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Abstract

Abstract

The aim of this work is the investigation of stability of small-molecular organic
solar cells (OSCs) based on CuPc and Ceo. We observed various degradation
patterns of OSCs under different light irradiation conditions. To explain the
divergence among experimental observations, two models were built in which
oxygen was considered as the dominating factor of degradation. Based on the
degradation study, we designed an aluminum-titanium bilayer cathode to improve
the stability of an unencapsulated OSC. Devices using such bilayer cathodes
were degradation-free in air in three months. We further studied the stability of
bilayer-cathode OSCs with various buffer layers, and finally proposed stabilization
mechanisms of the bilayer cathode based on detailed experimental observations.

Our findings will hopefully advance the understanding and development of OSCs.
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Abbreviations

Abbreviations
AFM atomic force microscope
ALD atomic layer deposition
AM air mass
BH)J bulk heterojunction
T charge-transfer
CVvD chemical vapor deposition
D-A donor-acceptor
DFM dynamic force microscope
elbL electrical Layer-by-Layer
EQE external quantum efficiency
ETL electron transport layer
FEM finite element method
FF fill factor
HOMO highest occupied molecular orbital
HTL hole transport layer
IQE internal quantum efficiency
IR infrared
ISC inorganic solar cell
Isc short-circuit current
Jsc short-circuit current density
LB Langmuir-Blodgett
LUMO lowest unoccupied molecular orbital
MPP maximum power point
OFET organic field effect transistor
OLED organic light emitting diode
OPV organic photovoltaic
0scC organic solar cell
PAL photoactive layer
Pc phthalocyanine
PCE power conversion efficiency
Pin incident power
Pmax maximum power
r.t. room temperature
RH relative humidity
Rs series resistance
Rsh shunt resistance
RTD resistance temperature detector
SEM scanning electron microscope
SPM scanning probe microscope
SWNT single-wall carbon nanotube
THM time of half maximum PCE
TMP turbomolecular pump
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Abbreviations 1

TOF-SIMS time of flight-secondary ion mass spectrometry
uv ultraviolet
Voc open-circuit voltage
XRD X-ray diffraction
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Chapter 1 Introduction 1

Chapter 1. Introduction

We humans are facing many urgent global issues today, most of which are directly
related with our activities. The most serious one is the global warming, the major cause
of which is generally believed to be the over-exhausted carbon dioxides from the
combustion of fossil fuels. Air pollution is another critical issue directly resulted from
human activities. The major source of the pollutants is also the combustion of fossil fuels
in power plant and vehicles.

Finding the way out of the destructive energy consumption becomes necessary and
critical. One promising direction should be the development of renewable-energy
sources. Renewable-energy sources, mainly including biomass, hydropower, wind, ocean
(tidal) and solar (thermal and photovoltaic, PV) energy, accounted for 16.7% of the global
final energy consumption in 2010. (!

Solar cells grew fast among the renewable-energy sources in recent years. One
advantage of solar cells is that they generate electricity directly from the massive solar
energy. Depending on the active materials usually of two different semiconductors, solar
cells are further divided into inorganic solar cells (ISCs), organic solar cells (OSCs), and
some organic-inorganic hybrid solar cells.

The first p-n junction ISC with a power conversion efficiency (PCE) of 6% was developed
at Bell Laboratories in 1954. [21 More than 600 elemental and compound semiconductors
were known by 2007. B PCE of element ISCs was improved to 25% for crystalline silicon
ones by 2012. 4

Compound semiconductors include 1lI-V compounds such as GaAs and InSb, and many
metal oxides and sulfides such as TiOx and PbS. Even higher PCE has been achieved for
compound ISCs (28.8% for single junction GaAs thin film solar cells in 2012 ™).
Compound ISCs have been predominated in aerospace applications.

Besides the high efficiency, another advantage of ISCs is their durability. The crystalline
silicon solar cells merely degrade 0.5% per year on average, ! thereby sustaining a
lifetime of decades of years. However, ISCs have many drawbacks at the same time,
including the rigidity of PV panels, the environmental pollution of doping elements, and
the high fabrication cost. As the thickness of ISC is usually much thicker than that of
0OSCs, the purity of the inorganic semiconductors used in ISCs needs to be extremely
high. The purification of the composing semiconductors consumes tremendous energy,
which inevitably increases the production cost and thereby limits wide applications of
inorganic solar cells.

