly, the
nongeminate recombination, involving free charge carriers on their way to the electrodes,
is considered (see Sec. 3.2). Since free charge carriers can recombine either in the bulk
of the active layer or at the interface between active layer and contacts, section 3.2 also

introduces and discusses the distinction between bulk and surface recombination.

3.1 Geminate Recombination

As mentioned in section 2.3 the formation of free charge carriers is hindered by the rel-
atively strong Coulomb binding energy of the electron-hole pair. If this binding energy
is not overcome, the electron-hole pair undergoes a recombination process commonly
called geminate recombination. Specifically, geminate recombination denotes the re-
combination at the donor-acceptor interface of an electron and a hole originating from
the same photon, while they have not separated into free charges and still are under
their mutual electrostatic interaction influence. This process is typical of organic semi-

conductors which are characterized by low mobilities, low conductivities, and a high
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degree of disorder [35,73]. Geminate recombination takes place on a time scale up to
few nanoseconds [74-77] and is considered a monomolecular process [42,78]. Its con-
tribution largely depends on the Coulomb binding energy of electron-hole pairs and,
therefore, may be reduced by applying an external electric field which lowers the energy
barrier for free-charge formation. Nevertheless, voltage-dependent geminate recombi-
nation has found to be negligible for many state-of-the-art organic solar cells [79-82].
Since every absorbed photon generates one electron-hole pair, geminate recombination
scales linearly with light intensity [83], and that is a feature important for the distinction

between geminate and nongeminate recombination.

3.2 Nongeminate Recombination

In contrast to geminate recombination, the term nongeminate recombination refers to all
processes involving electrons and holes originating from different photons. Nongeminate
recombination occurs during the transport of free charge carriers to the electrodes and
takes place when two oppositely charged carriers approach below the Coulomb capture
radius, i.e. the distance at which the Coulomb binding energy equals the thermal energy.
This type of recombination is of great importance in organic solar cells because the low
charge-carrier mobilities and the interpenetrating phases make likely the encounter
of opposite charges before they reach the electrodes. Free electrons and holes can
recombine either in the bulk of the active layer (bulk recombination) or in the vicinity

of the opposite electrode (surface recombination).

3.2.1 Bulk Recombination

The term bulk recombination encompasses the recombination events involving free
charge carriers in the active layer and, in general, can be limited either by the diffu-
sion of the charge carriers towards each other or by the dissipation of the electron-hole
pair energy into vibrational energy. Traditionally, the diffusion-limited recombination
has been considered the dominant mechanism in organic solar cells [84-86] but recently
Benduhn et al. showed that for a wide range of OSC the energy dissipation step controls
the magnitude of non-radiative recombination losses [87].

In the diffusion limit, the basis for the description of direct or bimolecular recom-

bination, i.e. the recombination between two independent and mobile charge carriers,
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is the Langevin’s model [88,89]. According to this model, every time an electron and a
hole approach below the Coulomb capture radius, they recombine. The bimolecular or
direct recombination rate Rg;, is then limited by the slow motion of oppositely charged

carriers that need to come together and is given by
Rair = ki, (np - n?) . (3.1)

Here n and p are the electron and hole densities, n; represents the intrinsic charge-
carrier concentration, and k, is the Langevin recombination prefactor which depends

on the charge-carrier mobilities j,, and

q
kr, = — (n . 2
L= =t 1) (32)

Since direct recombination requires both charge-carrier types to take place, it is con-

sidered a second order process and the recombination probability is expected to be
2

proportional to both charge-carrier densities as stated by Eq. (3.1). Because n} is
generally smaller than np, it can be neglected and thus, assuming electric neutrality,

ie. n = p, Eq. (3.1) can be simplified to
Rdir ~ k/‘LInIQ‘ (33)

Nevertheless, for many organic solar cells the calculation of Rg;, via Eq. (3.3) leads to an
overestimation of the recombination rate. In order to account for this discrepancy and
reproduce the experimentally determined recombination coefficients, a material-specific
and temperature-dependent Langevin reduction factor has been introduced [83,90] and
the Langevin expression of Eq. (3.3) got to be considered as an upper limit for the
bimolecular recombination rate which can be more generally expressed via the direct

recombination coefficient kqy: Rair = kqinn’.

As mentioned above, the dissipation-limited recombination has recently been found
to be of great importance in many donor-acceptor blends and device architectures. In-
terpreting their results on the basis of the energy gap law, Benduhn et al. [87] showed
an inverse relation between the non-radiative energy loss and the energy of the charge
transfer (CT) state generated either during charge separation or when the charge car-

riers meet at the donor-acceptor interface. In fact, according to their model, the rate
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of the transition from the CT state to the ground state is proportional to the vibra-
tional wavefunction overlap between these two states, which decreases when the CT
state energy is increased. In other words, the energy FEqr of the charge transfer state
controls the non-radiative recombination rate R4 because the higher the former is the
more phonons with energy Aw are needed for the energy dissipation and consequently
the lower Ryq is [91]

Ryrg o efE'%. (3.4)
Being the overlap of the vibrational modes of the CT state and the ground state respon-
sible for the increased recombination rate, the high energy intramolecular vibrations in
organic molecules can be considered a main cause for non-radiative recombination losses
in organic solar cells. In particular, the presence in the backbone of any conjugated
polymer or small molecule of C=C double bonds with a vibrational energy of ~ 160 meV

makes this non-radiative recombination an intrinsic loss in organic materials.

A reduction of the number of phonons involved in a recombination event may also
be caused by the presence of traps and defect states. The recombination with the
mediation of traps, commonly called trap-assisted recombination or Shockley-Read-
Hall (SRH) recombination, always involves two transitions, namely the transition from
conduction band to trap and the transition from trap to valence band [92]. Hence,
it is clear that the slower of these two transitions will limit the total recombination
rate. If the trap lies in the middle of the energy gap, i.e. it is equally distant to
conduction and valence band, the number of phonons involved in the two transitions
will be minimized and the recombination rate will be maximized. On the other hand,
any shift of the trap position relative to midgap will enlarge the energy of one of the
two transitions involved in the recombination process leading to an increase of the
number of phonons required and a reduction of the recombination rate. Typically,
the recombination via traps is described using Shockley-Read-Hall statistics and the
recombination rate Rggry is obtained considering the equations for capture and release
of electrons in the conduction band and holes in the valence band by trap states with

concentration N [62]

np — n?
+pBptentep

RSRH = Ntﬂnﬁpnﬁ (35)

where f3,/, is the rate constant for electron/hole capture and ey, is the rate constant
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for the electron/hole release. The rate constant (3, is usually expressed in terms of

capture cross section oy, and thermal velocity vy,

Bn/p = Un/pthOn/p, (3.6)

whereas ey, is related to the electron and hole densities, ny and p;, obtained when
the Fermi level coincides with the energy of the trap through which the recombination
occurs. It is also possible to define a lifetime 7, . I for the electron/hole capture

which depends on the density of trap states, the thermal velocity, and the capture cross

section
1 1

T, = = .
SRH,
/P Bn/pNt Un/p,than/pNt

(3.7)

The definitions in Egs. (3.6) and (3.7) permit the expression of the SRH recombination

rate as a function of the charge-carrier lifetimes and densities

np —n?
TSRIl,p (n + nt) + TSRIITn (p + pt) ’

Rspy = (3.8)

The expression of Rsgry presented by Eq. (3.8) simplifies even further if doped semicon-
ductors are considered. For example, for a p-type semiconductor with doping density
Ny, provided that Ny > p, and T

SRH,n

proportional to the electron density n

Np > Tgy, M, the recombination rate gets

n

Rspu = (3.9)

Tsrun

According to Eq. (3.9), the recombination probability depends just on the amount
of mobile charge carriers, which makes the trap-assisted recombination a first order

process.

More generally, the recombination rate R can be expressed by a power law with the
charge concentration n
Rocn®, (3.10)

where §, referred to as the reaction order, describes how R scales with the charge-
carrier density and its value relates to the dominant recombination mechanism. In

case of direct recombination & = 2, whereas for trap-assisted recombination § = 1
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because it is assumed that the density of deeply trapped charges does not vary with
voltage and illumination. For the intermediate cases, with both bimolecular and trap-
assisted recombination, ¢ lies between 1 and 2. However, in practice, the reaction orders
determined experimentally are often greater than 2 [93-95].

Although once the charge-carrier mobilities and the electron density are accurately
determined it is possible to calculate the bimolecular recombination rate via Egs. (3.2)
and (3.3), the nongeminate recombination rate can also be obtained from the charge-

carrier lifetime and the electron density [79]

_dn_ n

=0 =7

= kn’, (3.11)

with k& being an empirical recombination coefficient and 7 an effective charge-carrier
lifetime which, enclosing all nongeminate recombination processes, is a measure of the
average time a free charge carrier exists before recombining.

It is clear that all nongeminate recombination events reduce the photocurrent by
removing charge carriers that otherwise could contribute to the photocurrent. The cur-
rent losses due to bulk recombination are described by the bulk recombination current
Jree,p Obtained integrating the total bulk recombination rate Rp over the active-layer
thickness d

d
Jrec,B = Q/RBdT7 (312)
0

With RB = Rdir + RSRH‘

3.2.2 Surface Recombination

Besides at the internal donor-acceptor interfaces, recombination may take place also
at the interfaces between active layer and contacts. This type of recombination, called
surface recombination, is governed by the excess minority carriers concentration Anpy;,
at the electrode-active layer interface (holes at the cathode or electrons at the anode)
and the surface recombination velocity Sp,. The surface recombination current density

Jrec,s, which quantifies the losses due to surface recombination, can be expressed via [96]

Jrecjs = quinAnmin. (313)
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The surface recombination velocity depends on the concentration of surface states active
in recombination and their capture cross section, whereas the concentration of minority
carriers at the anode or cathode is decided by their ability of diffusing against the
built-in electric field towards the counter electrode [97]. Hence, in addition to Sy,
surface recombination is affected by charge-carrier mobility, device thickness, and built-

in voltage.
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Chapter I

Experimental Setups and Characterization

Techniques

In this chapter the organic materials used during this work are introduced together
with the device fabrication procedure. Subsequently, the experimental techniques and
the simulation tools employed to study charge-carrier transport and recombination are

presented and explained.

4.1 Organic Solar Cell Materials

In the last years, the extensive research in the field of organic photovoltaics has led
to the development of innumerable organic materials featuring different electrical and
optical properties. Depending on their electron affinity, these materials are typically
classified as donors or acceptors. This section presents the donor and acceptor materials

employed to fabricate the solar cells studied in this work.

4.1.1 Donor Materials

The electron donating materials used in this work are polymers, i.e. macromolecules
comprising repeating monomer units. Figure 4.1 displays the chemical structure of
the employed donors: the extensively studied poly(3-hexylthiophene-2,5-diyl) normally
abbreviated to P3HT, the low bandgap poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b “]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})
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commonly called PTB7, the copolymer poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-

b “)dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thiophene-)-2-6-diyl)] de-

noted as PBDTTT-C, and the rather new high-efficiency and low bandgap poly[4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethyl-
hexyl)-3-fluorothieno[3,4-b|thiophene-)-2-carboxylate-2-6-diyl)] usually referred to as

PCE10.

P3HT PTB7 PBDTTT-C PCE10

Figure 4.1: Chemical structure of the donor materials used in this work.

P3HT is one of the most studied donor polymers and consists of thiophene rings
with an attached hexyl side chain that ensures its solubility. The arrangement of
monomers in an alternating head-to-tail configuration results in a polymer with semi-
crystalline nature which provides good charge-transport properties and well adapts to
the required morphology for bulk heterojunction solar cells. It absorbs light with wave-
length from 400 to 650 nm [98] and has a bandagp of 1.9 eV [99]. PTB7 is a well know
polymer based on the alternation of ester substituted thieno[3,4-b]thiophene units and
benzodithiophene units. In addition to branched side chains in ester and benzodithio-
phene, which render it well soluble in organic solvents, it features a strong and broad
absorption from 550 to 750 nm and a bandgap of 1.84 eV [100]. PBDTTT-C is a ben-
zodithiophene based copolymer with a chemical structure similar to PTB7, a bandgap
of 1.57 eV, and an absorption rage up to 770 nm [101]. Finally, the polymer PCE10,
obtained incorporating the 2-ethylhexyl-thienyl group into the benzodithiophene unit
of PTB7, features a bandgap of 1.58 eV, a broad absorption range (500-785 nm), and
higher absorption coefficient compared to PTB7 [102].
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4.1.2 Acceptor Materials

Acceptor materials are strongly electronegative compared to the donors and have a
LUMO level which allows a fast electron transfer from the donor to the acceptor
molecule. In the last decades, the most used and the best performing electron accept-
ing materials have been the fullerene derivatives. One well-known fullerene acceptor
molecule is [6,6]-phenyl-Cg;butyric acid methyl ester (PCg;BM) obtained adding a side
chain to the spherical fullerene Cgy, which consists of a cage of 60 carbon atoms re-
sembling a football. Thanks to the addition of a side chain, PCsBM becomes easily
soluble in typical organic solvents and, thus, can be used for the fabrication of solution-
processed solar cells. One of the downsides of PCg BM, namely its weak absorption in
the visible range, can be partially overcome by using an asymmetrical cage of 70 car-
bon atoms. The latter is at the basis of the acceptor molecule [6,6]-phenyl-C7;butyric
acid methyl ester (PC7BM) [103] whose chemical structure is displayed in Fig. 4.2.
The usage of PC7;BM blended with a donor polymer has shown to deliver devices with
higher EQE and enhanced photocurrent generation compared to PCg BM-based de-

vices [104,105]. Thus, PC71BM was chosen as principal acceptor material for this work.

PC;;:BM

Figure 4.2: Chemical structure of the acceptor molecule PC7;BM.

4.2 Sample Preparation

As mentioned in section 2.2, the BHJ solar cells used in this work have an inverted
structure (see Fig. 2.3) comprising a transparent cathode, a cathode interlayer, an

anode interlayer and a non-transparent anode. The fabrication process of such devices
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starts with glass substrates covered with indium tin oxide (ITO), which acts as cathode
allowing at the same time the illumination of the sample. Before further treatments, all
the substrates are cleaned in an ultrasonic bath by consecutive steps with deionized wa-
ter, acetone, and isopropanol for 10 minutes each. Then, a thin zinc oxide (ZnO) layer
(~ 30 nm) is spin coated on top as cathode interlayer whose purpose is the enhance-
ment of contact selectivity. For this layer a sol-gel method is used in which zinc acetate
dihydrate (Zn (CH3COO), - 2H,0) is dissolved in a mixture of 2-methoxyethanol and
monoethanolamine. After being annealed at 200 °C for 15 minutes, the substrates are
transferred into a two-chamber glovebox with nitrogen atmosphere, which permits to
carry out the subsequent steps in absence of oxygen and water, both detrimental for
organic materials. The active layer, consisting of an acceptor-donor blend dissolved in
an organic solvent (chlorobenzene (CB) or di-chlorobenzene (DCB)), is deposited by
spin coating. Different active-layer thicknesses can in this step be achieved by varying
the solution concentration and the spin speed parameters. Some acceptor-donor combi-
nations necessitate an additional solvent, namely an additive, to achieve better device
performances. Specifically, for the PTB7:PC;1BM and the PCE10:PC;1BM based sam-
ples a 3% by volume of the additive 1,8-diiodooctane (DIO) was used. In addition, the
samples based on PSHT:PC7; BM underwent solvent annealing for 20 minutes and ther-
mal annealing at 110 °C for 10 minutes to enhance the active-layer morphology before
proceeding with the evaporation of the anode. Finally, a 7 nm-thick molybdenum tri-
oxide (MoOj3) layer and a 100 nm-thick silver (Ag) layer are evaporated in high vacuum
as metal anode. Figure 4.3 shows the sample stack used in this work whereas Fig. 4.4
depicts the energy levels of the materials employed for the contacts [102,106,107], as
well as the ones of the donors and the acceptor used for this thesis [102, 108-110].

Ag

ZnO
ITO
GLASS

Figure 4.3: Sample stack used in this work.
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Figure 4.4: Energy levels of the materials used to fabricate the solar cells investigated
in this work.

4.3 J-V Curves

The first test aimed to check the performance of the fabricated samples was the record of
current-voltage (J-V) curves in the dark and under illumination. In order to prevent the
samples from getting in contact with oxygen and water during the measurements, they
were placed inside an hermetic samplebox before taking them out from the glovebox.
The measurement light source consisted in a solar simulator from the company LOT
Quantum Design encompassing a 150 W xenon lamp and an AM 1.5 filter able to
recreate the solar spectrum. A Keithley 2450 acted as source measurement unit applying
the desired voltage to the solar cell and measuring the output current. All J-V curves
were recorded using a 4-cable configuration to reduce the influence of the electrical

circuit.

4.4 Impedance Measurements: C-V and C-f Curves

Impedance spectroscopy (IS) is a widely used method to study the operational mecha-
nisms of various thin-film solar cells including organic solar cells. Impedance-based tech-
niques have in fact been successfully used to investigate charge recombination [111,112],

doping concentration [113,114], and the density of states [33] in these devices.
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Generally speaking, impedance-based techniques measure the electrical current re-
sponse of a system to which a small AC voltage perturbation of a certain frequency is
applied. Usually, the amplitude of this perturbation is kept below few tens of mV to en-
sure the linearity of the system response. The measurement of the solar cell impedance,
i.e. its complex resistance, is realized using the small AC excitation signal coupled with
a DC signal which fixes the operating point of the cell. The ratio between the applied

voltage V' and the measured current I delivers the impedance Z

7 = % = Zoe" = Zy (cos V) + isinv) . (4.1)
Besides expressing the impedance with the modulus Z; and the phase angle 9, it is
possible to express it as the sum of a real part Z’' and an imaginary part Z”: Z =
Z'+1iZ". The real part Z' represents the resistance of the system and Z” the reactance
which is determined by the inductance and the capacitance of the measured circuit.
However, since in organic solar cells changing magnetic fields are typically not present,
no inductance is expected and the imaginary component Z” is only determined by the
capacitance whose value can, therefore, be extracted directly from impedance data. The
analysis of the sample signal response is also possible by using its complex admittance Y,
which is the inverse of the impedance Z. Analogously to the impedance, the admittance
is expressed by the sum of the conductance, representing the real part Y’, and the
susceptance, identifying the imaginary part Y”: Y =Y’ + Y.

In this thesis, the focus will be on the frequency and voltage dependence of the
capacitance C, which reveals information about stored or trapped charge in the device
as well as transport processes. Two different types of measurement have been carried out
with the same setup consisting in the xenon lamp used also for J-V measurements and a
Gamry Interface 1000 potentiostat with a 4-cable configuration. In fact, the impedance
can be recorded at a fixed frequency f as a function of the DC voltage, or at a fixed
DC voltage as a function of the frequency. The former method allows the extraction of
a capacitance-voltage (C-V) curve whereas the latter delivers a capacitance-frequency

(C-f) curve.
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4.4.1 Mott-Schottky Analysis

The analysis of C-V data obtained performing a voltage-dependent impedance mea-
surement in the dark is usually based on the depletion approximation, which assumes
that the space-charge region, i.e. the charged region around the junction, is precisely
defined and contains just fixed ionized donor or acceptor atoms, no free charge carriers.
At the edges of the space-charge region (SCR) the electric field falls to zero and the
neutral regions begin. Within these neutral regions, the majority carrier density equals
the equilibrium value and the current, driven just by diffusion in absence of an electric
field, is determined only by variations in the minority carrier concentration. Under these
assumptions, the capacitance C of typical silicon solar cells at low forward or reverse
bias behaves like the capacitance of a flat plate capacitor in which the distance between
oppositely charged plates is equal to the space-charge region width w determined by
the equilibrium between diffusion and electrostatic forces in the junction

C— 606rA.

- (4.2)

Here gq is the dielectric constant of vacuum, ¢, the relative dielectric constant of the
semiconducting material, and A the area of the device. It is well known that for a
Schottky junction, i.e. for a one-sided, abruptly ending junction, the SCR width w
depends on the doping density N, the built-in voltage Vi; and the applied DC bias

V [115]
_ 2‘{E(J‘C:r (‘/i)i - V)

The substitution of Eq. (4.3) in Eq. (4.2) leads to an expression which emphasizes the

proportionality between the inverse square of capacitance and the applied voltage

o 20=V)

= . 4.4
qeoer AZNy (44

According to Eq. (4.4), the so-called Mott-Schottky plot of C~2 versus applied bias, one
example of which is displayed in Fig. 4.5(a), provides a straight line whose extrapolated
interception with the voltage axis yields the apparent built-in voltage and whose slope

allows the calculation of the apparent doping density via
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2
Ny - {
gEoér

d (02)} o (4.5)

dv
As Fig. 4.5(a) clearly shows, the slope of the Mott-Schottky curve gradually decreases
to zero as the applied voltage is decreased, i.e. as w approaches the device thick-
ness and the space-charge region capacitance converges to the geometrical capacitance

Cy = sosrg of the device determined by the device thickness d and area A. According

T T T T T T T T

N
T

-
T

/
'
T
L

N

(a)

1/C? [10” em'/F7
1/C* (10" cm'/F?

-3

-2 -1
voltage V [V]

2 A
voltage V [V]

Figure 4.5: Example of Mott-Schottky plot for (a) a 150 nm-thick device with a rather
high doping density (Na = 5-10' ¢cm™) and (b) a 150 nm-thick intrinsic device. In
the first case the presence of a clear straight line at forward and low reverse bias allows
the determination of the doping density, whereas for the intrinsic device the measured
capacitance almost immediately converges to the geometrical capacitance hindering the
use of the Mott-Schottky analysis.

to Eq. (4.3), the lower the doping density the bigger w gets and, therefore, the faster w
equals the device thickness. Here, it is important to stress that organic solar cells are
typically characterized by low doping densities and active-layer thicknesses in the range
of few hundred nanometers, and therefore most of them get fully depleted already at
low reverse bias, i.e. the width w of the space-charge region equals the absorber-layer
thickness d already at small negative applied voltages. Thus, the measured capacitance
converges quickly to the plateau defined by Cg, as it is displayed in Fig. 4.5(b). As
a consequence, the determination of the doping concentration in organic solar cells by
using Mott-Schottky analysis becomes rather difficult [32]. Moreover, even for devices
with thick active layers or high doping densities, the use of Eq. (4.4) for the inter-
pretation of the Mott-Schottky plot and the use of Eq. (4.5) for the determination
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of the apparent doping density is effective only if C-V data obtained in the dark are
considered. The interpretation of the results from capacitance-voltage measurements
performed under illumination is in fact more difficult and will be addressed in more

detail in chapters 6 and 7.

4.4.2 Analysis of C-f Data

When the frequency-dependence of the impedance has to be studied, the impedance
is measured over a broad frequency range, usually from mHz to MHz. The resulting
impedance data can be either displayed as capacitance-frequency curves, an example
of which is shown in Fig. 4.6(a), or in the so-called Nyquist plot, which presents the
real part Z' on the x-axis and the opposite of the imaginary part Z” on the y-axis

(Fig. 4.6(b)). The latter mode is particularly convenient when the impedance data are

o (a) (b)
é 36
L 361 1000} -
P c
= S
D =
o 34r /N—\
g N 500} |
= E
[} I
g 321
<
[}
st sonmd ol s i sl sl sl of A A A h
10" 10" 10* 10° 10" 10° 0 500 1000 1500 2000
frequency f [Hz] Re(2) 7' Q]

Figure 4.6: Example of (a) capacitance-frequency curve and (b) Nyquist plot under
illumination.

treated with the commonly used equivalent circuit analysis, which consists in model-
ing the system under test with a network of passive electrical circuit elements and in
fitting the impedance of this electrical circuit to the measured impedance. Figure 4.7
shows the equivalent circuit used in this work together with the Nyquist plot obtained
measuring a bulk heterojunction solar cell under 0.01-sun illumination. The circuit in
Fig. 4.7(a) consists of an external series resistance Rs which accounts for the resistive

losses due to wires and connection to the device electrodes, an internal series resis-
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Figure 4.7: (a) Equivalent circuit model used in this work and (b) Nyquist plot of a bulk
heterojunction solar cell obtained measuring under 0.01-sun illumination. The response
of the equivalent circuit can be calculated and compared to the measured impedance
data. The resulting fit line is displayed by the light blue line in (b).

tance R; that considers the losses occurring during the transport of charge carriers, a
capacitance Cg corresponding to the geometrical capacitance, and a parallel between
the recombination resistance R... and the constant phase element CPFE , both associ-
ated to the recombination events occurring in the bulk of the active layer [116]. The
constant phase element is often used in place of a capacitor to describe materials whose
microscopic properties are distributed and which are characterized by a distribution of
relaxation times. In fact, the CPFE acts as non-ideal capacitor featuring a distribution
of time constants and enables the simplification of the equivalent circuit model. The

impedance of a constant phase element is defined as

1

Tolwr o

ZcpE =
where Y| represents the magnitude of the CPE and « is a factor that indicates how
much the behavior of the CPE differs from the behavior of an ideal capacitor. The
factor a assumes the value 1 for an ideal capacitor and decreases towards zero as
the behavior of the CPFE deviates from the one of an ideal capacitor. By using the
definition expressed in Eq. (4.6), the impedance of the parallel connection between the

recombination resistance and the constant phase element is found to be

R[‘CC

_— 4.
1+ RiecYp (iw)® (4.7)

ZRyec||CPE =
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The response of the equivalent circuit depicted in Fig. 4.7(a) can therefore be calculated
and compared to the actual response of the device under investigation. An example of
the use of the aforementioned equivalent circuit to fit experimental data plotted in form
of Nyquist plot is presented in Fig 4.7(b). This fitting procedure allows the extraction
of two key parameters, namely the chemical capacitance due to the charge carriers
accumulated in the active layer and the recombination resistance, which together permit
to determine the charge-carrier lifetime. Since in the equivalent circuit considered here
the ideal capacitor representing the chemical capacitance is replaced by the constant
phase element, an equivalent capacitance Ceq is needed for the determination of the

average lifetime 7, [116]

1
Tavg = (Rre(:l/())a (48)
and )
7-avg (RrecYO) «
Ty hecdo)™ 4,
Cq Riec Rirec ( 9)

The definition of the equivalent capacitance allows to more easily relate the properties
of the CPE with the physical process of charge-carrier accumulation in the photoactive
layer, which is normally associated with the chemical capacitance [117].

Upon the application of an appropriate equivalent electrical circuit to fit the mea-
sured impedance spectra, the deconvolution of the overall system response and the
acquisition of some insights into the individual processes occurring inside the sample
become possible. However, this approach has some downsides. First of all, in order
to be effective, this analysis needs some prior knowledge on how the system might be
modeled. Moreover, the choice of the appropriate circuit can be challenging due to
the non-uniqueness of the equivalent circuit, which implies that several circuit models
may provide the same impedance response over the chosen frequency range. Another
disadvantage lies in the possibility to fit the measured impedance spectra with a poten-
tial infinitely complex equivalent circuit with only few elements having a real physical
meaning. A more universal method to extract information about the charge-carrier
density and lifetime avoiding the aforementioned problems involves the direct analysis
of the frequency-dependent capacitance measured at different voltages. This approach

will be introduced in chapter 8.
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4.5 Solar Cell Simulation

In parallel with the experimental measurements described above, drift-diffusion simula-
tions were regularly carried out during the work presented in this thesis. The simulation
of the optical and electrical behavior of semiconductor devices is indeed a powerful tool
to improve the understanding of the physics relevant to the device operation. For
all simulations the effective medium approach was used. Under the assumption of an
intimate intermixing, the active-layer blend might in fact be treated as one effective
medium whose hole conducting properties are derived from the donor material and
whose electron conducting properties are defined by the acceptor material. Thus, all
the charge-carrier-related properties of the effective medium are defined by the appro-
priate pristine material and the effective energy gap is given by the difference between
the acceptor LUMO and the donor HOMO level. The effective medium approach works
rather well for blends with a very fine phase separation, but it is unable to correctly
describe the behavior of blends with coarser phase separation. Nevertheless, performing
simulations based on the effective medium assumption saves numerical time and effort
and offers the possibility of gaining a good insight into the impact of microscopic prop-
erties (such as charge-transport and recombination properties) on macroscopic device
parameters, like J-V and C-V characteristics [118-121]. For this thesis two numerical

simulation tools were used, namely ASA and SCAPS .

4.5.1 ASA

The software ASA (Advanced Semiconductor Analysis) [122] is a one-dimensional,
steady-state device simulator developed at Delft University of Technology. It is de-
signed to model both optical and electrical properties of multi-layer device structures.
For the drift-diffusion simulations, ASA uses the free electron and free hole concen-
trations and the electrostatic potential as variables and solves the Poisson equation
together with the continuity equations for electrons and holes. The software permits
to define the solar cell as a multi-layer structure consisting of electrically-active layers
and layers that are only relevant to the optical behavior of the device. The parame-
ters defining these layers are contained in the main input file. The latter includes the
structure specification (number, type, and thickness of the layers), the material specifi-

cations (semiconducting material properties of the layers, doping density, charge-carrier
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mobility, and charge-carrier lifetime), the valence and conduction band tail state dis-
tributions, and the contact conditions at the boundaries of the simulation grid. The
user can perform simulations both with Shockley-Read-Hall and direct recombination
as bulk recombination mechanism while surface recombination of holes at the cathode
and electrons at the anode can be set. Once all structural and material parameters
are defined, ASA simulates the device performance and the relevant device physical
quantities can be obtained. The natural outputs of a simulation performed with ASA
are the electric potential of the vacuum level, the free electron concentration, and the
free hole concentration as a function of position in the solar cell. However, also device
performance parameters such as the open-circuit voltage, the short-circuit current, the
fill factor, and the current-voltage characteristics in the dark and under illumination
are obtained from an ASA simulation.

As already mentioned, ASA also allows to perform optical simulations to obtain ab-
sorption and generation profiles in solar cells. Several optical models are implemented,
but for the work presented in this thesis only the genprol subroutine was used. Here,
the solar cell is treated as a multi-layer optical system whose optical behavior, i.e. re-
flectance, transmittance, and absorptance, is calculated using the theory of thin-film
optics. In this approach, transmission and reflection at all interfaces as well as the ab-
sorption in all layers of the system are taken into account, while scattering at interfaces

is neglected.

4.5.2 SCAPS

SCAPS (Solar Cell Capacitance Simulator) [123] is a one-dimensional solar cell simula-
tor developed at the University of Gent. It was originally developed for simulating thin-
film Cu(In,Ga)Se; and CdTe devices, but it has recently been used also for amorphous
silicon and organic solar cells. Analogously to ASA, the software SCAPS simulates the
behavior of a solar cell by solving the Poisson equation and the continuity equations
for electrons and holes. However, it allows to perform not only steady-state simulations
but also frequency-domain simulations. This means that also the capacitance of the
solar cell can be modeled as a function of frequency, voltage, or temperature. Thanks
to the interactive graphical interface, SCAPS is relatively easy to learn and intuitive
to control and use. All parameters defining the contacts and the active layer of the

device can be easily set by using the Solar Cell Definition Panel, which also allows to
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choose the bulk recombination mechanism and the amount of surface recombination
at the contacts. All simulations can be performed in the dark or under illumination,
even though SCAPS does not provide sophisticated optical models. However, it is pos-
sible to create a generation profile using another optical simulator and then import this

generation profile in SCAPS.
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Chapter

Distinguishing between Surface and Bulk

Recombination

This chapter presents a study of charge-carrier recombination in bulk heterojunction so-
lar cells realized through current-voltage measurements. It introduces a method, based
on the thickness dependence of the saturation current density, to distinguish between
surface and bulk recombination in organic solar cells. First, numerical simulations are
used to illustrate and present the methodological approach. Secondly, the saturation
current density of organic solar cells based on different polymer:fullerene systems and
characterized by diverse architectures is derived from light J-V curves and its thick-
ness dependence is analyzed using the new approach. This chapter is based on the
results presented in the paper Discriminating between surface and bulk recombination
in organic solar cells by studying the thickness dependence of the open-circuit voltage
by Zonno et al. [124], which is published by AIP Publishing.

5.1 Introduction

The identification of the main source of nongeminate recombination losses in a given
device is of high general interest for the field of photovoltaics due to the detrimental
effect of these losses on the open-circuit voltage. Even though it may be possible to
identify the dominant bulk recombination mechanism, the distinction between recombi-

nation at the interface between absorber and electrodes, i.e. surface recombination, and
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recombination in the bulk of the absorber can be extremely challenging [96,125]. This
is especially true when dealing with new material systems such as absorbers based on
organic molecules; their mobilities and bulk lifetimes might in fact not be sufficiently
well known to be able to take their influence into account quantitatively such that
surface properties can be extracted from measurements of the effective lifetime of the
whole device. The present chapter provides an analysis of the thickness dependence
of the saturation current density aimed to determine which recombination mechanism
between surface and bulk recombination is more dominant in different organic solar

cells.

5.2 Theoretical Background

Surface and bulk recombination currents depend differently on the absorber-layer thick-
ness. This relatively trivial observation is based on the fact that bulk recombination
currents scale at a given recombination rate linearly with the thickness, while surface
recombination should be either unaffected by thickness or even decrease in relevance.
The decrease in the contribution of surface recombination would be expected since the
diffusion of charge carriers to the surface becomes less efficient the further away the
surface is on average [126]. Thus, if material and interface properties, like the bulk
lifetime and the surface recombination velocity, stay constant as a function of absorber-
layer thickness, we would expect the total recombination current to scale differently in a
device dominated by surface recombination than in a device dominated by bulk recom-
bination. From a practical perspective, we have to first of all decide how to compare
recombination currents between devices with different thicknesses. Because we are in-
terested in the conditions under illumination, it would be ideal to derive recombination
currents from the light current-voltage curves of the solar cells under investigation. The
open-circuit condition could be a suitable working point to study because the voltage at
open circuit depends entirely on the balance between generation and recombination and
not like at other working points also on resistive effects. However, a look at the equation
defining the open-circuit voltage, V. = %ln(%—;“—kl), makes clear that the thick-
ness dependent open-circuit voltage does not directly reveal how recombination scales
with thickness because it also includes information about how photogeneration scales

with thickness. Because the solar cell absorptance, and therefore the total amount of
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charge carriers photogenerated, is a strong and not always easy to predict function of
absorber-layer thickness, it is advisable to firstly disentangle the effects of generation
and recombination. One way of doing this at open circuit, i.e. when the total cur-
rent is zero, is to equate the current densities Jyen due to generation and J.. due to
recombination

Jgon = Joe it = Jee (5.1)
Here kgT is the thermal energy, ¢ the elementary charge, V. the open-circuit voltage,
and Voo > kgT/q is assumed. According to Eq. (5.1), the current density due to
recombination Ji. can be divided into an exponentially voltage dependent factor e(’l“%E
and a voltage independent or weakly voltage dependent factor Jy. One can then define

the saturation current density Jy via [127]
_aVoc
Jo = Jgene kT | (52)

In many cases, where solar cells collect charges efficiently at short circuit, the short-
circuit current density Jy is already a good approximation for Jge,. If this is not the
case, Jgen can be approximated by the photocurrent density Jon = Jiight — Jaark at a suf-
ficiently high reverse bias where collection has saturated. Here, Jign, and Jyam are the
current densities under illumination and in the dark, respectively. Note that Eq. (5.2)
lacks the ideality factor because it assigns any voltage dependence of recombination
that does not follow the ideal relation Jyo. o< e% to a voltage dependence of Jy. It
is therefore important to notice that the obtained Jy corresponds to a specific situa-
tion in the device, namely open circuit under specific illumination conditions (i.e. the

conditions used to determine Jye, and Vo, in Eq. (5.2)).

The recombination current density Jiec = Jrec,s + Jrec,3 Can be expressed as a sum of
the contribution J, g from surface recombination and Jie. g from bulk recombination.
The current density Jyec s follows from the excess minority charge densities and surface

recombination velocities at the electrodes via
JreC,S = anaAna + qucApcv (53)

where S,, is the surface recombination velocity of electrons at the interface to the

anode and Sy is the surface recombination velocity of holes at the interface to the
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cathode. The surface recombination velocities Sp, and Sy, have to be multiplied with
the excess electron concentration An, at the anode and the excess hole concentration
Ap. at the cathode, respectively, to obtain the surface recombination rate per area.
Multiplication with the elementary charge ¢ finally yields the current density Jiecs.
The bulk recombination current density can be obtained from an integral of the bulk

recombination rate Rp over the depth of the absorber via

d
JrecB = q/RB(x)dx. (5.4)
0

Here, z is the spatial position in the absorber layer of thickness d. In addition, since at
open circuit Jgen = Jrec, We can use Jyees and Jien together with Eq. (5.2) to split up

the saturation current density into two parts, namely

aVoc

JO,S = Jrec,S€7 kT (55)
and
_ 3Voc
JO,B = Jrec,Be kBT7 (56)

where Jy = Jy g + Jo g is valid.

5.3 Results from Simulation

We have now seen how to express the saturation current density as function of the
surface and bulk recombination currents which help splitting it up into two parts,
Jos and Jop. While Jyg and Jop are not accessible from experiments, it is possi-
ble to use Eqgs. (5.3)-(5.6) to calculate them using numerical simulations. The drift-
diffusion simulations were performed using the electrical model of the software ASA
together with its built-in transfer matrix code genprol to create a real generation pro-
file. As already explained in section 4.5.1, the subroutine genprol allows a rather
precise determination of the absorption profile of the solar cell under study treat-
ing it as a multi-layer optical system whose optical behavior is calculated using the
theory of thin-film optics. The device stack used for the creation of the generation

profile was glass/indium-tin oxide (ITO)/poly(3,4-ethylenedioxylenethiophene):poly(4-
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styrenesulfonic acid) (PEDOT:PSS)/P3HT:PCs;BM/Ca/Al and the thicknesses of the
glass, ITO, PEDOT:PSS, Ca, and Al layers were set respectively to 1 mm, 120 nm,
25 nm, 30 nm, and 150 nm. Figure 5.1 displays the optical data, namely the refractive
index n and the extinction coefficient k, of the materials constituting the simulated

device that were used to create the generation profile. The software ASA allowed to
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Figure 5.1: Refractive index n and extinction coefficient & of the simulated device
materials utilized to create the generation profile with ASA [128-130].

simulate the chosen device with two different models for recombination, namely direct
recombination and Shockley-Read-Hall (SRH) recombination, and permitted to vary
the thickness of the active layer from 50 to 1000 nm. The parameters used for the
simulations performed with the software ASA are summarized in Table 5.1. The simu-
lations results contained the values of all quantities needed for the determination of the
surface and bulk recombination currents as well as the open-circuit voltage necessary
to calculate the saturation current density. Figure 5.2 shows the results for Jy, Jo s,
and Jog calculated from simulated data for different conditions. Figures 5.2(a) and
5.2(c) show the case of direct recombination as only bulk recombination mechanism,
i.e. the bulk recombination rate is given by Rg = kq;; (np — n?), where ky;, is the recom-
bination coefficient, n and p are the electron and hole concentrations, respectively, and
n? is the intrinsic charge-carrier concentration. On the other hand, Figs. 5.2(b) and
5.2(d) present the case where bulk recombination is dominated by Shockley-Read-Hall
recombination and, thus, R = (np — n?) / (n7, + pmy), where 7, and 7, are the electron

and hole lifetimes. In order to investigate in detail the effect of surface recombination
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Table 5.1: Parameters used for the simulations with the software ASA.