OSCs become increasingly attractive in recent years, as they can be fabricated from
various organic compounds with modifiable structures. Besides, OSCs have other
advantages, like the flexibility, the high PCE under low light irradiation, ® and the
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Chapter 1 Introduction 2

promising application of see-through power-generation windows, etc. However, the low
stability of OSCs decreases the value (yield over cost) of an OSC system as its energy
production is currently largely limited by its low durability. This thesis focuses on the
degradation dynamics and how to improve the stability of OSCs.

1.1. Photovoltaics

1.1.1. Solar energy

The earth receives a total amount of about 8.9x10%® W on the surface from the sun. This
is thousands of times higher than the average total power consumption of the human
world, 1.6x10'* W in 2010. Most of the above mentioned renewable-energy sources are
virtually converted from the light radiation from the sun.

People from the ancient have already known how to passively receive the solar thermal
energy by orienting their dwellings. Since the 20t century, several active ways to harvest
the solar energy have emerged, including the solar water heating or cooling,
concentrated solar power, and solar cells. The former two use the thermal effect of
sunlight, while the last one outputs electricity directly from the solar light irradiated on
semiconductors.

Sunlight propagating in the atmosphere of the earth is attenuated by scattering and
absorption. On the surface of the earth, the angle between sunlight and the surface
normal determines the received light intensity. Air mass (AM) is used to depict the tilting-
angle dependent intensity of solar light radiated on the earth surface, given by

AM=1/cosb 1-1

where 0 is the zenith angle (the angle of incident light from overhead)

2.5 ‘
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Figure 1-1 Spectral distribution of sunlight.”! Shown are the cases of AMO and AM1.5
radiation. Inset shows the visible region (390-700 nm) of human eyes.

Dissertation Tokyo Institute of Technology Cao Huangi



Chapter 1 Introduction 3

The standard spectra for testing PV devices is AM = 1.5 (often noted as AML.5),
corresponding to & = 48.2°. The total irradiance of AM1.5 is approximately 1000 W cm™.
Both AMO (solar spectrum outside the atmosphere) and AM1.5 are plotted in Figure 1-1.
Solar cells mainly harvest the visible and near-infrared regions.

1.1.2. Photoelectric effect

When light encounters with bulk matter, it might be either scattered, or absorbed if the
energy accords with some gap between two different energy levels of electron in the
irradiated matter. Along with the absorption of light, the outermost-shell electron
absorbs the energy of light, and possibly overcomes the Coulomb attraction of the
surrounding nucleuses and escapes from the surface. This phenomenon is called the
photoelectric effect.

The maximum kinetic energy of the emitted electrons is linear with the frequency of the
incident light. This dependence not only evidences the quantum nature of light, but also
provides a method to measure the energy levels of occupied electronic states as well as
the Fermi level, E¢. Each quantity that can be absorbed once is a photon, which has both
energy and momentum, similarly as other free particles. The maximum kinetic energy of
the emitted electron Ej, from a metal surface is linear to the frequency of the incident
photon v:
Ey,=hv—¢p 1-2

where h is the Planck constant, v the frequency of the incident photon, and ¢ the work
function of the metal that is defined as the energy difference between the vacuum level
and the Fermi level. On the surface of a semiconductor, ¢ in Equation 1-2 is replaced
with the topmost valence energy E..

Electrons in a crystal automatically fill energy bands that are formed by the degenerated
atomic orbitals. For inorganic materials, the highest occupied band at T = 0K is called a
valence band, and the lowest unoccupied band at T = 0K is called a conduction band.
At T # 0K, some valence electrons are thermally excited to the conduction band.

In metals, the statistics of the valence electrons are usually treated with a free-electron
gas model. The possibility of finding an electron at an energy level E follows Fermi—Dirac
distribution function

1

F(B) = a1 13

where u is a temperature-dependent value called (electro) chemical potential, and k the
Boltzmann constant. The Fermi level (Fermi energy) is then defined by Er = ucr—q), i.e.
the energy of the topmost filled orbital at absolute zero. ® In semiconductor
literature, u and Ex are usually not distinguished. In this case, Er refers to the energy
level at which one have half a chance to find an electron, and is also called electro-
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Chapter 1 Introduction 4

chemical potential. ®) Without applied bias, Er depends only on the electron density n in
a crystal:

_ R2kg?

py kp = (371'271)1/3 1-4

Er

where the reduced Planck constant A = h/(2m), mthe mass of an electron, kp the
Fermi wavevector. The electron density nis generally in an order of 10%° m?3, and
accordingly Ey is several electron volts. 8 In semiconductors, however, the electron and
hole populations will be increased under light irradiation. Therefore, the quasi-Fermi
levels, E, and Eq, are used in Equation 1-3, to calculate the population of electrons and
holes, respectively.

1.1.3. Semiconductor

According to whether there is a partly filled energy band atT = 0K, a crystal is
categorized as either a metal (including semimetal) or an insulator. When there is at least
one partly filled valence band, i.e. the uppermost valence band overlaps with the lowest
conduction band, or in a particular case, the lowest conduction and uppermost valence
band ‘touch’ each other but not overlap, we have a metal (or semimetal). When
electrons just fill the valence band, we have an insulator. 1]

For an insulator (including semiconductor), there is an energy gap between the
conduction band edge E., and the valence band edge E,, where the Bloch function
solution P (r) = e“"ruk(r) of wave equations in the periodic crystal lattice! does not
exist. (1 The gap forms a forbidden gap of electron states, and is denoted by Eg4. This
energy gap determines not only the absorption edge of light, but also the electric
conductivity. If 4eV = E; > 0, the crystal is normally a semiconductor. If E; > 4eV, the
crystal is normally an insulator.

For organic semiconductors, HOMO and LUMO (highest-occupied/lowest-unoccupied
molecular orbitals, respectively) are used to describe the electronic properties of the
materials. The interaction between neighboring molecules in organic semiconductors is
the van der Waals' force, which is weaker than the valence bonding in inorganic
semiconductors. Accordingly, HOMO and LUMO are localized on each discrete molecule.
There exists an energy gap between the HOMO and LUMO, which leads to the absorption
of light. This energy gap decreases with the increase of length of a m-conjugated
molecule. This energy gap also depends on the molecular stacking pattern. (]

A semiconductor has an electric resistivity at room temperature within the range of 10°®
to 102 Q - cm (not strictly). The electric conductivity of a semiconductor includes both
intrinsic and extrinsic conductivity. A pure semiconductor without any defect has only
intrinsic conductivity, which is exponentially dependent on —E;/(2kT). A bulk

1 This requires uy (r) = uy(r + R). Here Ris a translation vector of the lattice.
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Chapter 1 Introduction 5

semiconductor always contains doping impurities and lattice defects, both of which
contribute to the extrinsic conductivity.

Devices based on semiconductors include transistors, light-emitting diodes (LED) and
solar cells, etc. Both LED and solar cells involve the separation and recombination of
excited charges.

1.1.4. Photovoltaic

Photovoltaic means the method converting light into electric current using
semiconductors. During the absorption of light in a semiconductor, the optical transition
of electrons can be either direct or indirect, depending on whether the global E, and the

global E. occur at the same point of the first Brillouin zone in a reduced E-k scheme. The

direct transition is accomplished merely by the absorption (or emission) of a photon,
while the indirect transition involves not only a photon, but also a thermal phonon for
momentum conservation.

Electrons preferentially fill the lower energy levels in a crystal. Once a valence electron is
excited to the conduction band, it leaves an empty state which can be filled by a
neighboring valence electron. This empty state can be well described as a positively-
charged ‘defected-electron’ hole. The movement of the holes in the valence band, and
the movement of the electrons in the conduction band contribute to the electric
conductivity of a semiconductor. A donor-doped semiconductor in which the electron
conduction is dominant is an n-type semiconductor (acceptor), and oppositely a p-type
semiconductor (donor).

A photo-excited electron is attracted by the geminate hole in a solid, forming an exciton,
which lowers the binding energy of the electron and hole. Depending on the material in
which an exciton is formed, the exciton can be categorized into Wannier, Frenkel, and
charge-transfer (C-T) exciton. The Wannier exciton exists in inorganic semiconductors
with relatively large dielectric constants € and relatively light effective exciton masses.
The diameter of a Wannier exciton is usually several nanometers. The binding energy
between opposite charges in a Wannier exciton (exciton Rydberg energy) is only 1—100
meV. Therefore, the photo-excited charges and holes in an inorganic semiconductor can
be thermally dissociated. 3!

On the contrary, the Frenkel exciton has a relatively small radius and mainly exists in
organic semiconductors where the dielectric constant € is relatively small, and the
effective mass of an exciton is relatively heavy due to a small electronic overlap between
neighboring molecules. Consequently, the excited electron and hole in organic
semiconductors are usually confined in one molecule, and transported together in the
bulk. The C-T exciton also mainly exists in organic semiconductors, in which the opposite
carriers reside in adjacent molecules. Opposite charges in C-T excitons are also strongly
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Chapter 1 Introduction 6

bonded by the Coulomb force.