Quantity Default set
n [em?/Vs 10~

Band mobility tn [em®/ V]

o [em?/ Vs 1074
Effective density of states N¢ = Ny [em™3] 1019
Density of tail states Nctail = Nvian [em™] 5 x 10Y
Characteristic tail slope Eac = Enyv [meV] 50

BF [em?/s] 10712

Y [em?/s 10710

Capture coeflicients By fem?/s]

By [cm?/s] 10712

By [em?/s] 1071
Bandgap E, [eV] 1.12
Thickness d [nm] Variable
Doping concentration Ny [em™3) 0
Surface recombination velocity S [cm/s] 10 or 10*
Contact barrier heights op [meV] 50
Generation rate G [em 357! Calculated with a

transfer matrix
algorithm

Direct recombination coefficient kg;; [cm?®/s] 1012

Ty S 10
Shockley-Read-Hall lifetime wwaen [15]

TSRH,p [us] 10

on the saturation current, simulations with two different surface recombination veloc-
ities were performed. The results in Figs. 5.2(a) and 5.2(b) correspond to the cases
with a relatively lower amount of surface recombination (S = 10 cm/s) than the cases
presented in Figs. 5.2(c) and 5.2(d) (S = 10* cm/s).

In general, it can be observed that the saturation current density Jog due to bulk

recombination is increasing with thickness and its slope dln(Jyg)/dln(d) seems to be
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Figure 5.2: Saturation current densities Jy, Jon, and Jyg calculated from simulated
data for different conditions. (a) and (c) present the case of direct recombination only.
(b) and (d) present the case where bulk recombination is dominated by Shockley-Read-
Hall recombination. The results in (a) and (b) were obtained using a relatively lower
amount of surface recombination than the results in (¢) and (d). In all cases, the
saturation current density Jy g due to bulk recombination increases with thickness and
its slope is 1 or higher. In contrast, the saturation current density Jyg due to surface
recombination decreases or remains constant with thickness for d < 400 nm.

1 or higher. In contrast, the saturation current density Jyg due to surface recombi-
nation shows a more complicated behavior. For low thicknesses (d < 100 nm) and
high surface recombination velocities S (Figs. 5.2(c) and 5.2(d)), Jos decreases with
thickness, i.e. dln(Jys)/dln(d) < 0. This is due to the fact that the transport of
charge carriers to the surface limits surface recombination [131] and this transport is
more efficient when the surface is close by, i.e at low thicknesses [126]. In contrast, if
the surface recombination velocity is small (Figs. 5.2(a) and 5.2(b)) the transport to
the surface is efficient and recombination at the surface is the rate limiting step [131].

In this latter case, Jyg is constant for small thicknesses. Regardless of the dominant
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bulk recombination mechanism, for larger thicknesses (d > 400 nm) Jy s increases with
thickness because the optical generation is spatially inhomogeneous. In fact, at larger
thicknesses, a large amount of photons will be absorbed close to the transparent front
electrode that sees the light first. This will also create an inhomogeneous profile of
charge carriers (even at open circuit) that will lead to increased recombination rates
where the optical generation rates are higher. Because this occurs close to one of the
contacts, surface recombination at this contact will become very important and lead to
dn(Jo,g)/dIn(d) > 0.

By looking at Fig. 5.2 it becomes evident that, even though there is a quantitative
difference between direct (Figs. 5.2(a) and 5.2(c)) and SRH recombination (Figs. 5.2(b)
and 5.2(d)), the trends for Jy, Jop, and Jos are qualitatively the same. Especially at
higher thicknesses, SRH recombination allows Jy g to scale superlinearly with thickness,
while direct recombination typically leads to a slope dln(Jyg)/dln(d) very close to 1 in
all performed simulations.

Since Jop and Jog behave differently as a function of the absorber-layer thickness
and the saturation current density Jy is given by their sum, it subsists the possibility
to assign the dominant recombination mechanism either to the surface or to the bulk
(or internal interfaces in case of organic solar cells) from studying Jy as a function of

thickness.

5.4 Experimental Results

In order to test whether the explanation of the simulated data presented in the previ-
ous section is applicable also to experimental data, we checked our predictions on data
obtained measuring bulk heterojunction solar cells. Devices with a PTB7:PC7;BM ac-
tive layer were fabricated with and without the solvent additive 1,8-diiodooctane (DIO)
using the inverted structure glass/ITO/ZnO/PTB7:PC71BM/MoO3/Ag, as described
in section 4.2. The use of different revolution speeds by the spin coating of the poly-
mer:fullerene solution allowed us to obtain various active-layer thicknesses (from 68 to
242 nm). Moreover, thanks to the large body of work available on organic solar cells,
additional data referred to devices based on several polymer:fullerene systems could be
analyzed with our method. Figure 5.3 presents the results for the saturation current

density Jy calculated using Eq. (5.2) on a range of experimental data from our labo-
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Figure 5.3: Saturation current density Jp calculated for a range of different poly-
mer:fullerene systems. The filled circles represent the values of Jy derived from the
open-circuit voltage and the short-circuit current, while the lines are just a guide to
the eye. The dashed lines indicate a proportionality between Jy and d, i.e. a slope of
dln(Jp)/dln(d) = 1. Panel (a) shows the cases where recombination is mostly limited by
recombination at the surface, while panel (b) presents the cases of mostly and purely
bulk dominated recombination.

ratory and from literature. Figure 5.3(a) shows three cases where Jy either is constant
or decreases with active-layer thickness. The device fabricated in our laboratory using
PTBT7 as electron donor and PC7;BM as electron acceptor and without the additive
DIO shows a saturation current density Jy which decreases with thickness, indicating
a surface limited recombination. The device made from PTB7 and PC;BM with a
standard structure as described in Ref. [132] exhibits a nearly constant value for .Jy
over the entire thickness range considered. This behavior suggests a system where the
transport of charge carriers to the surface is efficient and the rate limiting step is the
recombination at the surface. For the device based on P3HT and PCg BM blended with
a 1:1 weight-ratio as reported in Ref. [133] the slope dln(Jy)/dIn(d) is negative at low
thicknesses. This trend is similar to the one presented in Fig. 5.2(c) where the surface
recombination is so high that it is limited by the transport of charge carriers to the
contacts. In conclusion, it can be assumed that for these cells surface recombination is

the dominant recombination mechanism.

Figure 5.3(b) presents cases where recombination in the bulk plays a bigger role in

determining the dominant recombination mechanism. For both self-prepared PTBT:
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PC7BM with DIO and an inverted structure and poly(di(2-ethylhexyloxy)benzo[1,2-
b:4,5-b’]dithiophene-co-octylthieno[3,4-c|pyrrole-4,6-dione) (PBDTTPD):PCq; BM (fab-
ricated as described in Ref. [134]) devices, the saturation current density Jy increases
monotonously with thickness and its slope dln(Jy)/dIn(d) is approximately equal to 1
over the whole thickness range considered. This trend clearly identifies bulk recom-
bination as the dominant recombination mechanism in both systems. In contrast, the
P3HT:PCs;BM (1:0.8), poly[N-(2-hexyldodecyl)-2,2’-bithiophene-3,3’-dicarboximide-alt-
5,5-(2,5-bis(3-decylthiophen-2-yl)-thiophene)] (PBTI3T):PC7,BM, and poly[5-(2-hexyl
dodecyl)-1,3-thieno[3,4-c]pyrrole-4,6-dione-alt-5,5-(2,5-bis(3-dodecylthiophen-2-yl)-thio
phene)] (PTPD3T):PC7BM samples, fabricated as described in Ref. [135], [86], and
[116], respectively, exhibit an intermediate behavior with Jy affected by both surface
and bulk recombination. In fact, the saturation current density .Jy of these three sys-
tems decreases or remains constant with d for low thicknesses, while it increases with
d for larger thicknesses. Thus, at low thicknesses the slope dln(Jy)/dIn(d) is equal to
0 or less, suggesting a bigger impact of surface recombination, and at high thicknesses
dln(Jp)/dln(d) is higher than 1, indicating that bulk recombination starts being more

dominant at open circuit.

5.5 Conclusions

In this chapter, a new method to discriminate between surface and bulk recombination
in organic solar cells was presented. The basis of this novel approach lies on the thickness
dependence of the saturation current density which is derived from the open-circuit
voltage and the photocurrent at short circuit or reverse bias. Numerical simulations
performed with the software ASA showed that the bulk recombination current increases
with thickness while for low thicknesses (d < 400 nm) the surface recombination current
decreases or remains constant with thickness. This different scaling with thickness
allows one to assign the dominant recombination mechanism of the solar cell under
investigation either to the surface or to the bulk. The application of the new method
on a range of experimental data from our laboratory and from literature pointed out
that in the field of organic photovoltaics the whole range of cases, from mostly surface

limited to purely bulk limited recombination, can be observed.
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Chapter

Understanding Mott-Schottky

Measurements under Illumination

In this chapter, capacitance-voltage measurements on bulk heterojunction solar cells
under illumination are studied with the purpose of identifying which physical mecha-
nisms affect the Mott-Schottky analysis under illumination and determining whether
the charge-carrier mobility can be extracted from such measurements. The first part
introduces the theoretical model for the description of the photocapacitance whereas
the second part shows experiments and simulations aimed to explain the features ob-
served in capacitance-voltage measurements performed under illumination on lowly
doped and relatively thin devices. The results presented here are published in the pa-
per Understanding Mott-Schottky Measurements under Illumination in Organic Bulk
Heterojunction Solar Cells by Zonno et al. [136] whose copyright lies by the American
Physical Society.

6.1 Introduction

As already illustrated in section 4.4.1, the Mott-Schottky analysis in the dark is a use-
ful method to determine the doping concentration of semiconductors from capacitance-
voltage (C-V) measurements. This basic impedance-based technique has been fre-
quently used also in the field of organic photovoltaics because it allows one to derive

the doping concentration for sufficiently thick absorber layers [32,115] and gives some
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information about the amount of band bending in the device under investigation. How-
ever, while the analysis of capacitance-voltage measurements in the dark is relatively
well established, the analysis of data taken under illumination is currently not fully un-
derstood. In fact, C-V measurements under illumination have shown features that were
not straightforward [137,138] to explain with analytical equations and, therefore, have
been much more difficult to interpret [139,140]. In the following, capacitance-voltage
measurements performed at reverse bias on fully depleted organic solar cells under il-
lumination are analyzed. The case considered here is therefore the one highlighted in
Table 6.1, which presents an overview of the different options to analyze capacitance-
voltage measurements as a function of the properties of the sample and the conditions

of the measurement.

Table 6.1: Information accessible through the analysis of capacitance-voltage data de-
pending on the sample properties and the measurement conditions.

w < d wd
at V<0 at V>0
DARK | gpace-charge capacitance provides chemical capacitance related to
the doping density the density of states
at V=0 at V<0
LIGHT
to be discussed in chapter 7 to be discussed here

6.2 Theoretical Model

For a diode under illumination, the quasi-Fermi levels at short circuit are equal at the
two contacts, i.e. the voltage is zero. However, they are not necessarily equal in the
bulk of the device and, depending on the charge-carrier mobilities and the amount of
illumination, charge carriers can build up in the device. This concept is illustrated in
Fig. 6.1 which displays the effect of charge-carrier mobility on the energy-band diagram
obtained from the simulation at 0 V (short-circuit conditions) of a 100 nm-thick intrinsic
solar cell under 1-sun illumination. The data were obtained performing frequency-
dependent drift-diffusion simulations with the software SCAPS (see Sec. 4.5.2) using

the parameters summarized in Table 6.2. The chosen bandgap (1.0 eV) is representative
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Figure 6.1: Band diagram of a 100 nm-thick intrinsic solar cell under 1-sun illumination
and short-circuit conditions (applied voltage Vo = 0V) for different electron and hole
mobilities. The quasi-Fermi-level splitting Em, — Fp, in the active layer increases with
decreasing mobility and the charge-carrier densities change consequently.

of the energy of a charge transfer state in a very low bandgap blend and the other
parameters are typical for organic semiconductors used in solar cell. Figure 6.1 clearly
shows that the quasi-Fermi-level splitting, Ep, — Epp, in the active layer increases
progressively with decreasing mobility and, consequently, the charge density increases
as well. The amount of illumination has the opposite effect on the charge density, since
the latter increases with increasing light intensity. Thus, the higher the illumination
and the lower the mobilities, the more charge carriers will exist at short circuit in
a device and will, therefore, contribute to its capacitance. From this observation, it
becomes evident that a measurement of either the charge density or the capacitance
under illumination will provide information about the charge-carrier mobilities. This
concept has been used previously in the time domain, for instance by Shuttle et al. [141],
to determine the mobility in organic solar cells by measuring the extracted charge
density under illumination at short circuit. Equivalent information can be obtained
also using capacitance measurements under illumination and at short circuit or reverse
bias once the photocapacitance, i.e. the capacitance due to illumination, is expressed
with an analytical equation. An expression for the photocapacitance of a p-i-n a-Si:H

solar cell was derived by Crandall [142] in 1983, but here we will briefly present an
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Table 6.2: Parameters used for the simulations with the software SCAPS if not stated
otherwise.

Quantity Default set
Band mobility pin fem?/ Vsl 510
pp [cm?/ Vs 5x 1074
Effective density of states Nc = Ny [em™3] 101
Bandgap E, [eV] 1.0
Thickness d [nm] 100
Doping concentration Ny [em™3) 0
Relative permittivity Er 3.5
Direct recombination coefficient kg;, [cm?®/s] 5x 10712

easier and shorter derivation of the same expression.
The starting point for the derivation of the photocapacitance of an illuminated solar

cell is the consideration of the continuity equations for electrons and holes

dn 1dJ,

dn 1 _ 1
q g de +G—-R (6.1)
dp 1ddJ,
Lo _“Zig- 2
T ¢ dx +G — R, (6.2)

where p and n are the density of holes and electrons, J, and J, are the hole and
electron currents, ¢ represents the elementary charge, x refers to the distance from the
left contact, G is the generation rate, and R is the recombination rate. In order to
analytically solve these equations, some approximations are needed. First, we assume
that diffusion is negligible so that the electron and hole currents are produced only by
drift in the electric field, i.e.

Ju = quanF (6.3)

Jp = quppF, (6.4)

with I being the electric field and p, and p, the electron and the hole mobilities, respec-

tively. Moreover, under steady state conditions and considering the case of negligible
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recombination, the time derivatives in Egs. (6.1) and (6.2) as well as the recombination
rate R can be set to zero. Then, the substitution of Eqs. (6.3) and (6.4) into the

continuity equations results in two expressions for the electron and hole densities

Gd?
- — 6.5
" (Ve — V) (6:5)
Gd?
S L 6.6
N - (6:6)

where the electric field F' has been expressed as a function of the difference between
built-in voltage Vj,; and applied voltage V. Now we consider a solar cell with the left
contact acting as p-contact and the right contact acting as n-contact so that in absence
of diffusion n = 0 at x = 0 and p = 0 at x = d, with d referring to the active-layer
thickness. We can imagine to divide such a cell into two parts: the p-part, from x = 0
to x = d/2, where the hole density is higher than the electron density and the n-part,
from = d/2 to © = d, where the electron density is higher than the hole density.
This procedure allows us to approximate the whole system as two plate capacitors
connected in series whose capacitance values, Cpy , and Cpy , for the p-part and n-part
respectively, can be calculated using Eqgs. (6.5) and (6.6) along with the capacitance
definition (C = dQ/dV)

qu3
Cohn = ———————— (6.7)
P o (Vi — V)2
Gd®
Oph«,p = g (6-8)

2pp (Voi — V)Q-
Finally, according to our approximation, the total photocapacitance Cpy, of the solar

cell is due to the series connection of these two plate capacitors and therefore is readily

found to be 5
Cph,n . Cphyp B qu

Cph,n + Cph,p a 2 (Hp + Hn) (‘/Li - V)T

This expression for the photocapacitance is identical to the one derived by Crandall for

Cph = (69)

a p-i-n amorphous silicon solar cell and, under certain circumstances, can also apply
to organic solar cells. The derivation of Eq. (6.9) presented here, as well as the one
followed by Crandall in Ref. [142], relies on three assumptions in order to be valid.

The assumptions are that recombination has to be negligible, the photocurrent can be
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approximated by a drift current (diffusion is neglected), and the electric field in the
device is constant and equal to (Vi; — V') /d. This means that space-charge effects due
to, e.g., asymmetric mobilities [143-145], doping [45, 146, 147], or asymmetric contact
barriers [125] would not be included in the theory. These effects would be more likely
to matter in an organic solar cell of a given thickness than in an amorphous Si solar cell
because the relative permittivity of the organic layers is small, and space charge has
a stronger influence on the electric field. It is important to note that the breakdown
of the assumptions of negligible recombination rate and constant electric field used in
the derivation will be important later to explain deviations from Crandall’s equation

observed in experiment.

Equation (6.9) shows how the photocapacitance Cyj, depends on the light intensity
through the generation rate, the active-layer thickness, the built-in voltage, and the
applied DC bias, as well as on the electron and hole mobilities. Thus, given the thick-
ness of the active layer, the light intensity, and the effective electric field, the value of
the capacitance due to illumination is uniquely determined by the mobilities u, and
tp. This means that knowing the absorber thickness and the generation rate, it is
possible to extract the mobility directly from capacitance-voltage measurements under
illumination. Equation (6.9) can, in fact, be rewritten to emphasize the proportionality
between the reciprocal of the square root of the photocapacitance and the applied bias
V. Considering that the total measured capacitance Cl is the sum of the photocapac-
itance Cpp and the dark capacitance Cqark, which includes the geometrical capacitance,

we obtain a straight line from the data if we plot

1 1 VA
- - Vi =V 6.10
\/Cph \/Ctot - Cdark \/qu3 ( b ) ( )

versus the applied DC bias; the slope of this line can then be used to estimate the
average charge-carrier mobility p. When the same capacitance-voltage measurement
is performed under different light intensities, the plot of (Cyo, — C’dmk)_l/ 2 versus the
applied bias can be replaced by the plot of (Cph,norm)fl/ % versus the applied bias, where
the thickness and generation-rate-normalized photocapacitance is defined as

4C,n
CVph,norm = qG%l?’ . (6 11)
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This definition of Cphnorm IS pretty convenient because, according to Eq. (6.10), the

(Cphmm)q/ oy plot should lead to a series of overlapping straight lines whose slope

can be used to determine the charge-carrier mobility.

6.3 Comparison between Models to Extract the Ca-

pacitance from the Total Impedance

Before presenting the experimental results, it is important to stress the fact that when
a capacitance-voltage measurement is performed, the quantity recorded as function of
voltage is the total impedance of the device at a certain frequency from which the ca-
pacitance can later be extracted. In order to analyze measurements done as function of
voltage at a single frequency, the device under investigation has to be modeled with a
simple equivalent circuit consisting of a resistor and a capacitor. In principle there are
two ways to connect these two elements: in series, which we call the C;Rs mode, or in
parallel, which we call C R, mode. At reverse bias or short circuit, i.e. in the voltage
range where we mostly analyze our data, the resistance of the diode in parallel to the
capacitor C' is large and certainly not negligible relative to C. Thus, the C,R, mode
is surely the more sensible mode for the analysis of capacitance-voltage measurements.
However, the use of the C;Rgs mode leads, especially under illumination, to quite pecu-
liar results that are relevant to the analysis of C-V measurements. Therefore, in the
following, we will briefly sketch how these two different modes lead to different values

for the resulting capacitance.

In the CsRs mode the total impedance Zg o is simply the sum of the impedance of
the resistor Zgr and the impedance of the capacitor Z¢ (Zstot = Zr+ Zc), while in the
CpRp mode the inverse of Zj, ot is equal to the sum of the inverse of Z and the inverse
of Zc (1/Zptot = 1/Zr+ 1/Zc). Thus, in the former case the capacitance Cs can be

calculated from the imaginary part of the total impedance Zg o via

1

Im (Zs,tot) = *ﬁ

(6.12)

and in the latter case the capacitance C, from the imaginary part of the total impedance
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Zp,tot
2
wC,R?

i o) = =11 acepe
PP

(6.13)

where w = 27 f is the angular frequency and R, the value of the resistor connected
in parallel with the capacitor Cp,. The two analysis modes normally provide different
capacitance values, as shown in Fig. 6.2 which presents the C-V characteristics and
C-2-V characteristics (Mott-Schottky plot) obtained calculating the capacitance from
the exact same impedance data resulting from the measurement of a PBDTTT-C:

PC7BM (1:1.5 wt%) sample. The difference between the two modes particularly stands
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Figure 6.2: (a,c) Capacitance C and (b,d) C-? versus applied bias for different light
intensities (dark, 0.2, 0.5, 0.7, and 1 sun) obtained measuring a PBDTTT-C:PC7 BM
(1:1.5 wt%) device. The panels on the left (a, b) show the case where a capacitor in
parallel with a resistor was used to evaluate the impedance data, while the panels on
the right (¢, d) show the case where a resistor in series with a capacitor was used. The
data obtained from the two modes differ drastically, especially with respect to their
light-intensity dependence.

out when looking at Figs. 6.2(a) and 6.2(c) which have a y-axis scale that differs by
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two orders of magnitude and when considering their light-intensity dependence. In
particular, the Mott-Schottky plot in C,R,, mode (Fig. 6.2(b)) is much less affected by
the amount of illumination than the Mott-Schottky plot in C;Ry mode (Fig. 6.2(d)). In
this latter case, the use of the standard Mott-Schottky analysis to calculate the built-in
voltage from data obtained under illumination leads to V4,; values which are much lower
than the value obtained in the dark and may even be negative for high light intensities,
as shown by Guerrero et al. [139] and Bisquert et al. [138].

Equating the right-hand sides of Egs. (6.12) and (6.13) and solving for C; leads to

1

Thus, according to Eq. (6.14), the difference between the capacitance Cy derived using
the CsRs mode and the capacitance C}, derived using the CyR,, mode mostly depends
on the value of the resistance R,. This value is not constant but depends on the light
intensity: the higher the light intensity, the smaller R, is. This means that when the
light intensity is increased, R, changes as well becoming smaller and, consequently, the
difference between Cg and C), gets bigger. This tendency is also shown in Fig. 6.2 where
it is evident that the difference between C and C}, becomes larger as the light intensity
is increased, while it approaches zero in the case of measurements performed in the
dark and under reverse bias. Since the C,R, mode is physically more meaningful than
the CsRs mode, we chose to use it for the analysis of impedance data and, therefore, all

the following presented capacitance data are obtained with the C,R,, analysis mode.

6.4 Results and Discussion

In order to test the validity of Eq. (6.9), capacitance-voltage measurements in the dark
and as a function of light intensity were performed at a fixed frequency of 5 kHz on solar
cells composed of PTB7 blended with PC7;BM and solar cells composed of PBDTTT-C
blended with PC7;BM. All the devices were fabricated with the inverted architecture
glass/ITO/Zn0O /polymer:PC7 BM/MoO3/Ag following the procedure described in sec-
tion 4.2. The resulting PTB7 based devices were 190 nm thick, while the PBDTTT-C
based devices were 170 nm thick. Figure 6.3(a) shows the plot of (Cph,noml)fl/ 2 versus

applied bias for different light intensities (0.2, 0.5, 0.7, and 1 sun) obtained measuring
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Figure 6.3: Capacitance-voltage measurements of (a)-(c) a PBDTTT-C:PC;;BM
(1:1 wt%) solar cell and (d)-(f) a PTB7:PC;;BM (1:1.5 wt%) solar cell as function
of light intensity (0.2, 0.5, 0.7, and 1 sun). In the case of the PBDTTT-C:PC7 BM
device, the curves of (Cph,norm)fl/ % versus the applied voltage shift to more positive
voltage as the light intensity increases. However, they remain parallel allowing the
extraction of the mobility from their slope. The peak in C-V characteristics becomes
more left shifted and the C-? curves shift to more negative voltage as the light inten-
sity increases. In the case of the PTB7:PC;;BM device the shift of the peak in C-V
characteristics and the shift of the C-2 curves are less pronounced and the curves of
(Cph,norm)_]/ % versus the applied voltage slightly move to more positive voltage as the
light intensity increases.

the PBDTTT-C based device, whereas Fig. 6.3(d) shows the same plot for the PTB7
based device. It can be seen that in both cases the lines corresponding to the different
light intensities are not overlapping as predicted by Eq. (6.10). However, all the lines are
parallel, indicating that the mobility values extracted from the linear fit remain roughly
the same as a function of light intensity. The charge-carrier mobility for the PBDTTT-
C-based device extracted from the curves in Fig. 6.3(a) considering Js. =~ ¢Gd for the

calculation of the generation rate G, exhibits a nearly constant value equal to 1.24x 10
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+/- 1.3x10°% ¢cm?/Vs, which is in agreement with literature values for the mobilities
measured with other techniques such as charge extraction by linearly increasing voltage
(CELLV) [108] and simple charge extraction [148]. On the other hand, the mobility for
the PTB7:PC7;BM sample extracted from the curves in Fig. 6.3(d) presents a nearly
constant value of 1.25x 10 +/— 3.9x10”® cm?/Vs which is in good agreement with the
literature values measured with other methods such as open-circuit-corrected charge-
carrier extraction (OTRACE) [149] and time of flight [150].

The possibility to estimate the mobility even in the case of parallel lines was veri-
fied by means of numerical simulations performed using the software SCAPS. However,
it is important to note that when the mobilities are asymmetric (and at least one is
fairly low), the value extracted using this method is much closer to the value of the
lowest mobility than to the average mobility. The same simulation resulting in parallel
(Cph,nmm)_l/ 2_V curves was performed using a constant generation rate and a real gener-
ation profile created with the software ASA and its built-in transfer matrix code genprol

together with the optical data displayed in Fig. 6.4. The results of these simulations

wavelength A [nm]

T T 8
= 3p g6
] o
< &5
= g,
e 2 °
e 53
% pedot:pss J'Cj' 2k ]
B=NENN {4 =
2 £ 1 ) . ]
[} - PBDTTT-C:PCBM
5 0 Poesssnws e L A IAIAAL 2
ooee X X . . pedot:pss
400 600 800 400 600 800

wavelength A [nm]

Figure 6.4: Refractive index n and extinction coefficient £ of the simulated device
materials utilized to create the generation profile with ASA [128,130].

are visible in Fig. 6.5 which displays the ratio between the mobility ugy, calculated
using Eq. (6.10) and the real value i, of the lowest mobility set for the simulations
as a function of light intensity for a 150 nm-thick device (Fig. 6.5(a)) and a 240 nm-
thick device (Fig. 6.5(b)), both with unbalanced mobilities (i, = 5x10® cm?/Vs, p, =
5x10% ¢cm?/Vs). For the thin device (Fig. 6.5(a)) the mobility values calculated both
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from the simulations with the constant generation rate and with a real generation pro-
file do not change with the light intensity. On the other hand, when a thicker device is
considered (Fig. 6.5(b)), the mobility values obtained from the simulations with a real
generation profile evidently increase as the light intensity is increased and the mobility
values calculated from the simulations with the constant generation rate only slightly
change with the light intensity. However, for both devices the pigm/ firear ratio does not
exceed 1.45 indicating the possibility to estimate the value of the lowest mobility from
the plot of (C’ph,norm)fl/ 2 versus voltage even if the lines corresponding to the different

light intensities are not overlapping but parallel.
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Figure 6.5: Ratio between the mobility pgm calculated using Eq. (6.10) and the real
value fiyea Of the lowest mobility set for the simulations as function of light intensity
for (a) a 150 nm-thick device and (b) a 240 nm-thick device, both with unbalanced
mobilities (p, = 5x10° cm?/Vs, p, = 5x10™* cm?/Vs). Squares refer to the simulations
performed using a constant generation rate and circles to the simulations performed with
a real generation profile created with the software ASA. For both devices the figm / fireal
ratio does not exceed 1.45 indicating the possibility to estimate the value of the lowest
mobility from the (Cph,norm)_l/ 2y plot even in the case of parallel lines.

In order to gain insight into the behavior leading to the presence of parallel lines
in Figs. 6.3(a) and 6.3(d), the C-V characteristics under illumination were analyzed
(Figs. 6.3(b), 6.3(c), 6.3(¢), and 6.3(f)). In Figs. 6.3(b) and 6.3(e), the capacitance C'
is plotted as a function of the applied bias for different light intensities. The behavior
of the device capacitance is the typical behavior observed in solar cells and features two

main regions: at forward bias, the capacitance increases exponentially with voltage due
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to the injection of electrons and holes from their respective contacts [33,151]; towards
reverse bias, the value of C' decreases and slowly approaches the value given by the
geometrical capacitance for infinitely low light intensities and high reverse biases [138].
In addition to these two main regions, in the C-V characteristics obtained measuring
the PBDTTT-C based device we detect a peak, which becomes more evident and shifts
to lower voltages as the light intensity increases. This systematic shift is equally evident

in the plot of C-2 versus voltage presented in Fig. 6.3(c).

The reason for this behavior is found in the asymmetry of the system considered
and the consequent nonuniform electric field. Usually, it is possible to make a useful ap-
proximation by assuming that the electric field is nearly uniform in the active layer and
equal to (Vi; — V') /d. However, there are some cases where the electric field is highly
nonuniform, for instance when the device is highly doped or when the cell thickness
increases and the charge transport is strongly unbalanced. Also traps in the mate-
rial, asymmetric contact barriers at the anode or cathode, or any combination of the
mentioned reasons could lead to nonuniform electric fields which have implications on
current-voltage [152,153] and capacitance-voltage [154] characteristics. The case with
a sufficiently high doping concentration would mean that the cell shows Mott-Schottky
type behavior both in the dark and under illumination. This situation is represented
in Fig. 6.6 which displays the plot of C-? versus voltage at different light intensities
for a simulated 240 nm-thick and highly doped (N = 5x10'7 cm™) solar cell with
unbalanced mobilities (p, = 5x10% em?/Vs, u, = 5x10% cm?/Vs). Here, the C2-V
curves are straight lines over the entire voltage range considered, independently of the
light intensity, and, therefore, make it possible to derive the doping density and the
built-in voltage from this kind of plot even under illumination. Clearly the solar cells
studied here do not show this kind of behavior; therefore, we chose to have a look at

one of the other cases that can lead to nonuniform electric fields.

For more detailed simulations, we chose as example the case of high cell thickness
and unbalanced charge transport (u, # pp). If one considers a semiconductor where
the hole drift length is much smaller than the electron drift length and which has a
sufficiently high active-layer thickness (d > 200 nm) [32], the holes will accumulate in
the device under illumination. As a consequence, the electric field increases in the region
near the anode, enhancing the extraction of holes, and decreases in the region near the

cathode, diminishing the extraction of electrons [143]. That means that the assumption
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Figure 6.6: Plot of C-2 versus voltage as a function of light intensity obtained from the
simulations of a 240 nm-thick and highly doped (Ns = 5x10'7 cm™) solar cell with
unbalanced mobilities (p, = 5x10° em?/Vs, p, = 5x10% em?/Vs). Over the entire
voltage range considered the solar cell shows a straight Mott-Schottky plot indepen-
dently of the light intensity, which allows the derivation of the doping density and the
built-in voltage even under illumination.

of constant electric field used to derive the photocapacitance equation (Eq. (6.9)) breaks
down. Since almost the entire voltage V' drops over the region of hole accumulation,
the energy-band diagram shows a parabolic trend, as it is schematically represented
in Fig. 6.7 illustrating the simulated band diagram of a 200 nm-thick intrinsic solar
cell with asymmetric mobilities (p,<pe,) under 1-sun illumination at 0V (short-circuit
conditions). The accumulated holes in the region near the anode cause the formation
of positive space charge which limits the photocurrent generated by the device, i.e. the
initial assumption that recombination at short circuit or reverse bias is negligible breaks
down. In this space-charge-limited regime, the length L of the current-limiting layer
and the maximum electrostatically allowed photocurrent J, that can be extracted from
the device are, respectively [143],

. /4
9epe,min (fep, fn) ' 1/2
7 — (9cosrmin (up, pin) v 6.15
(sacming (6.15)
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Figure 6.7: Band diagram under 1-sun illumination and short-circuit conditions of a
simulated intrinsic solar cell with 200 nm-thick active layer and asymmetric mobilities
(thp = 5x107° cm?/Vs, py = 5x10™* cm?/Vs). The band’s bending suggests the presence
of a nonuniform electric field inside the active layer. In fact, the holes will accumulate to
a greater extent in the device than the electrons, which makes the electric field increase
in the region near the anode and decrease in the region near the cathode.

9ee,min (fip, fin) 14
Jon = q <0r8qp7n> G312 (6.16)

By assuming that the capacitance scales with the reciprocal of the length L of the
current-limiting layer, it follows that in the space-charge-limited regime the photoca-
pacitance of the solar cell scales with G/*. Moreover, according to Eq. (6.15), the
photocapacitance also varies inversely with the square root of the voltage, as in a
Schottky barrier. On the other hand, when the length L of the current-limiting layer
becomes equal to the device thickness d, the photocurrent saturates to the value of
Jon = ¢Gd. Under this condition, the electric field can be again considered uniform
in the whole active layer and the expression derived for the photocapacitance is equal
to the one presented in Eq. (6.9). Only in the saturation region, the photocurrent is
at its maximum value, i.e. recombination can be neglected, and the photocapacitance
follows Crandall’s equation. Thus, when the photocurrent switches from the space-
charge-limited regime to the saturation regime, the photocapacitance dependence on

the voltage changes consequently. Taking into account that the transition between
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the two photocurrent regimes takes place when the space-charge-limited photocurrent
is equal to the saturation photocurrent, the voltage V, at which J,, changes can be
determined via cig

" ) (6.17)

8q

Since from Eq. (6.17) it becomes clear that the voltage at which J,, changes depends
on the light intensity, it is reasonable to expect that the position of the peak in the
C-V characteristic, which underlines the change of the photocapacitance dependence
on the voltage, varies as well moving towards more negative voltages as the light in-
tensity increases. This behavior can be distinctly observed in Figs. 6.8(a) and 6.8(b)
which show, respectively, the simulated Jyu-(Vo — V') and C-V characteristics of a sim-
ulated intrinsic solar cell with unbalanced mobilities (pp<pin). Here, Vj refers to the
compensation voltage, i.e. the voltage at which J,, = 0. In these figures, the transition
between the two regions is underlined by a change in the slope in the simulated Jpp-
(Vo — V) characteristics and by a peak in the simulated C-V characteristics. As the
light intensity is increased, the voltage V;, at which the transition occurs decreases. The
same trend, even if less marked, can be detected in Figs. 6.8(c) and 6.8(d) showing,
respectively, the Jou-(Vo — V) and C-V characteristics of a 150 nm-thick PBDTTT-C:
PC7BM (1:1 wt%) device, i.e. a device with a non-ideal donor-acceptor ratio [148].
However, in this case the active layer is thinner than the one set for the simulations;
therefore the current-limiting region L becomes equal to the device thickness d already
at forward bias and the photocurrent almost immediately saturates to its maximum

value.

The results presented in Fig. 6.8 confirm that the presence of asymmetric mobilities
can lead to C-V characteristics with features resembling the ones observed in the C-V
characteristics of the devices studied here. It is important to note, however, that it is
not possible to assign the trends in experimental data where C-V curves shift with il-
lumination to, e.g., asymmetric mobilities. The shifts in the capacitance-voltage curves
with light intensity are indeed due to violations of the assumptions needed to derive
Crandall’s theory, specifically Eq. (6.9), and asymmetric and low mobilities are only
one of several explanations that cannot be easily distinguished without substantial fur-
ther efforts. For instance, asymmetric contact barriers at the anode or cathode have, on

the charge-carrier extraction, effects analogous to the ones caused by unbalanced charge
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Figure 6.8: Graphs showing the Jy,-(Vo — V') characteristics and C-V characteristics
obtained (a) and (b) from the simulations of an intrinsic solar cell with a 200 nm-thick
active layer and unbalanced mobilities (1, = 5x 107 cm?/Vs, p, = 5x10* cm?/Vs) and
(c) and (d) from measuring a 150 nm-thick PBDTTT-C:PC7,BM (1:1 wt%) device.
The change in the slope of Jp-(Vy — V') curves underlines the transition from the space-
charge-limited regime to the saturation regime. As the arrows indicate, the voltage V;,
corresponding to this transition decreases as the light intensity increases. The peak
in C-V curves shifts towards more negative voltages as the light intensity is increased
and, therefore, the voltage V,, decreases consequently like the arrows point out.

transport, i.e. they lead to a nonuniform electric field and, consequently, to a shift in
the plot of C versus voltage and C-? versus voltage. It is also worth highlighting the
fact that the simultaneous presence of asymmetric contact barriers and asymmetric mo-
bilities can result in a situation where their effects cancel each other out, yielding better
adherence to the assumptions of Crandall’s theory. These observations are confirmed
by the results presented in Fig. 6.9, which shows the C-V and C-2-V characteristics
obtained from the simulations at different light intensities (dark, 0.2, 0.5, 0.7, and 1

sun) of an intrinsic solar cell with a 100 nm-thick active layer and asymmetric contact
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barriers (@, > ¢.). When the hole and electron mobilities are equal (Figs. 6.9(a) and
6.9(c)), the asymmetric contact barriers produce a non-constant electric field inside the
solar cell, which is the cause of the shift of C-V and C-2-V curves as the light intensity
increases. By having both asymmetric barriers and asymmetric mobilities (Figs. 6.9(b)
and 6.9(d)) it is possible to reduce the shifts because the asymmetric mobilities (u, >

y) compensate the effect of the asymmetric contact barriers.
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Figure 6.9: C-V characteristics and C-2-V characteristics obtained from the simulations
at different light intensities (dark, 0.2, 0.5, 0.7, and 1 sun) of an intrinsic solar cell with
a 100 nm-thick active layer and asymmetric contact barriers (¢, > ¢.). (a) and (c)
are obtained setting equal mobilities for electrons and holes while (b) and (d) with
asymmetric mobilities (pp, > pn). When p, = g, the asymmetric contact barriers
produce a non-constant electric field inside the solar cell which is the cause of the shift
of C-V curves as the light intensity increases. On the other hand, with asymmetric
mobilities (up > un) it is possible to compensate the effect of the asymmetric contact
barriers and consequently reduce the shift of C-V curves.

In conclusion, the purpose of Fig. 6.8 is only to show that asymmetric mobilities

are one possible explanation to the trends observed in experimental data and not to
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suggest that they are the (most likely) explanation for the data in Fig. 6.3 or any other

data where the C-V curves shift with illumination.

6.5 Conclusions

The features observed in capacitance-voltage measurements under illumination on fully
depleted organic solar cells were explained with a combination of the charge-carrier
mobility and the photogenerated space charge in the device. Provided that the device
is sufficiently thin and not affected by a high doping concentration, the C-V curves can
be approximately described by a theory of photocapacitance developed by Crandall for
amorphous silicon solar cells. Through the application of this theory it is possible to
extract the charge-carrier mobility from C-V measurements that, thus, become a poten-
tial complimentary method to other techniques for the determination of doping density
and mobility. The differences between the theory of Crandall and the experimental re-
sults were assigned to the breaking down, in certain practical cases, of the assumptions
required to derive the photocapacitance equation. Additionally, an explanation of why
the apparent built-in voltage that would be obtained from Mott-Schottky plots under
illumination is often substantially lower than the built-in voltage obtained in the dark
was given. This initially surprising result can be either attributed to the capacitance
originating from photogenerated charge carriers that can build up in low-mobility ma-
terials even at reverse bias or from using an inappropriate equivalent circuit for data

analysis.
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Chapter

Deriving the Charge-Carrier Lifetime from

the Capacitance under Illumination

While the previous chapter focused on the capacitance-voltage measurements performed
on fully depleted organic solar cells, this chapter presents an analysis of the capacitance
of a partly depleted device under illumination and short-circuit conditions considering
the effect of recombination and space-charge region. Since capacitance relates to charge-
carrier accumulation and distribution in the device, the determination of the charge-
carrier density in the neutral region of such device is addressed by discussing three
different analytical models and their validity range in terms of diffusion length and
absorption coefficient. The derived relation between charge density, capacitance under
illumination, and charge-carrier lifetime is then used to highlight the possibility of
extracting the lifetime from capacitance data at short circuit. Finally, it is shown
that the methods used to derive the charge-carrier mobility and the charge-carrier
lifetime from capacitance-voltage data under illumination require diametrically opposite

conditions in terms of doping density and absorber-layer thickness.