Excitons are prone to being annihilated by recombination. The process that an excited
electron combines with a hole in a semiconductor is called recombination. The photo-
excited carriers are expected to do work before they recombine with opposite carriers.
During the recombination, the energy of an excited electron is released in the form of
either a photon (luminescence) or a phonon (heat, either Auger or trap-induced
relaxation). Specific impurities in semiconductors can exchange charge carriers with both
the conduction and valence bands. The trap-induced recombination is significant when
the energy level of the recombination center locates at the middle of the forbidden gap.
In inorganic semiconductors, atoms forming recombination centers are often those from
the same column of the periodic table as the one they substitute. B!

Excitons generated in organic solar cells need to be dissociated to generate a photo
voltage. One common way of dissociating these excitons is to create a D-A
heterojunction interface with a donor (D) and an acceptor (A). After arriving at the D-A
interface, one type of charge in an exciton will be transferred from D (or A) to A (or D),
forming an interfacial C-T exciton, as a result of the selective transport of charges in D
and A. Opposite charges in the interfacial C-T exciton are still tightly bonded by a
Coulombic force.

Two ways may facilitate the dissociation of the interfacial C-T excitons. One way is to
form an energy level cascade which mimics the situations of the photo-synthesis in
plants. 2! Another way involves the absorption of IR light by the excited molecules. 13!
The latter was proposed by Bakulin et al. with a finding that the infrared light promotes
the delocalization of charges in interfacial C-T excitons, and accordingly enhances the
photocurrent dramatically.

1.1.5. p-n junction diode

Although working principles of ISCs and OSCs are different from a quantum perspective,
theories and concepts developed previously in ISCs have already been widely used to
interpret observations in OSCs. To keep consistent with literature, we do not distinguish
them in the next sections.

The concentrations of electrons and holes in a semiconductor are denoted by n and p,
respectively. In thermal equilibrium, the mass-action law reads np = n;2. Here n; is an
intrinsic parameter of a semiconductor, given by n;? = NcNvy exp(—E,/kT) where Nc¢
and Ny are the effective density of states in the conduction band and valence band,
respectively. It states that for a non-degenerate semiconductor, the product of
concentrations of electrons and holes are independent of dopants, or Fermi level. In an
n-type semiconductor, the concentration of holes will be much reduced due to the
abundance of electrons. As a consequence, electrons, less attracted by holes, will find it
easy to diffuse in the n-type semiconductor, and vice versa.
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Chapter 1 Introduction 7

At the interface, holes preferentially diffuse into the p-type side, and electrons into the n-
type side. An interfacial C-T exciton is then formed, which with the help of an infrared
photon can overcome the trapping effect of the sequentially formed polaron. 31 The
separated charge carriers (or polarons in polymers) continue to diffuse towards the
connected electrodes and do work if the circuit is closed. This is the principle of most
modern OPV devices.

Shockley equation of the current-voltage characteristic of an illuminated p-n diode reads
I = Io(e?V/™ T _ 1) — Iy 1-5

where

I is the current across a diode in the dark,

Iy the reverse (bias) saturated (recombination) current, which is a temperature-
dependent parameter,

vV the voltage across the diode,

k the Boltzmann constant,

T the absolute temperature of the p—n junction,

q the magnitude of charge on an electron,

n the ideal factor, typically 1—2 for ISCs, and 2—3 for typical OSCs,
loh the photo-current.

The first term on the right of Equation 1-5 states the dark current through a diode in the
dark (/o). The second term indicates that the light illumination merely downshifts the
rectifying current-voltage (/-V) curve to the fourth quadrant in a linear Cartesian
coordinate, as illustrated in Figure 1-2(a). The current is sometimes plotted in a
logarithmic scale to show a wide range of current, as shown in Figure 1-2(b).

(@) I (b) log,|

Figure 1-2 llluminated current-voltage curves of an ideal diode withn =1: (a) with

N\

\ﬁi

respect to a linear current axis, and (b) with respect to a logarithmic current axis.