7.1 Introduction

We already highlighted the importance of the sample properties and the measurement
conditions when choosing a method to analyze capacitance-voltage curves. The analysis
methods for C-V measurements performed in the dark on devices both partially and

fully depleted are already well established and allow to gain information on the density

75



CHAPTER 7. LIFETIME FROM CAPACITANCE AT SHORT CIRCUIT

of states or the doping concentration, thanks to the Mott-Schottky analysis. On the
other hand, the analysis of capacitance-voltage measurements under illumination has so
far not attracted much attention in the literature. While the previous chapter focused on
C-V measurements performed at reverse bias and under illumination on fully depleted
organic solar cells with negligible recombination, the present chapter addresses the
case of illuminated devices at short circuit with an absorber layer only partly depleted
(condition highlighted in Table 7.1). In such a case, a well defined space-charge region
exists in the device and the recombination of charge carriers cannot be neglected, which

makes the method presented in the previous chapter inapplicable.

Table 7.1: Information accessible through the analysis of capacitance-voltage data de-
pending on the sample properties and the measurement conditions.

w<d wad

at V <0 at V>0

DARK | space-charge capacitance provides chemical capacitance related to
the doping density the density of states

at V=0 at V<0

LIGHT to be discussed here photocapacitance provides the
charge-carrier mobility (see
chapter 6)

7.2 Photocapacitance at Short Circuit

An analysis of the photocapacitance, i.e. the capacitance under illumination, of a
silicon solar cell under short-circuit conditions was already presented in 1975 by Moore
[155], who emphasized the strong relation between the charge density in a device and
its capacitance. For seek of completeness, we will recall here part of the arguments
presented by Moore to derive the expression of the short-circuit capacitance as function
of the maximum minority-carrier concentration in the absorber layer of a partly depleted
device under illumination.

To illustrate the concept we look at a simple device composed by a p-type absorber

layer sandwiched between the left electron contact and the right hole contact and we
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consider as starting point the expression for the charge density n(z) = adm, (1 — 6_%>
presented in Moore’s work. Here, L, represents the electron diffusion length, 7, the
electron lifetime, o the absorption coefficient, and ¢ the incident monochromatic photon
flux. For a p-type absorber layer in contact with an electron injecting contact, the

space-charge region width w can then be expressed as

2‘(':(J‘C:r (‘/i)i - V)
w= [T T ) 71
N (7.1)

where V4, is the built-in voltage, V' the applied DC bias, ¢ the elementary charge, N the
doping density, and £y and ¢, are respectively the vacuum and the relative permittivity.
When the voltage V' is decreased, the width of the space-charge region increases, its edge
moves by the quantity dw, and an electron charge d@ is swept out from the device; this
results in a new electron distribution ny(x) = nq(x — dw) where ny(z) is a steady-state
solution with n;(w) = 0. This behavior is schematically illustrated in Fig. 7.1 which
presents the energy-band diagram and the electron distribution before (Figs. 7.1(a)
and 7.1(c)) and after (Figs. 7.1(b) and 7.1(d)) the increment of the space-charge region
width by the quantity dw. The shaded area to the left in Fig. 7.1(d) corresponds to the
change in charge d@ when the new electron distribution ns(z) arises as consequence of
the increment dw in the depletion region width. This area is equal to the shaded area
to the right which represents a virtual increase of the absorber layer thickness d by the
quantity dw for the new electron distribution ny(z). The electron charge d@ can then

be calculated as

dQ = q/d ny(z)dz — q/d ni (z — dw) dz, (7.2)

with d being the absorber-layer thickness. Under the assumptions d > L, and dw <
L,, Eq. (7.2) yields
dQ = qa¢r,dw = ghdw, (7.3)

where 7 = a¢m, represents the maximum steady-state electron concentration in the
neutral region of the absorber layer. The influence of lifetime on d@ and n(z) is well
represented in Fig. 7.2 which displays, for different values of the lifetime 7,, the electron
distributions n; () and ny(z) inside the absorber layer respectively before and after the
increment of the space-charge region by the quantity dw, and the corresponding change

in charge d@. As the lifetime is increased, the amount of charge carriers present in the
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Figure 7.1: Schematic illustration of the changes in the band diagram (a)-(b) and
electron distribution (c¢)-(d) resulting from the increment dw in the space-charge region
width.

absorber layer accordingly grows and consequently also d@ increases. It is known that
the total capacitance per area Ciy of a device under illumination is greater than the
capacitance per area Cg,x measured in the dark: Cioy = Caarx + Cpn, With Cpy, being
the photocapacitance. In our case, the dark capacitance of the device corresponds to
the space-charge capacitance (Caai = €0&,/w) and is proportional to the increment in

the space-charge region width due to a small voltage change

Cdark dw
= —. 4
qNA dv (7 )

By using Eqgs. (7.3) and (7.4) the additional capacitance under illumination, i.e. the
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Figure 7.2: Electron distribution n(z) and change in the charge d@ for different values
of the lifetime 7,. (a) electron distribution n;(z) before and ny(x) after the increment of
the space-charge region by the quantity dw; (b) change in the charge d@ as a function
of the electron lifetime.

photocapacitance Cpy, at short circuit can then be determined via

dQ _ _dw _ Cune

= v = qnW =N NA s (75)

Chn

which coincides with the additional short-circuit capacitance during illumination de-
rived by Moore.

Equation (7.5), which points out the proportionality between the photocapacitance
and the dark capacitance, may be rewritten to highlight instead the relation between
Con, Caark, and 7,

Cpn

n—= = Na. .
A = a¢m Cos A (7.6)

The former equation elucidates in fact more clearly how the photocapacitance, the
dark capacitance, the doping density, and the maximum generation rate in absence of
reflection of photons at the surface (Gmax = @) relate to the charge-carrier lifetime of
minority carriers in the neutral zone of the absorber layer. Thus, if the dark capacitance,
the doping density, and the maximum generation rate are determined separately, the
measurement of the capacitance under illumination and short-circuit conditions of a

partially depleted device should be sensitive to the charge-carrier lifetime and therefore
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allow its determination. Note that this situation is substantially different from the one
arising in a fully depleted device under illumination, where the photocapacitance at

reverse bias is mostly affected by the charge-carrier mobility, as discussed in chapter 6.

7.3 Determination of the Charge Density at Short
Circuit

A prerequisite to make use of Eq. (7.6) is identifying the conditions under which the
assumptions used for its derivation are valid. The expression of the charge density
used by Moore as starting point, i.e. n(z) = adm, (1 — e_mL;z:”), describes indeed a very
special case and does not represent the general expression for n(z) in an illuminated
device which is only partly depleted. For a comprehensive coverage of the different
cases, more general equations paired with numerical simulations are therefore needed.
For the analysis of the charge density present in the active layer of a partly depleted
device at short circuit and under illumination, i.e. the condition highlighted in Table 7.1,
we choose as reference a device with a relatively thick absorber layer (d = 300 nm) and
a relatively high doping density (Ny = 5 x 106 cm™). Figure 7.3 presents the energy-
band diagram at short circuit obtained simulating a device with the aforementioned
characteristics (d = 300 nm and Ny = 5 x 10'® cm™) at short circuit and under
illumination. Here, the left contact acts as cathode while the right contact acts as
anode. A defined space-charge region is clearly visible, together with the presence of
a nonuniform electric field. The latter is in fact low in most of the device and high
only in the space-charge region, whose extension is much smaller than the cell thickness
d. As a consequence, charge collection in the depletion region is driven by drift and
is therefore more efficient than in the neutral, i.e. field-free, region where it is driven
by diffusion. Note again that the situation depicted in Fig. 7.3 is profoundly different
from the one presented at the beginning of the previous chapter (Fig. 6.1), where a
thin intrinsic device was considered. In that case the electric field was approximately
uniform, with the built-in voltage dropping more homogeneously over the active layer
and the charge-collection efficiency varying more strongly with the applied voltage.
The analysis of the charge density present under illumination in a device like the
one simulated for Fig. 7.3 starts with the consideration that, since the space-charge

region is considered free of charge carriers, we can focus on the charge concentration
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Figure 7.3: Band diagram of a 300 nm-thick solar cell with Ny = 5 x 10 cm™ and
Mo = flp = 5 X 10~* c¢m? /Vs under illumination and short-circuit conditions (applied
voltage Vo, = 0V). The device is only partially depleted and the space-charge region
with a width much smaller than the cell thickness is clearly visible.

in the electrically neutral part of the device. Here, the electric field is zero and the
majority charge-carrier density is equal to the doping density, i.e. p = N4 for our chosen
reference device. The minority carrier concentration, i.e. the electron concentration, is
instead controlled by the continuity equation for electrons (Eq. (2.4)) and the electron
current density equation (Eq. (2.6)) and can be derived from the transport equation for
electrons (Eq. (2.8)). Since in the neutral region the electric field is zero, the transport

equation simplifies to
dn An G

where D, = un% is the diffusion coefficient, L, = +/Dym, is the electron diffusion
length, 7, is the electron lifetime, z is the depth in the active layer, and the expression
R = An/T was used for the recombination rate [61]. For a material of absorption
coefficient «, the intensity of an incident monochromatic light will be attenuated by
the factor e™** and thus, neglecting reflection of photons at the surface, the generation
rate G can be expressed as G = ¢ae™ ", with ¢ being the incident monochromatic

photon flux. Under these conditions, the general solution of Eq. (7.7) for the neutral
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region is
T —w T —w
) — Bsinh(

n n

n(z) = Acosh( ) — e, (7.8)

where
agL?

Dy (0212 — 1)

and w is the width of the space-charge region. The coefficients A and B can be deter-

7= (7.9)

mined considering appropriate boundary conditions. The first boundary condition is
defined at the edge of the depletion region, i.e. at * = w, and is given by the electron

density at that specific point. In principle, the electron density at the edge of the space-
, (Br,0-Ep, @)

charge region depends on the electron quasi Fermi levels, i.e. n(w) = IZA e kBT ,

with n; being the intrinsic charge density. However, for our analysis we choose n(w) = 0,

which implies a quasi Fermi level for electrons constant and equal to zero in the whole
SCR. The choice of this boundary condition, which is also the one considered by Moore
in his work [155], derives from the assumption of having the same condition on the left
and on the right side of the space-charge region. The impact of the boundary condi-
tion choice on the energy-band diagram of a simulated 300-nm thick device is shown
in Fig. 7.4, where the difference between the quasi Fermi level Ew, derived from an-
alytical equations considering as boundary condition n(w) = 0 (Fig. 7.4(b)) and the
quasi Fermi level Er, computed numerically via SCAPS simulations (Fig. 7.4(a)) is
clearly visible. As we will show in the following, n(w) = 0 simplifies the analytical
determination of the electron density in the neutral region and, despite being only an

approximation, provides results that in most cases well agree with the results obtained
5 (Bra)-Be, )
using n(w) = N BT as boundary condition. The surface recombination

at the rear surface, i.e. at x = d, provides instead the second boundary condition

Span(d) = Dn‘j—: |z=d, with S, being the surface recombination velocity for electrons
at the anode. The use of the two chosen boundary conditions allows the calculation of
the coefficients A and B

R—— (7.10)
[ (St cosh (42) +sinh (452)) + e (L = Spa)]

n
Snaln o (d—w) (d—w)
Znan sinh T + cosh T

B =

(7.11)

If we consider the case of zero surface recombination at the anode, i.e. Sy, = 0, the
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Figure 7.4: Energy-band diagrams of a simulated 300 nm-thick solar cell with Ny =
5 x 10 cm™ and where the quasi Fermi level Er, was computed (a) numerically
through SCAPS or (b) obtained from analytical equations taking n(w) = 0 as boundary
condition at the edge of the space-charge region. In the latter case FF, is constant and
equal to zero in the entire space-charge region making the condition on the left and
right sides of the SCR equal.

expression for B presented in Eq. (7.11) simplifies to

vy {e"“" sinh (‘i—‘”) + e’“daLn]
cosh (‘i—‘”) '

n

B= (7.12)

Moreover, simpler analytical forms of Eq. (7.8) can be obtained when restrictions on
the absorption coefficient o and the active-layer thickness d are taken into account.
Here, we analyze the two extreme and diametrically opposite conditions, namely the
case ad > 1 and the case ad < 1. The former case was already considered by Hinken
et al. [156] within their study of the photoluminescence signal of silicon solar cells. The
expression for the electron density inside the neutral region derived in Ref. [156] from the
comparison of the luminescence emission under short-circuit and open-circuit conditions
can be obtained also from the general solution mentioned above if the assumptions

ad > 1 and S,, = 0 are considered. In fact, in such a case, the coefficient A remains
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unchanged while the coefficient B reduces to

n

d—
B = ~ye *" tanh ( 7 w) (7.13)

as the term containing e=®¢ in Eq. (7.12) becomes negligible. The case ad < 1 refers
instead to a device illuminated by weakly absorbed light and allows one to approximate

Qu

the factors e=®¢ and e~ to 1. The general solution expressed in Eq. (7.8) is then still

usable but the coefficients A and B acquire the new forms

A=~ (7.14)
and . .
B y [smh (L;:’) + aLn} . (7.15)
cosh (dL_;”)

The combination of the assumption ad < 1 with the assumption of a diffusion length
L,, smaller than the absorber-layer thickness (d >> L,) permits to obtain even simpler
forms for the coefficients A, B, and v and leads to an easy analytical expression for the

electron density, as already pointed out by Moore [155]
nMoorc(x) = a(an (1 - 67%) . (716)

Note that this approach, followed by Moore [155] to study the short-circuit capacitance
of silicon solar cells, well highlights the relation between the electron density in the
neutral region and the electrons lifetime.

It is clear that, even starting from the same general expression for the charge density
at short circuit (Eq. (7.8)), the models based on the three approaches presented above,
i.e. the general solution (Egs. (7.9), (7.10), and (7.12)), Hinken’s approach (Egs. (7.9),
(7.10), and (7.13)), and Moore’s approach (Eq. (7.16)), provide results for n(x) which,
depending on the considered conditions in terms of o and L, might differ significantly.
Table 7.2 summarizes the equations for the determination of the charge density ac-
cording to the different models, whose validity conditions are also listed. The charge
densities Ngen, MHinken; aNd Natoore derived from the application of the general solution,
Hinken’s model, and Moore’s model respectively, are compared in Fig. 7.5 as function

of the depth in the absorber layer of our chosen reference device for different absorption
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Table 7.2: Equations for the determination of the charge density n(z) according to the
different models and their corresponding validity ranges.

Model Equations for the determination of n(x) Approximation

valid if
Ngen (T) = Acosh( ) — Bsinh(**) — ye™ Sha =0

General solution { Z;bil - ] —aw

e« smh( )+F o oan]
e
cosh( I )

NHinken () = Acosh(*LnL”) - B sinh(””L";’”) e Sia =0
Hinken’s A= {7[)0(‘;?5271)] Lemow ad > 1

B = vye~*" tanh (dL_—n‘”)
Sna =0
Moore’s nMoore(m) = a¢7n (1 - ei%> ad <1
d> L,

Table 7.3: Parameters used for the simulations with the software SCAPS.

Quantity Default set
Band mobility fin [cm?/ Vs 1x107%or1x 1072
fp [cm?/ Vs 1x107" or 1 x 1072
Effective density of states N¢ = Ny [em™3] 10
Bandgap E, [eV] 1.0
Thickness d [nm] 300
Doping concentration Ny [em™®) 5 x 1016
Relative permittivity Er 3.0
Direct recombination coefficient  kqy, [cm?/s] 1x 10712
Absorption coefficient [em™1] 1x10%or 1 x 10°
Photon flux ¢ [em™2571] 2.5 x 107
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coefficient and diffusion length values. The same figure also displays the charge density
N pe () Obtained from drift-diffusion simulations at short circuit of a 300 nm-thick
solar cell with a relatively high doping density (Na = 5 x 106 cm™) performed with
the software SCAPS. For such simulations a monochromatic light (A = 500 nm) is used
as light source, together with the parameters defining the absorber layer summarized

in Table 7.3. Since only direct recombination described by the recombination coef-

o =10° cm™ a=10" cm™
1015 ) )
L>>d %1014
N
10"
L<<d %1015
N
IV A O} O 1 R
0 100 200 300 0 100 200 300

position z [nm] position z [nm]

Figure 7.5: Electron densities nigen, Miinken; and Naoore derived from the three models
as a function of the position inside the absorber layer of a 300 nm-thick device with
Nj =5 x 10' em™ illuminated by monochromatic light (A = 500 nm) at short circuit.
(a) and (b) present the cases of electron diffusion length larger than the absorber-layer
thickness; (¢) and (d) present the cases of electron diffusion length much smaller than
the absorber-layer thickness. The results in (a) and (c) were obtained using a relatively
lower absorption coefficient than the results in (b) and (d). Even though in most cases
Ngen aNd Ninken are in good agreement, only for low diffusion length and absorption
coefficient all three models provide very similar results which resemble quite well also
the charge density n, obtained directly from SCAPS simulations.

SCAPS

ficient kq; is considered, the lifetime 7, necessary for the calculation of the electron
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diffusion length can be determined via 7, = 1/ (kai Na). Having fixed the lifetime, L,
is now only a function of the diffusion coefficient D, which, according to Einstein’s
relation, depends on the charge-carrier mobility that can therefore be varied to obtain
different L, values. Figures 7.5(a) and 7.5(b) show the cases of high charge-carrier
mobility (u, = p, = 1 x 1072 em?/Vs), which results in a diffusion length larger
than the absorber-layer thickness (L, > d). Figures 7.5(c) and 7.5(d) present the
cases where d > L, is achieved through the low mobility employed for the simulations
(o = pp = 1 x 107* cm?/Vs). Finally, the results in Figs. 7.5(a) and 7.5(c) correspond
to the cases with a relatively lower absorption coefficient (o = 10® em™) than the cases
presented in Figs. 7.5(b) and 7.5(d) (o = 10% em™). In general, it can be observed that
the charge density ngen and nMpinken are in good agreement with each other and with
resulting from SCAPS simulations. On the other hand, the
charge density naoore Obtained applying Eq. (7.16) differs by more than one order of

the charge density ngg,pg
magnitude in all the cases considered except the one depicted in Fig. 7.5(c). In fact,
just when both assumptions ad < 1 and d > L, are valid, Eq. (7.16), i.e. Moore’s
approximation, approximates well the general solution expressed by Eq. (7.8) and is
thus able to predict quite accurately the electron distribution inside the neutral zone of
the absorber layer of a partially depleted device under illumination. The case displayed
in Fig. 7.5(c) is also the only case where all three models provide almost identical re-
sults which are in very good agreement also with the charge density obtained directly
from SCAPS simulations. Worthy of note it is also the case with a high absorption

coefficient and a small diffusion length presented in Fig. 7.5(d). Here, n shows

SCAPS
a trend completely different even from the one of nge and Nyinken; the charge density
in fact decreases towards the back of the device, i.e. at increasing depth inside the
absorber layer. To understand the reason of this discrepancy, the energy-band dia-
grams of the device under the conditions corresponding to Fig. 7.5(c) and 7.5(d) are
analyzed. Figure 7.6(a) displays the band diagram for the case with low L, and « (as
in Fig. 7.5(c)), whereas Fig. 7.6(b) shows the band diagram for the case with identical
diffusion length but higher absorption coefficient (as in Fig. 7.5(d)). In the former,
the space-charge region is clearly visible, as well as the neutral zone where the electric
field is zero. This situation is at the basis of the analysis presented above, which aims
at the determination of the charge density in the field-free region by considering only

the diffusion of charge carriers. However, it is evident that for the case displayed in
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Figure 7.6: Energy-band diagrams under monochromatic illumination and short-circuit
conditions of a 300 nm-thick solar cell with Ny = 5 x 10'® em™, p, = p, = 5 x
10~* cm?/Vs, and (a) a = 10% cm™ or (b) @ = 10° cm™. When the absorption coefficient
is low the space-charge region and the neutral zone with no electric field are clearly
visible, whereas at higher « a region completely field free is absent.

Fig. 7.6(b) a completely field-free region is absent. A significant electric field is, in fact,
present even in the zone outside the space-charge region, which implies that the charge
collection outside this region is driven not only by diffusion but also by drift. Thus, the
transport equation for electrons cannot be simplified to Eq. (7.7), which is the starting
point of the analysis presented above. As a consequence, the trend of ngen, Ninken, and
Naoore differs substantially from the one shown by the charge density ng.,., directly
obtained from SCAPS simulations.

In order to have a broader overview of the validity range of the three models used
to determine the charge density in the neutral region of a doped (Na = 5 x 1016 cm™)
300 nm-thick device, Ngen, MHinken, ad Noore Were calculated for several absorption
coefficient and diffusion length values. As reference for the comparison, the charge
density at the back contact, i.e. at z = d, is chosen. Figure 7.7(a) depicts the nge,(d)
values computed from the general solution for absorption coefficients ranging from 10!
to 10° cm™ and diffusion lengths ranging from 22.7 to 7.17 x 103 nm (or mobility from
10 to 10° cm?/Vs). The same « and L, values were considered to determine, by
using Hinken’s or Moore’s approach, the charge densities nginken and nyoore displayed

in Figs. 7.7(b) and 7.7(c), respectively. Figure 7.7 clearly shows that for o < 10® cm™
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Figure 7.7: Charge densities (a) ngen(d), (b) Niinken(d), and (¢) nnoore(d) determined
with the three models for absorption coefficients ranging from 10 to 10 cm™ and
charge carrier mobilities ranging from 10 to 10° cm?/Vs (or diffusion lengths ranging
from 22.7 to 7.17 x 103 nm). At low o and u (or L) the three models provide very
similar charge densities at x = d.

and p < 1072 em?/Vs (or L, < 227 nm) the charge densities at z = d obtained
from the three models are very alike. However, as either the diffusion length or the
absorption coefficient increases, nyoore(d) starts differing more and more from both
Ngen (@) and Ninken (d). On the other hand, ngen(d) and nuken(d) are similar in a broader
range of o and L,, values, including the cases with both high absorption coefficient and
large diffusion length. Even if higher o are not expected to significantly affect the
calculation of ngiyken(d) due to the model assumption ad > 1, a blank region without
data is visible in Fig. 7.7(b). The use of combinations of o and L,, defining this region
for the calculation of the charge density nminken(d) provides in fact negative values.

This peculiar behavior is due to the formulation of the expression used to determine
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the charge density according to Hinken’s model. By substituting the coefficient B of
Eq. (7.13) into Eq. (7.8), it is possible to show that nminken(d) acquires negative values
when the expression
1 d
— < (7.17
cosh (d]_—:“) )

is valid, which happens inside the blank region of Fig. 7.7(b).

7.4 Lifetime vs Mobility

The possibility to determine the charge-carrier lifetime from capacitance-voltage data
under illumination through the approach presented above mostly depends on the valid-
ity of the assumptions d > L,, and dw < L,, used to derive Eq. (7.5), in addition to the
assumption of weakly absorbed light on which Eq. (7.16) relies on. These assumptions
can easily break down when the absorber-layer thickness or the doping density are re-
duced. A low doping density implies in fact a bigger space-charge region whose width
might then be in the same order of magnitude of the absorber-layer thickness. The same
effect is obtained also with a thinner device and an unaltered relatively high doping
density. It is thus clear that a range of validity for the aforementioned model relating
the lifetime and C-V data under illumination exists and that it is strongly dependent
upon the absorber-layer thickness d and the doping density Nu. In the previous chap-
ter it has been shown that under certain circumstances the capacitance-voltage curves
obtained under illumination are sensitive to the charge-carrier mobility, whose value
can therefore be extracted from C-V data at reverse bias. The method discussed in
chapter 6 for the determination of the mobility and the method presented here for the
calculation of the lifetime rely on diametrically opposite assumptions. The former re-
quires in fact fully depleted devices (i.e. thin absorber layers and low doping densities)
and a constant electric field inside the absorber layer, whereas the latter demands the
presence of a space-charge region which can be provided by thick and highly doped
absorber layers. Thus, it is reasonable to expect the two methods to be valid in two
different ranges in terms of doping density and absorber-layer thickness.

In order to confirm our hypothesis of diametrically different validity ranges of the
methods for lifetime and mobility determination, drift-diffusion simulations with the

software SCAPS were performed under illumination for several doping densities and
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absorber-layer thicknesses. For a better adherence to the real measuring conditions
a generation profile was created using the simulation tool ASA in combination with
its subroutine genprol. For the creation of the generation profile the device stack
glass/ITO/PEDOT:PSS/P3HT:PCg BM/Ca/Al was used together with the thicknesses
1 mm, 120 nm, 25 nm, 30 nm, and 150 nm set respectively for glass, ITO, PEDOT:PSS,
Ca, and Al layers. The results of these simulations are summarized in Figs. 7.8 and
7.9. The lifetime 7, obtained from capacitance-voltage data by using Eq. (7.6) and
considering the maximum generation rate G, = a¢ ~ Ji./qd is first compared to the
lifetime 7y, = 1/ (kqirVa) set for the simulations. Figure 7.8 presents this comparison
showing how the ratio 7., /7sm varies as a function of the absorber-layer thickness d
and doping densities Ny and confirms that the assumptions d > L, and dw < L, at
the basis of the approach presented above make it inapplicable for the cases of low d

and Nu. Figure 7.9 displays instead for which absorber-layer thicknesses d and doping

. Zovl Tam
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absorber-layer thickness d [nm]

Figure 7.8: Ratio between the lifetime 7, calculated with Eq. (7.6) and the lifetime
Tsim Set for the simulations performed under illumination with different doping densities
and absorber-layer thicknesses. At low N and d the assumptions for the derivation of
Eq. (7.6) are not fulfilled and, thus, the lifetime value extracted from C-V data differs
strongly from the one set for the simulations.

densities N the charge-carrier lifetime and the charge-carrier mobility can be derived
from simulated C-V data under illumination. The extracted lifetime values 7, are

obtained with Eq. (7.6) considering the maximum generation rate Gpax = a¢ =~ Js./qd
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Figure 7.9: Simulations under illumination of devices with p, = pp =5 x 107 cm?/Vs
and different thicknesses and doping densities. (a) Ratio between the lifetime 7,
calculated with Eq. (7.6) and the lifetime 7, . determined from fitting the Nyquist
plots; (b) ratio between the mobility p,, obtained from the fitting procedure described
in chapter 6 and the value pg, set for the simulations. At low doping densities and
thicknesses 7, is much smaller than 7 _ .., but they become closer when N, and d are
increased. The behavior of the ratio i, /tsim 1S completely opposite since it approaches
1 for thin and lowly doped devices.

and are normalized to the reference lifetime value 7 .. obtained by fitting the Nyquist
plots of the same simulations with the procedure and the equivalent circuit presented
in section 4.4.2. The charge-carrier mobility s, is instead determined from the fitting
procedure described in the previous chapter and is normalized to the value pgy, set
for the numerical simulations. From Fig. 7.9(a) it becomes clear that for thin and
lowly doped devices the lifetime 7, is much smaller than the lifetime derived from the
Nyquist plots. However, when Ny and d are increased, the two lifetime values approach
each other and finally 7., becomes larger than 7 In contrast, Fig. 7.9(b) shows
that the mobility p, obtained from C-V data approaches the value pim set for the
simulations when the device is thin or lowly doped and substantially decreases only

when the doping density is increased.

yquist *

The verified possibility to derive the charge-carrier lifetime and the charge-carrier
mobility from C-V data under different circumstances suggests that capacitance-voltage
curves under illumination are mostly sensitive to either charge-carrier mobility or charge-
carrier lifetime depending on the doping level and the absorber-layer thickness of the

device under investigation. For thick and highly doped devices, the lifetime plays a
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major role in the modulation of the capacitance obtained under illumination, while the
influence of mobility becomes dominant for low doping densities and small absorber-
layer thicknesses. This confirms once more that the applicability of a certain analysis
method on capacitance-voltage data obtained under illumination strongly depends on

the sample properties and the measurement conditions.

7.5 Experimental Results

As final test, capacitance-voltage measurements at a fixed frequency of 5 kHz and at
different light intensities were performed on 380 nm-thick PSHT:PC7BM solar cells
with Ny = 2.2 x 10" cm™ and Ny = 6.8 x 10'® cm™. The resulting extracted lifetime
values were then compared to the values obtained from light-dependent simulations of
a 400 nm-thick device with two different doping densities (Na = 2 x 10 cm™ and
Ny = 7 x 10" ¢cm™®). The parameters used for these simulations are displayed in
Table 7.4.

Table 7.4: Parameters used for the simulations with the software SCAPS.

Quantity Default set
Band mobility pin e/ V] 5107
o [em?/ Vs 5x 107
Effective density of states N¢ = Ny [em™3] 10%°
Bandgap E, [eV] 0.9
Thickness d [nm] 400
Doping concentration Ny [em™3) 2 x 10% or 7 x 10
Relative permittivity &r 3.0
Direct recombination coefficient kq;; [cm? /s 1 x 10712

Figure 7.10 presents, as a function of the open-circuit voltage, the lifetime values
Tyyquwe ODtained from fitting the Nyquist plots and the lifetime values 7., extracted

from C-V data using the method described above. The results for the simulated device
with Np = 2 x 10%® cm™ and Ny = 7 x 10* cm™ are shown in Figs. 7.10(a) and
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Figure 7.10: Lifetime values, as a function of the open-circuit voltage, extracted from
Nyquist plots and from C-V data for a simulated 400 nm-thick device with (a) Ny =
2 x 10" em™ and (b) Ny = 7 x 10" cm™ and a 380 nm thick P3HT:PC,;BM device
with (c) Na = 2.2x 10" cm™ and (d) Na = 6.8 x 10'® cm™. The filled circles represent
the extracted 7 values, while the lines are just a guide to the eye. Simulations and
experimental measurements provide results with qualitatively the same behavior, i.e.
T > 7, for low doping densities ((a) and (c)) and 7 ., < Te, for high doping

Nyquist

densities ((b) and (d)).

Juist

7.10(b), while Figs. 7.10(c) and 7.10(d) display the lifetime values of a P3HT:PC7 BM
solar cell with a doping density equals respectively to Ny = 2.2 x 10'® cm™ and Ny =
6.8 x 10" cm™, as determined by Mott-Schottky analysis. As expected, in all cases
the lifetime decreases as the open-circuit voltage (or the light intensity) increases. The
results obtained from simulations and experimental measurements show qualitatively

the same behavior with . being bigger than 7., when the doping density is low

Nyquist
(Figs. 7.10(a) and 7.10(c)) and smaller than 7., when the doping density is higher
(Figs. 7.10(b) and 7.10(d)). Note that the same behavior as function of the doping

density was already highlighted within the discussion of Fig. 7.9(a), which indeed points
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out that for thin and lowly doped devices 7, ... > To, Whereas for high doping densities

and absorber-layer thicknesses T < Toy. The charge-carrier lifetime values 7,

Nyquist
and 7 .. are respectively within the time interval 1.7 x 107 — 3.2 x 107 s and
3.6 x 107% — 7.4 x 107% s for the P3HT:PC7;BM device with the lower doping density.
For the higher doped P3HT:PC7,BM device, 7., is within 6.5 x 107 — 1.8 x 107 s and
Tyquer Within 1.0 x 107" — 1.3 x 107° s. These results are in agreement with literature
values for charge-carrier lifetime measured for the same polymer:fullerene system with
open-circuit corrected charge-carrier extraction [157], transient photovoltage [158], and

impedance spectroscopy [33].

7.6 Conclusions

This chapter presented an analysis of the capacitance of a partly depleted device under
illumination and short-circuit conditions. Different analytical models for the determi-
nation of the charge-carrier density in the neutral region of such device were presented
and their validity range in terms of absorption coefficient and diffusion length discussed.
The approach on which one of the aforementioned models relies allowed to derive ex-
pressions relating the charge density to the photocapacitance at short circuit and the
latter to the charge-carrier lifetime, whose value could thus be derived from C-V data.
In addition, the crucial influence of sample properties and measurement conditions
on the applicability of methods to analyze capacitance-voltage curves was emphasized
once more showing that under illumination C-V data can be strongly affected either
by charge-carrier mobility or charge-carrier lifetime depending on the doping level and
the absorber-layer thickness. The results of this chapter complete therefore the under-

standing of capacitance-voltage data obtained in all possible measurement scenarios.
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Chapter

Extracting Recombination Parameters from

Impedance Measurements

This chapter focuses on another type of impedance measurements, namely the capaci-
tance-frequency measurements, and presents a method to extract the recombination pa-
rameters from such measurements performed under illumination on organic solar cells.
The description of the approach used to determine the charge density from impedance
data is followed by numerical simulations and experimental data aimed to illustrate
how the dependence of the recombination current on the photogenerated charge den-
sity may be used to identify the dominant recombination mechanism and to determine
either the charge-carrier lifetime or the bimolecular recombination coefficient. This
chapter is based on the results presented in the published paper Fxtracting Recombi-
nation Parameters from Impedance Measurements on Organic Solar Cells by Zonno et

al. [159] whose copyright lies by the American Physical Society.

8.1 Introduction

As already pointed out, nongeminate recombination has detrimental effects on the open-
circuit voltage, the fill factor, and the short-circuit current of organic solar cells. Under-
standing and reducing this type of recombination is therefore essential for the further
enhancement of this technology. Transient measurements commonly used to determine

recombination parameters, in particular the transient photovoltage technique, have re-
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cently been shown to be affected by capacitive effects [160], which are not directly
related to the actual charge-carrier lifetime. Also frequency domain methods, such as
capacitance-based techniques, feature some intrinsic problems due to the lack of an
unambiguous method to calculate the chemical capacitance [94,161] and the difficulties
in taking the non-linear electrode capacitance into account. In order to arrive at com-
parable values for the recombination coefficient, the determination of the charge-carrier
density and the kinetic parameters such as the charge-carrier lifetime is needed. The
recombination rate R is, in fact, a function of the density of free electrons and holes
which themselves depend on mobility and lifetime. In the following, simulations and
experiments are used together to present a method for the determination of the charge-
carrier density and the recombination parameters from impedance measurements on

organic solar cells under illumination.

8.2 Theoretical Background

The recombination current density Jye., which quantifies the current losses caused by the
recombination of photogenerated charge carriers, is related to the total current density
J and the current density of photogenerated charge carriers Jp, and, as schematically
shown in Fig. 8.1, can be experimentally determined from the measured light and dark
J-V curves

Jree = Jphsat + Jphs (8.1)

where Jpn = Jight — Jaark < 0 is the photocurrent and Johsat = qéd > 0 is the
photocurrent at a sufficiently high reverse bias where the current has saturated.

The bulk recombination current density, obtained integrating the bulk recombina-
tion rate over the active-layer thickness as expressed by Eq. (3.12), is due to different
recombination mechanisms. If we, for simplicity, assume that surface recombination
can be neglected and that these bulk recombination mechanisms can be separated into
a bimolecular and a monomolecular term, we may describe the recombination current

by the integral over thickness of these two contributions

T

Jree % g /d (kdirn (2)p (z) + “““("(1”’(“"))) de. (8.2)

98



CHAPTER 8. RECOMBINATION PARAMETERS FROM IS

R L] v L]

(]

~

E J

= 0 —

~

>

=

2 st -

[}

=]

% ‘I])h

& 10E —swwsc=========co=< - -4

= ph,sat

© A A A

-3 -2 -1 0

voltage V [V]

Figure 8.1: Recombination current density Jy.. and photocurrent density J,, as function
of voltage for a simulated intrinsic solar cell with a 100 nm-thick active layer. Jy. can
be obtained from the saturated photocurrent Jp o and the photocurrent J,, which is
defined by the difference between the light and dark J-V curve.

Here ¢ represents the elementary charge, kq;; the bimolecular or direct recombination
coefficient, 7 the monomolecular charge-carrier lifetime, and n and p the electron and
hole concentration, respectively. Equation (8.2) clearly shows that J... is a function
of the electron and hole concentrations, as well as of the lifetime, and thus its calcu-
lation primarily requires the determination of the charge-carrier density in the bulk of
the active-layer material. However, this calculation is complicated by the presence of
charge on the electrodes which needs to be accounted for via an appropriate correc-
tion. In the literature on methods to determine the charge density in the active layer
of organic solar cells, the charge density on the electrodes has typically been assumed
to be a linear function of voltage and the ratio between charge and voltage has been
supposed to be given by the geometrical capacitance Cy = ¢A/d, with ¢ = ¢ - &,
being the permittivity and A and d the device area and thickness, respectively. This
approach, however, does not take into account that the free charge carriers in the bulk
of the material also react to the electric field and thereby they reduce it in the middle
of the device and increase it towards the electrodes. This effect, which leads to band

bending, changes with the density of electrons and holes and hence with the voltage.
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The existence of band bending in intrinsic organic absorber layers has been recognized
early on [162] but the consequence of it, namely that the capacitance of the electrode
charge is non-linear with voltage, has rarely been spelled out explicitly. Most correc-
tions [148,163,164] do not take the non-linear electrode charge into account but are
based on a ‘geometrical’, constant capacitance. Thus, they lead to an error in the de-
termined value of the charge-carrier density in the active layer and, consequently, also
of the recombination current density. Once the charge-carrier density has been cor-
rectly determined, the second challenge in the calculation of the recombination current
density is that the recombination rate averaged over volume is compared to the charge
density averaged over volume. However, as already highlighted in literature [165, 166],
the relation between recombination rates and charge-carrier densities is a local one (see
Eq. (8.2)) and hence there is an error associated with this method that is due to the
following inequality

Jo. (kawn(@)p(x) +n (z) /7) da

KavgT? + 10/ Tayg

£1. (8.3)

The numerator in Eq. (8.3) correctly accounts for the charge-carrier distributions in-
side the active layer of a bulk heterojunction device, while the denominator considers
the spatial average charge-carrier concentration n together with the average recombi-
nation coeflicient k.., and the average lifetime 7,,, calculated from n. The inequality of
Eq. (8.3) stems from two assumptions that are not valid under most measurement con-
ditions; namely that n(z) = p(z) and that [ n(z)p(z)dz = n-p, where x is the distance
from the anode. In a bulk heterojunction solar cell, spatial gradients of both holes and
electrons exist and their presence makes the left-hand ratio in Eq. (8.3) smaller than
1. Thus, the steeper these spatial gradients, the lower the ratio in Eq. (8.3) is, i.e. the
bigger is the error caused by considering the spatially averaged charge-carrier concentra-
tion 7, which is the only value experimentally accessible. Different factors, such as the
amount of illumination, the charge-carrier mobility, and the applied voltage, affect the
steepness of the charge-carrier spatial gradients. Specifically, at high light intensities,
low charge-carrier mobilities, and voltages close to V,. the carrier-concentration gradi-

ents diminish [166]. In such a situation, the left-hand ratio of Eq. (8.3) is approximately
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1 and Eq. (8.2) can be simplified to

d
e = 4 / <kavgn2+ n >dx. (8.4)
0

Tavg

Thus, one of the key questions in the literature on characterization methods to de-
termine recombination parameters in organic (and other thin-film) solar cells is the
understanding of the circumstances under which a zero-dimensional treatment, as de-
scribed by Eq. (8.4), is appropriate and useful, and of how the average values kay, and

Tavg compare to the local values kg, and 7 used in Egs. (8.2) and (8.3).

8.3 Determination of the Average Charge-Carrier

Density

A prerequisite to make use of Eq. (8.4) is finding a way to determine 7 as a function of
voltage, so that it could be compared to the recombination current in order to determine
Kavg and Tavg. One of the main techniques used to determine the charge-carrier density
in organic solar cells under different operating conditions is impedance spectroscopy. In
fact, the capacitance of a solar cell, derived from the imaginary part of the admittance, is
sensitive to the density of charge carriers and, depending on the range of bias voltages
and illumination conditions, may yield the doping density of the active layer or the
optically or electrically injected charge-carrier concentration. The determination of the
charge-carrier density from impedance data relies on the integration over voltage of the
chemical capacitance per area C),, which is due to the charge carriers present in the

active layer [80,112]
Vint

_ 1

n (‘/int) = Nyef + qid / CM (‘/int) d‘/int~ (85)
Vet

Here the internal voltage Vi, = V — JR, is obtained correcting the applied voltage V

by the series resistance Ry, Vi is the reverse bias at which the photocurrent saturates,

and d is the active-layer thickness. The charge density n. refers to the charge density
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at the reverse bias Vi, i.e. to the charge density calculated from the C,, (Vi) value

et = écﬂ (Viet) - (Vo — Vier) (3.6)
with V4 being the voltage at which the photocurrent equals zero. The direct appli-
cation of Eq. (8.5) is, however, hindered by the fact that the determination of the
chemical capacitance is not straightforward and presents some intrinsic difficulties. In
the majority of the impedance studies on organic solar cells, the chemical capacitance
has been obtained using equivalent circuit modeling [151,167,168]. However, as already
highlighted in section 4.4.2; the choice of the appropriate circuit can be challenging due
to the non-uniqueness of the equivalent circuit and to the possibility to fit the measured
impedance spectra with a potential infinitely complex equivalent circuit. One possibil-
ity to determine the chemical capacitance via a model-free method is to calculate C,,
subtracting a constant — i.e. voltage independent — geometrical capacitance C, from

the capacitance measured at low frequencies Cf ow
CN ({/int) ~ Cfﬁlow (‘/int) - Cg- (87)

A second option, as suggested by Brus et al. [161], is to determine the chemical capac-
itance from the difference between the low-frequency and high-frequency capacitance
under illumination

Cy (Vint) = Criow (Vine) — Ctpigh (Vine) - (8.8)

Nevertheless, a more correct approach would be to take the non-linear charge on the

electrodes into account and subtract it from the capacitance measured at low frequencies
O,u (V;nt) ~ C(f,low (‘/int) - Ccn

where the capacitance per area of the electrodes C, is given by the derivative

do

Ca- = (JW

(8.9)

The areal charge density on the electrodes is defined as o = eF¢,,, where ¢ is the

permittivity and F¢/, the electric field at the cathode or anode.

In order to present and compare the different capacitance definitions, frequency-
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dependent drift-diffusion simulations of an intrinsic 100 nm-thick solar cell under illu-
mination were performed with the software SCAPS using the parameters summarized
in Table 8.1. The extraction of the capacitance from the resulting impedance data as

Table 8.1: Parameters used for the simulations with the software SCAPS if not stated
otherwise.

Quantity Default set
Band mobility pin fem®/ V] 5107
o [em?/ Vs 5x 1074
Effective density of states Ng = Ny [em™3] 10%
Bandgap E, [eV] 1.0
Thickness d [nm] 100
Doping concentration Ny [em™3) 0
Relative permittivity Er 3.5
Direct recombination coefficient kq;; [cm?/s] 5x 10712
Generation rate G [em™3s7] 6 x 10%

function of frequency is based on the modeling of the device with a simple equivalent
circuit consisting of a resistor and a capacitor connected in parallel (i.e. the C,R;, model
described in section 6.3), at which a series resistance Rs, accounting for the wires and
connection to the device electrodes, is added. By taking R into account, it is possible

to obtain the series-resistance-corrected capacitance via

- ((Z' - RSZ);’+ (Z"f) | (510

where w = 27 is the angular frequency, Z’ the real part of the total impedance, and
7" the imaginary part of the total impedance. The influence of the series resistance
on the capacitance-frequency curves and the impact of the Ry correction are displayed
in Fig. 8.2 which shows the C-f curves obtained measuring under 1-sun illumination a
PCE10:PC7;BM device for voltages ranging from -3 to 0.8 V. Even though the effect
of the series resistance is visible over the entire frequency range, at low frequencies Rj

strongly affects the capacitance only at high voltages whereas at high frequencies a
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Figure 8.2: Capacitance (a) without and (b) with R, correction as a function of fre-
quency for voltages ranging from -3 to 0.8 V obtained measuring a PCE10:PC;BM
device under 1-sun illumination. At low frequencies the impact of the series resistance
is visible only for high voltages whereas at high frequencies Ry causes a rapid decrease
in capacitance for all voltages considered.

rapid decrease in capacitance due to R can be observed for all the considered voltages.
Given the significant influence of Ry, all capacitance-frequency data presented in the
following are obtained taking the series resistance into account, i.e. using Eq. (8.10).
The R value necessary for this correction is determined from the real impedance value
7' obtained measuring the device under investigation in the dark, at high reverse bias,
and high frequency. In fact, under these conditions, the few charge carriers present in
the active layer are unable to respond to a high frequency AC signal and, thus, the
impedance response of the device resembles the one of the resistor Rs.

Figure 8.3(a) shows the capacitance obtained from the simulations as function of
frequency of an intrinsic 100 nm-thick device for voltages ranging from -3 to 1 V. Here
two plateaus, one at low frequencies and one at high frequencies, are visible. The latter
one defines the geometrical capacitance Cy which only depends on the area and the
thickness of the active layer. Since the capacitance does not change considerably for
frequencies higher than 10° Hz and this value is the maximum frequency that the po-
tentiostat used for the subsequent measurements can reach, this was the value taken
as fhigh- The low-frequency capacitance was instead chosen in the region of the first

plateau, namely at 10° Hz. Figure 8.3(b) compares the different capacitance definitions
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Figure 8.3: (a) Capacitance versus frequency for voltages ranging from -3 to 1 V ob-
tained from SCAPS simulations of an intrinsic solar cell with a 100 nm-thick active
layer. One plateau at low frequencies and one at high frequencies, defining the geomet-
rical capacitance Cg, are visible. (b) Comparison of different capacitance definitions for
the same simulated cell. The geometrical capacitance Cy and the electrode capacitance
C, are represented by the blue and green dashed line, respectively. The capacitances
Ceorr,g and Ceorr o, Obtained subtracting C or C, from the capacitance measured at low
frequencies, are displayed in blue and green, whereas the capacitance Ct jow — Ct hign from
the difference between the low-frequency and high-frequency capacitance is plotted in
orange.

introduced above and shows that the electrode capacitance C, is non-linear and has a
larger influence on the results for high voltages. However, there is no obvious way of de-
ducing C,, from experimental data and thus the calculation of the chemical capacitance
for real devices becomes fundamentally difficult.

One easy way to overcome this problem is to determine the excess charge-carrier

density under illumination relative to the one in the dark

Ving
_ 1
nph (‘/int) = nph,ref + ﬁ / (Clight (‘/int) - Cdark (‘/int)) dv;nh (811)
Vet
With npnrer = ql*d (Clight (Viet) — Caark (Vier)) - (Vo — Vier) and Cligne and Canc being the
capacitances obtained under illumination and in the dark, respectively. Towards open

circuit this strategy is relatively unusable because the injected charge density, whose
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influence vanishes upon the calculation of 7,,, becomes substantial and cannot be
neglected. However, at short circuit or reverse bias the excess charge density, i.e the
optically injected charge density, approximates rather well the total charge density

present in the active layer. Moreover, as it will be shown in the next section, the use of
J(kain(z)p(@)+n(z)/7)dz
kavgn?+n/Tavg

and, therefore, in a better adherence with the one-dimensional model expressed by

the excess charge-carrier density results in a ratio closer to unity
Eq. (8.2). Thus, in this voltage range, the f,, definition is quite convenient and, as we
will show in the next sections, it allows us to estimate the recombination parameters

quite precisely.

8.4 Determination of the SRH Lifetime

Under the assumption of having a solar cell where monomolecular Shockley-Read-Hall
(SRH) recombination dominates relative to all other recombination mechanisms, the

bulk recombination rate Rsgrg can be expressed as

np

Rgpyp = —————. (8.12)

Tarip™ T Tsri P
Assuming n & p and 7, = Tepy, = Tepps the recombination current can be deter-

mined via 4

n

Jrec =q RSRHdTJ ~ (]d (813)
27—SRH

0

and therefore depends linearly on the charge density. Here, 7, represents the aver-

H
age charge-carrier lifetime. By using the excess charge-carrier density 7, defined in
Eq. (8.11) and the recombination current as stated in Eq. (8.1), the lifetime can be

expressed as
ditpn
2d Jyec

and can, thus, be derived from J-V curves and impedance data under illumination.

Torn ~ qd (8.14)

Note that the impedance data used for this method are not a direct measurement
of the charge-carrier lifetime and, therefore, are not affected by capacitive discharge
effects which, in contrary, have recently been shown to strongly affect the data acquired

performing transient photovoltage measurements [158,160]. Moreover, the effects of
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potential capacitive contributions to the charge density are avoided here by using the

photocapacitance at reverse bias for the calculation of the excess charge-carrier density.

simulations

-3 . -l2 . -l1 . 0 . 1
voltage V [V]

Figure 8.4: (a) Current density, (b) average excess charge density, and (c) lifetime as
function of voltage for a simulated 100 nm-thick intrinsic solar cell with Shockley-Read-
Hall recombination as dominant recombination mechanism. At high reverse bias, the
lifetime approaches the value set for the simulations (1 ps).

Figure 8.4 illustrates the trend of the photocurrent density, the average excess charge
density, and the lifetime as function of voltage for a simulated 100 nm-thick intrinsic
solar cell. For the calculation of the recombination current Jy.. by means of Eq. (8.1),
the constant generation rate set for the SCAPS simulations (G = 6 x 102! cm3s!)
is used. The excess charge density varies with voltage as expected, increasing by two
orders of magnitude from -3 to 1 V. Below V., the calculated lifetime increases as

the voltage is decreased and at high reverse bias it approaches a nearly constant value
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which resembles the value of 1 ps set for the simulations. The same value is obtained
even when different light intensities are used to perform the simulations, as it is shown
in Fig. 8.5. As expected, both the photocurrent and the charge density increase as
the light intensity is increased. However, the trend of lifetime as function of voltage

remains unaltered, independently of the light intensity. It is crucial to stress that

simulations
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Figure 8.5: (a) Photocurrent density, (b) average excess charge density, and (c) lifetime
as function of voltage obtained from the simulations at different light intensities of a
100 nm-thick intrinsic solar cell with Shockley-Read-Hall recombination as dominant
recombination mechanism. Both the photocurrent and the charge density increase as
the light intensity is increased, whereas the lifetime remains unaltered approaching at
high reverse bias the value set for the simulations (1 ps).

the evident decrease in lifetime for voltages approaching V;. in both Fig. 8.4(c) and
Fig. 8.5(c) does not coincide with a real change of 7 but rather with the breakdown of
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the main assumption at the basis of the model presented here, i.e. the possibility of
using the excess charge density to approximate the charge density present in the active
layer. In fact, as already pointed out in the previous section, the use of the excess
charge-carrier density under illumination relative to the one in the dark is an unusable
strategy at high forward bias where the injected charge density becomes significant as
well as its effect on the charge density in the active layer. In such scenario, the total
charge density n is much bigger than the excess charge density, i.e. n > n,,, and
consequently Jy. = qd% > qd%, which results in a lifetime determined using
Eq. 8.14 lower than the actual value. The behavior observed for 7 at high forward bias
is therefore to assign to a limitation of the method. Moreover, it is important to stress
that the charge lifetime obtained here does not represent the local lifetime but only an
average lifetime. This is due to the fact that only the spatially integrated concentration
values for electrons and holes are experimentally accessible, and they are usually strong

functions of the position in the active layer. This condition is represented in Fig. 8.6
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Figure 8.6: Simulations of the spatial distribution of (a) electrons and holes and (b)
excess electrons and holes across the active layer of a 100 nm-thick intrinsic solar cell at
different voltages. The solid lines refer to the electron density and the dashed lines to
the hole density. The same trend as function of voltage is observable for both the total
density of electrons nigny and holes pigne under illumination and the excess electron
and hole densities np, and p,,. However, when the excess charge-carrier densities
are considered, the spatial gradients are substantially less steep indicating that this
situation resembles more the zero-dimensional model.
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which shows the spatial distribution of electrons and holes (Fig. 8.6(a)) and excess
electrons and holes (Fig. 8.6(b)) across the active layer of a simulated 100 nm-thick
intrinsic solar cell at different voltages. When the total densities of electrons nj;g: and
holes pigye under illumination are considered (Fig. 8.6(a)), the spatial gradients are
quite steep and the increase in concentration as function of voltage is strongly position
dependent. As the voltage increases and approaches the built-in voltage, the hole and
electron concentrations become more homogeneous and, therefore, the spatial gradients
get less steep. The same trend as function of voltage is visible even when the excess
electron and hole densities ny, and pp, are considered (Fig. 8.6(b)). However, in
this case the spatial gradients are substantially less steep indicating that this situation
resembles more the zero-dimensional model discussed in the context of Eq. (8.4). The
presence of carrier concentration gradients is responsible for the inequality presented in
Eq. (8.3) and, ultimately, for the discrepancy between the local and the average lifetime.
The choice of extracting the lifetime from the data at high reverse bias may initially be
surprising since, as shown in Fig. 8.6, in this voltage range the carrier concentrations are
much more position dependent than at open circuit. However, when the excess charge-
carrier density is considered, the left-hand ratio in Eq. (8.3) reaches a nearly constant
value closer to 1 at high reverse bias and, consequently, in this voltage range the zero-
dimensional model represented by the use of n,, resembles more the one-dimensional
model which accounts for the charge-carrier distribution inside the active layer. This
behavior is confirmed by Fig. 8.7 which presents the comparison between the left-hand
ratio in Eq. (8.3) calculated considering the total charge densities under illumination

Niighy and Piigne and the one obtained considering the excess charge densities np, and

J (migni (2) Prigni (2) )dz is
Nlight Plight

close to zero for almost the entire voltage range indicating that, in such a situation, the

Dph- When e and piighe are considered, the value of the ratio

error introduced using the average charge densities nygny and pigne is significant. On

the other hand, the ratio I (o @) pon())de

Tph*Pph

decrease strongly with decreasing voltages and remains above 0.7 even at high reverse

obtained considering np, and ppn does not

bias.
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Figure 8.7: Ratio between the charge density obtained considering the charge-carrier
distributions inside the active layer, i.e. [ (n(x) - p(z)) dz, and the product of the spatial
average charge-carrier concentrations n and p. The data are obtained from the simula-
tions at different voltages of a 100 nm-thick solar cell. When the charge densities under
illumination nyighe and prgne are considered, the ratio approaches zero and therefore the
error introduced using the average charge densities strongly increases. In contrast, the
ratio obtained considering np, and pp, is much closer to 1, even at reverse bias. In
such a situation, the zero-dimensional model results in a better agreement with the
one-dimensional model and, thus, allows a sufficiently accurate determination of the
recombination parameters.

8.5 Determination of the Bimolecular Recombina-

tion Coefficient

In this section, the determination of the bimolecular or direct recombination coefficient
is discussed in an analogous way as done for the monomolecular lifetime before. We now
assume that bimolecular recombination is the dominant recombination mechanism, i.e.
the recombination rate is given by Rg = kgpn?. In this situation, the recombination

current depends quadratically on the charge density
Jrec ~ qdkavgﬁ27 (815)
with kave being the average bimolecular recombination coefficient. Figure 8.8 well illus-
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Figure 8.8: Recombination current density J.. as function of the average excess charge
density npn for a simulated 100 nm-thick intrinsic solar cell with bimolecular recombi-
nation as dominant recombination mechanism.

trates this quadratic relation between recombination current and average excess charge
density for a simulated 100 nm-thick intrinsic solar cell with bimolecular recombination
as dominant recombination mechanism. Analogously to the procedure followed during
the study of the monomolecular lifetime, Jye. is obtained by means of Eq. (8.1) consid-
ering the constant generation rate set in the software SCAPS (G = 6 x 10*! em™3s!). It
is evident that for high negative voltages, i.e. where np, well approximates the charge
density present in the device, the gradient dln (Jre) /dln (72,n) is equal to 2, as implied
by Eq. (8.15). From Eq. (8.15) it also becomes clear that in this scenario the average
bimolecular recombination coefficient can be obtained directly from the recombination

current expressed in Eq. (8.1) and the excess charge density defined in Eq. (8.11)

i dJrec
qd dn2y,’

kavg = (8.16)
The bimolecular recombination coefficient calculated applying Eq. (8.16) to the data
obtained from the simulation of a 100 nm-thick solar cell with p, = g, = 10 em?/Vs
and bimolecular recombination as dominant recombination mechanism is displayed as

function of voltage in Fig. 8.9(c). Figures 8.9(a) and 8.9(b) show instead the photocur-
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rent density and the average excess charge density of the same simulated cell. At biases

simulations
L

voltage V [V]

Figure 8.9: (a) Current density, (b) average excess charge density, and (c) average bi-
molecular recombination coefficient as function of voltage for a simulated 100 nm-thick
intrinsic solar cell with p, = p, = 10* ¢cm?/Vs and bimolecular recombination as dom-
inant recombination mechanism. The calculated recombination coefficient decreases as
the voltage is decreased and at high reverse bias approaches the value used for the
simulations (1071° cm?3/s).

smaller than V., the calculated recombination coefficient decreases with decreasing
voltages approaching the value of 101% cm3/s set for the simulations, whereas towards
open circuit K,z noticeably increases. The reason for this behavior is found in the im-
possibility of approximating at forward bias the charge density n present in the active
layer with the excess charge-carrier density np,. In fact, at voltages approaching V.,

the amount of charges present in the active layer is much more affected by the injected
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charge density which now greatly exceeds the excess charge-carrier density np,. This
increased impact of the injected charges on the charge density in the active layer results
in n > np, and, consequently, in Jie. & qdkavgﬁ2 > qdkavgﬁ?)h which in turn leads to an
overestimation of kays. However, it is important to stress that the behavior observed
for ke at high forward bias is to assign to a limitation of the method and not to a real

change in the value of the recombination coefficient.

8.6 Experimental Results

In order to test the validity of Eqs. (8.14) and (8.16), capacitance-frequency mea-
surements under 1-sun illumination were performed at different voltages on solar cells
fabricated following the procedure illustrated in section 4.2 with the inverted structure
glass/ITO/ZnO/PCE10:PC;;BM/MoO3/Ag.

Figure 8.10(a) presents the capacitance as function of frequency obtained measur-
ing a 68 nm-thick PCE10:PC7;BM based device for voltages ranging from -3 to 0.8 V.
The two plateaus, one at low frequencies and one at high frequencies, clearly visible
in Fig. 8.3(a) showing the data obtained from SCAPS simulations, are here no longer
detectable. Instead, a continuous capacitance decrease with increasing frequency is
present at low and intermediate voltages. A noise in the data at frequencies lower
than 10° Hz is also visible for all the curves shown in Fig. 8.10(a). This behavior
has been observed in other polymer:fullerene systems as well and has been attributed
to a low shunt resistance due to charges leaking into the active layer from the elec-
trodes [169]. As the applied voltage approaches V., in Fig. 8.10(a) two additional
shoulders at intermediate frequencies arise and make the identification of reference re-
gions along the frequency axis difficult. The high frequency plateau cannot be reached
due to the frequency range limitations of the Gamry Interface 1000 potentiostat used
to perform the measurements. Thus, the value at the maximum reachable frequency
(10° Hz) is considered for the geometrical capacitance calculation. It is clear that in
such scenario the determination of the chemical capacitance from the difference between
the low-frequency and high-frequency capacitance under illumination, as expressed by
Eq. (8.8), becomes problematic and inconvenient. Moreover, as already mentioned in
the previous sections, the determination of the non-linear electrode capacitance C, from

experimental data is not straightforward and, thus, the introduction of its contribution

114



CHAPTER 8. RECOMBINATION PARAMETERS FROM IS

300

& & 240

g

< S 200

e F

£, 200 &, 160

© O 120

<] <]

= = 80

£ 100} =2

g g

& & o

(&) o
] ] ] ] S, ol ph 1 L1 1 ]
10? 10° 10* 10° 10° 30 25 -20 00 05 V.

frequency f [Hz] voltage V [V]

Figure 8.10: (a) Capacitance as function of frequency for voltages ranging from -3
to 0.8 V obtained measuring a PCE10:PC7;BM device under 1-sun illumination. No
clear and defined plateau is visible and the capacitance monotonously decreases as the
frequency increases. (b) Comparison of different capacitance definitions for the same
measured device. The capacitance Ceorng Obtained subtracting the geometrical capac-
itance C, (dashed blue line) from the low-frequency (10® Hz) capacitance is displayed
in blue, whereas the capacitance Cfjow — Cnign from the difference between the low-
frequency (10 Hz) and high-frequency (10° Hz) capacitance is represented in orange.
Also showed in purple is the photocapacitance Cpy, calculated from the capacitances
Chight and Cgar obtained at f = 10? Hz under illumination and in the dark.

in the calculation of the chemical capacitance becomes difficult to realize. For sake of
comparison with the data obtained from SCAPS simulations, the capacitance values
from the different definitions presented in section 8.3 are plotted in Fig. 8.10(b). In
absence of clear and defined plateaus, the capacitance Cf ow — Ct nigh is obtained consid-
ering 10° Hz and 10° Hz as fiow and fuign, analogously to the analysis performed on the
simulated data. In the same figure is also plotted, as function of voltage, the photoca-
pacitance Cpn = Clight — Cdark at the frequency f = 10%® Hz which was subsequently used
to determine the excess charge-carrier density 7, according to Eq. 8.11. Figure 8.11
presents as a function of frequency the dark capacitance Cg,y (Fig. 8.11(a)) obtained
measuring for voltages ranging from -3 to 0.8 V the same PCE10:PC;;BM device whose
capacitance data under illumination are displayed in Fig. 8.10(a). Figure 8.11(b) de-

picts instead for the same device the photocapacitance Cpp = Clight — Caark needed for
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the determination of the excess charge-carrier density npy.

) a g b
g 200} (a) | = (b) ]
—~ 2
= \% 3
£ =
% 150 F 4 = 4
Q'TJ b»—q
) <)
S 100} ; = .
z = é
 50F \ N 9
8 g
10? 10° 10°* 10° 10° 10? 10° 10* 10° 10°
frequency f [Hz| frequency f [Hz]

Figure 8.11: (a) Capacitance Cyuy as function of frequency for voltages ranging from
-3 to 0.8 V obtained measuring a PCE10:PC7;BM device in the dark. (b) Photoca-
pacitance Cpp, = Clight — Cdark as function of frequency for voltages ranging from -3 to
0.8 V calculated from the capacitance values obtained measuring the same device under
1-sun illumination and in the dark.

One of the biggest differences between simulated and experimental data is rep-
resented by the smeared-out features in capacitance observed in Fig. 8.10(a). One
explanation for this behavior is the presence of lateral disorder which, in the simplest
way, can be modeled with two capacitors connected in parallel representing two cells
with different charge-carrier mobilities. Figure 8.12 displays the result of this approach,
showing the change in the capacitance-frequency curve as the ratio z between capaci-
tors representing the high- and low-mobility cells is varied from 0 to 1. Here, the lower
mobility is set to 10 ¢cm?/Vs and the higher mobility to 10 cm?/Vs. It is evident
that for systems with just one mobility (either low or high) the C-f curve presents
only two clear plateaus, one in the low frequency range and one in the high frequency
range. However, when systems with two mobilities are considered, a third plateau at
intermediate frequencies arises. Thus, for a system with a broad range of mobilities,
multiple plateaus are to be expected and smeared-out capacitance-frequency curves
might develop.

Given the difficulties in the determination of the electrode capacitance C,, the most

convenient way to obtain a charge density that well approximates the charge density
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Figure 8.12: Capacitance-frequency curves obtained from a parallel connection of a
capacitor representing a cell with low mobility, Cry, and a capacitor representing a cell
with high mobility, Cyy. As the ratio « between high- and low-mobility capacitors is
varied from 0 to 1, a third plateau, in addition to the one in the low frequency range
and the one in the high frequency range, becomes visible at intermediate frequencies.
Thus, lateral disorder can be accounted for as one possible cause for the smeared-out
features in capacitance observed in the experimental data.

in the active layer of the solar cell under investigation is considering the excess charge-
carrier density under illumination relative to the one in the dark, as defined in Eq. (8.11).
This approach differs significantly from the one presented both by Brus et al. [161] and
more recently by Heiber et al. [170] who defined the chemical capacitance as difference
between the capacitance measured at low frequency (10 Hz) and the capacitance ob-
tained in the dark at the same frequency and at high reverse bias. This calculation
of C), is, in fact, analogous to the calculation based on the subtraction of a constant,
voltage-independent geometrical capacitance from the capacitance measured at low fre-
quencies. Thus, it lacks the consideration of the non-linear impact of the charge on the
electrodes, which is substantial at voltages approaching V.., and leads to an underes-
timation of the charge density present in the active layer, especially at forward bias.
The use of the excess charge-carrier density, instead, allows a rather precise estima-

tion of either the charge-carrier lifetime or the bimolecular recombination coefficient,
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depending on whether the dominant recombination mechanism is Shockley-Read-Hall
or bimolecular recombination. As already highlighted in the previous sections, an in-
dication of the dominant recombination mechanism can be acquired by looking at the
trend of the recombination current J.. as function of the excess charge density 7ipn
determined from the values of Ciign, and Cyak. In fact, according to Eqgs. (8.13) and
(8.15) the dependence of the recombination current on the charge density is different for
the two mechanisms: linear dependence for SRH recombination and quadratic depen-
dence for bimolecular recombination. Thus, the gradient dln (Jiec) /dln (7p,) at high
reverse bias, i.e. where the excess charge density approximation (n,, ~ n) is valid, indi-
cates which recombination mechanism dominates in that voltage range and, therefore,
which recombination parameter (charge-carrier lifetime or bimolecular recombination
coefficient) can be determined. The possibility to identify the dominant recombination
mechanism by the gradient dln (Jye) /dIn (72,n) constitutes an additional difference be-
tween the method presented here and the recombination analysis performed recently on
the same polymer:fullerene system by Heiber et al. [170]. In fact, in their work Heiber et
al. assumed direct recombination as dominant recombination mechanism and extracted
the coefficient kg;; from the values of the recombination current and the charge density
as function of voltage. Note, however, that the identification of the dominant recombi-
nation mechanism by looking at the gradient dln (Jye) /dIn (n,y) is possible only if the

current density Jphsar can be precisely determined.

Before analyzing the C-f data of the solar cell under investigation with the same pro-
cedure discussed and presented in the previous sections, it is important to stress again
that experimental data feature some peculiarities which make some adjustments to the
method necessary. Firstly, since the average generation rate cannot be independently
determined with sufficient accuracy, the calculation of the saturated photocurrent as
Jphsat = qéd becomes impracticable and Jyj, ¢a¢ is thus approximated with the value of
the photocurrent J,, at the lowest measured voltage, i.e. -3 V in our case. This ap-
proximation has direct consequences on the obtained recombination current Jy.. whose
value at -3 V will then be zero, which in turn makes the identification of the dominant
recombination mechanism by looking at the gradient dln (Jye) /dIn (n,,) impossible.
Secondly, the absence of a clear plateau in the low frequency range of the C-f curves
in Fig. 8.10(a) noticeably complicates the choice of the frequency for the determination

of the excess charge density by means of Eq. (8.11). A feasible way to overcome this
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problem is to consider for the determination of the charge density a frequency range,
103 < f < 5 x 10® Hz for instance, instead of a single frequency and calculate 7y, as
average of the charge densities over this frequency range. By taking these adjustments
into account, it is thus possible to determine the excess charge density 7n,, and the
charge-carrier lifetime 7 of the solar cell under investigation. Figure 8.13 shows the
trend of the photocurrent density, the average excess charge density, and the calculated
lifetime as function of voltage for a PCE10:PC7;BM solar cell measured under 1-sun

illumination. The variation of both charge density and lifetime as function of voltage
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Figure 8.13: (a) Current density, (b) average excess charge density, and (¢) calculated
lifetime as function of voltage for a PCE10:PC7;;BM solar cell measured under 1-sun

illumination. The lifetime calculated from the recombination current and npy, reaches
an average value of approximately 1 ps at high reverse bias.

reflects the behavior observed for the data obtained from SCAPS simulations. The

lifetime values are predictably more scattered than the ones obtained from simulations,
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but the trend is very alike with 7 reaching a saturation at high reverse bias. The error
in Jyee introduced by the approximation of Jphgas With Jpn at -3 V is mitigated here
by the calculation of 7 as average over a relatively broad voltage range. The resulted
average lifetime value in that voltage range is ~1 ps and, therefore, in good agreement

with the values reported in literature for the same polymer:fullerene system [171-173].

8.7 Conclusions

This chapter presented a method to determine the recombination parameters from
impedance measurements on organic solar cells. This approach is based on the charge
density dependence of the recombination current, which can be derived from the dark
and light current-voltage curves. By means of numerical simulations, it was showed
that the use of the density of photogenerated charge carriers as approximation of the
charge density present in the active layer allows the identification of the dominant
recombination mechanism and the subsequent determination of either the charge-carrier
lifetime or the bimolecular recombination coefficient. The application of this method
on organic solar cells based on PCE10:PC71BM revealed that for such a system the

lifetime can be extracted from impedance data at high reverse bias.
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Conclusions

The main scope of this work was to study charge transport and recombination in or-
ganic bulk heterojunction solar cells by means of capacitance-based methods. The key
experimental technique was impedance spectroscopy in the form of capacitance-voltage
and capacitance-frequency measurements which provide access to the charge-carrier
density and insights into recombination parameters such as charge-carrier lifetime and
charge-carrier mobility. Impedance spectroscopy, in contrast to other techniques used to
investigate recombination dynamics (like time delayed collection field or charge extrac-
tion by linear increasing voltage), requires a rather simple setup and allows the testing
of organic solar cells under operating conditions. Besides impedance spectroscopy, also
current-voltage measurements were used to test the performance of fabricated devices
and to discriminate between bulk and surface recombination. The investigated devices
contained active layers consisting of the same electron acceptor, namely the fullerene
PC7BM, but different donor polymers, namely PSHT, PTB7, PBDTTT-C, or PCE10.

A deep analysis of the thickness dependence of the saturation current density derived
from the open-circuit voltage and the photocurrent at short circuit or reverse bias
allowed the development of a new method to distinguish between surface and bulk
recombination in organic solar cells. Thanks to numerical simulations, it was shown
that bulk and surface recombination currents scale differently with the active-layer
thickness, with the bulk recombination current always increasing with thickness and
the surface recombination current decreasing or remaining constant with thickness for
active layers thinner than 400 nm. The different scaling with thickness permitted to

elucidate if the dominant recombination mechanism in the device under investigation
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was surface or bulk recombination. Moreover, the application of the new method on
experimental data, both from literature and our laboratory, verified the occurrence of

the entire range of cases in the field of organic photovoltaics.

The central part of this work addressed capacitance-voltage measurements on or-
ganic solar cells under illumination with the aim of completing the understanding of data
obtained from capacitance-voltage measurements under different conditions. Firstly,
fully depleted organic solar cells, provided by the use of thin and lowly doped active
layers, were considered. A theory of photocapacitance originally developed by Cran-
dall for amorphous silicon solar cells, was demonstrated to be able to approximately
describe the capacitance-voltage curves obtained measuring such devices under illumi-
nation and, through its application, it was feasible to extract charge-carrier mobility
from capacitance-voltage data at reverse bias. A deeper analysis of the discrepancies
between the theory of Crandall and the experimental results revealed that they are
due to the breaking down, in certain practical cases, of the assumptions required to
derive the photocapacitance equation. Furthermore, the significantly lower apparent
built-in voltage that would be obtained from Mott-Schottky plots under illumination
in comparison to the built-in voltage obtained in the dark was explained by a shift of

the onset of space-charge-limited collection with illumination intensity.

After investigating the case of fully depleted organic solar cells under illumination,
an analysis of the capacitance of a partly depleted device under illumination and short-
circuit conditions was presented. The determination of the charge-carrier density in the
neutral region of such device was tackled by comparing three different analytical models
for each of which the validity range in terms of absorption coefficient and diffusion length
was discussed. The assumptions on which one of the analytical models relies permitted
the derivation of two expressions for the photocapacitance, one as function of the charge
density and one as function of the charge-carrier lifetime. The obtained expressions en-
abled the estimation of the lifetime from capacitance-voltage data highlighting that for
partly depleted devices under illumination and short-circuit conditions the capacitance
is more sensitive to charge-carrier lifetime than to charge-carrier mobility. In addition,
the analysis of capacitance-voltage data under illumination obtained simulating devices
with different doping densities and active-layer thicknesses demonstrated that under
illumination capacitance-voltage data can be strongly affected by either charge-carrier

mobility or charge-carrier lifetime depending on the doping level and the active-layer
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thickness. This clearly showed that sample properties and measurement conditions

affect significantly the applicability of analysis methods for capacitance-voltage data.

Finally, capacitance measurements as a function of frequency and under illumina-
tion were addressed and a method to determine the recombination parameters from
such measurements on organic solar cells was presented. Numerical drift-diffusion sim-
ulations showed that the density of photogenerated charge carriers derived from the
photocapacitance well approximates the charge density present in the active layer, es-
pecially at reverse bias. The dependence on this charge density of the recombination
current allowed to identify the dominant recombination mechanism and to subsequently
determine either the charge-carrier lifetime or the bimolecular recombination coeffi-
cient. Moreover, capacitance-frequency measurements performed under illumination
on organic solar cells based on PCE10:PC7;BM revealed that for such a system it is

possible to extract the lifetime from the impedance data at high reverse bias.

In summary, this work presented new methods to analyze data from capacitance
measurements performed under illumination as a function of voltage or frequency with
the aim of completing the understanding of capacitance-voltage data obtained in all pos-
sible measurement scenarios and identifying a model-free approach to extract recombi-
nation parameters from capacitance-frequency data. By separately addressing the cases
of capacitance-voltage measurements on fully depleted and partly depleted devices, the
sensitivity of the photocapacitance to either charge-carrier mobility or charge-carrier
lifetime was revealed and the importance of considering the sample properties and
the measurement conditions during the choice of the analysis method was highlighted.
While the lifetime plays a major role in the modulation of the photocapacitance for
thick and highly doped devices, the mobility more strongly affects capacitance-voltage
curves under illumination in case of low doping densities and small active-layer thick-
nesses. When the capacitance is measured under illumination as a function of frequency,
the use of the obtained photocapacitance for the determination of the photogenerated
charge density allows instead a rather precise approximation of the charge-carrier den-
sity present in the active layer and the subsequent determination of the recombination
parameters. Thanks to the relative simplicity and feasibility of the methods presented
here, I believe that this work makes a substantial step forward in the method de-
velopment needed to further understand the physics of recombination mechanisms in

organic solar cells and that it will be interesting to researchers working on organic de-
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vices comprising novel semiconducting materials but also those who study any type of

thin film solar cell made from ‘new’ materials and containing different recombination

active interfaces.
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List of Symbols

Q@ absorption coefficient

Bu; Ba rate constant for capture of electrons by traps; rate constant for capture of

holes by traps

An, excess electron concentration at anode
Ape excess hole concentration at cathode
0 reaction order

n power conversion efficiency

h Planck’s constant/2m

A wavelength

1 charge-carrier mobility

ln; pip  electron mobility; hole mobility

Vq drift velocity of charge carriers
w angular frequency

P electrostatic potential

0] photon flux density

p space charge
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LIST OF SYMBOLS

On; 0p

SRH
Tavg
Tn} Tp
Un,th
/Up,th
€0

Er

Pa; Pe

Clight

Oph ,norm
Chn

d

areal charge density on electrodes

capture cross section for electrons; capture cross section for holes
charge-carrier lifetime

charge-carrier lifetime with Shockley-Read-Hall recombination
average charge-carrier lifetime

electron lifetime; hole lifetime

electron thermal velocity

hole thermal velocity

dielectric permittivity of vacuum

relative permittivity of semicondutor

contact barrier at anode; contact barrier at cathode
phase angle
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capacitance

chemical capacitance per unit area

capacitance of electrodes per unit area

dark capacitance per unit area

geometrical capacitance

capacitance under illumination per unit area
generation-rate-normalized photocapacitance
photocapacitance per unit area

active-layer thickness
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LIST OF SYMBOLS

D,; D,

Ecr

electron diffusion coefficient; hole diffusion coefficient
energy

charge-transfer state energy

minimum energy of conduction band

electron quasi-Fermi level; hole quasi-Fermi level
Fermi level or Fermi energy

energy gap or bandgap

rate constant for electrons release by traps; rate constant for holes release by

traps

maximum energy of valence band

electric field

frequency

Fermi-Dirac distribution function

fill factor

generation rate per unit volume

density of electronic states per unit energy

current

current density

saturation current density due to bulk recombination
saturation current density due to surface recombination
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short-circuit current density
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J dark
J, gen

J) light
Jinpp
In; Jp
J, ph,sat
Jon

J rec,B
J, rec,S
J, rec
kavg
kg
Kair

ky,

Niq
T

Might

N

dark current density

current density due to generation

current density under illumination

current density at maximum power point
electron current density; hole current density
saturated photocurrent

photocurrent density

bulk recombination current density

surface recombination current density
recombination current density

average recombination coefficient
Boltzmann’s constant

direct or bimolecular recombination coefficient
Langevin recombination prefactor

electron density per unit volume

doping density
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ideality factor

intrinsic charge-carrier density
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LIST OF SYMBOLS

s

N, v

p
Plight
Plight
Pt

Q

Rp

Rdir
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chc
Rsh

Rsru

SRR

~

electron density when Fermi level coincides with trap energy
effective density of states of valence band

hole density per unit volume

incident light power density

total hole density under illumination

hole density when Fermi level coincides with trap energy
charge

elementary charge

recombination rate per unit volume

series resistance

bulk recombination rate per unit volume

direct or bimolecular recombination rate per unit volume
internal series resistance

non-radiative recombination rate

recombination resistance

parallel or shunt resistance

Shockley-Read-Hall recombination rate per unit volume
surface recombination velocity

surface recombination velocity of electrons at anode
surface recombination velocity of holes at cathode
temperature

time
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LIST OF SYMBOLS

Vv

Vo
Vai
Vint
Vinpp
Voc

w

Y/l

Yy

VA
Zo

ZcpE

voltage or bias

compensation voltage

built-in voltage

internal voltage

voltage at maximum power point
open-circuit voltage

space-charge region width
admittance

real part of admittance
imaginary part of admittance
magnitude of constant phase element
impedance
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impedance modulus

impedance of constant phase element
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