1.1.6. Photocurrent-voltage curve

Light-induced electric current (/on) generated in a solar cell may be shunted not only by
the recombination inside the semiconductors (lp), but also by the leakage current
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Chapter 1 Introduction 8

through shorted connections between electrodes (/sn). The ideal /sh is zero when the
shunt resistance Rsh (also known as parallel resistance noted by Ry) is infinite. Another
parasitic resistance in a solar cell is the series resistance (Rs), originating from the
resistance of bulk semiconductors and connections of electrodes. Rs should ideally be
zero. Too high Rs or too low Rsh will cause the failure of a solar cell. A widely used one-
diode equivalent circuit of an irradiated solar cell, including these resistances is shown in
Figure 1-3, 14

.

Figure 1-3 Equivalent circuit of a single-diode solar cell under light irradiation.

A generalized Shockley equation depicting the photocurrent in Figure 1-3 reads

q(V — IRy) V — IR
I =1 —— ] -1 —— — 1 -
0 [exp( nkT * Ry el 1-6

where the parameters are defined either in Equation 1-5 or in Figure 1-3. This is a
transcendental equation, and has an analytic solution for / as following

I =

nkgT qRsIoRgp, exp (RshQ(Rsth + Rslp + V))}
qRs (Rs + Rsn)nkpT nkpT (Rs + Rsn)

_'_K _ Rsh(Rsth + RSIO + V)
Rs Rs(Rsh + Rs)

"]

1-7

where the Lambert W function is the solution of W (x) exp[W (x)] = x. 1> 18]

The short-circuit current (/sc), defined as the current atV = 0, corresponds to the
intersection of the /-V curve with the current-axis in Figure 1-2(a). Following Equation 1-
6, the ideal Isc equals -Iph, Which is proportional to the photon flux within the absorbance
range. Isc is also determined by other factors like Rs of the circuit which is mainly decided
by electrode contacts and the doping levels of photoactive layers (PALs). The short-circuit
current density (Jsc) that is Isc on a unit area, is more often used.

The open-circuit voltage (Voc), defined as the voltage atl = 0, corresponds to the
intersection of the /-V curve with the voltage-axis in Figure 1-2(a). Voc depends on the
quality of electrodes. A small Rs, (e.g., <1000 Q), caused by the shortage between
electrodes, will significantly decrease Voc. Other factors determining Voc of organic solar
cells are discussed in Section 1.2.5.

The maximum power Pmax corresponds to the maximum area of the square in the fourth
quadrant in Figure 1-2(a). After obtaining the value of Pmay, the fill factor FF is commonly
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Chapter 1 Introduction 9

calculated according to Equation 1-8. Another rarely used definition of FF may be found
in literature. 17 FF describes the deflation of the /-V curve in the fourth quadrant.

Pnax = Voo X Is¢ X FF 1-8

Factors influencing Voc, Isc, or FF will influence Pmax. The PCE of a solar cell is defined by
the ratio of Pmaxto the total power of the incident light beam Pin: PCE = B, .«/Pin-

The above mentioned parameters n, Rsh, Rs lo and Iph may be extracted by fitting an -V
curve obtained in the dark. '8 However, the conductivity of a semiconductor will be
influenced by light irradiation, which makes it suggestive to extract these parameters
from /-V curves obtained under light irradiation. Some parameter extraction approaches
often result in unexpected or unreasonable parameters. Therefore, it is necessary to
discuss the parameter extraction method before these parameters are discussed.

The method introduced by Ishibashi et al. is one of the simplest methods. It needs only
one single /-V curve obtained under illumination to extract all the necessary parameters.
(191 this method, a new term A is defined in Equation 1-10 and is assumed to be much
less than unity. As this assumption is the prerequisite of this extraction method, we shall
call this method the Delta approximation method hereinafter. The Delta approximation
method is described in the following.

First, write down the differential form of Equation 1-6 as Equation 1-9.

ﬂ _ nk:BT/q +
dl ~ Ipn+Io+1—(V — R — nkpT/q)/Ren

R 1-9

The Delta assumption is

oc sIsc
AEGXP{_Q(VnkBi )} <1 1-10

Table 1 shows the value of A calculated with different R;A (A is the active area of the

device) Other parameters are,n = 3,T = 298 K,V, = 0.5 Vand /s = 4 mA cm™. The
results indicate that the Delta approximation method could hold for R:A < 50 Q cm?.

Table 1 Calculated values of Delta as a function of RsA,

RA/Qcm? | 0.1 1 10 50 100 200

A 0.0016 0.0017 0.0027 0.021 | 0.28 48

After obtaining an /-V curve from a solar cell under light illumination, Isc and Voc are
calculated according to the definitions. With assumption 1-10, /o and /ph in Equation 1-6
and Equation 1-9 can then be expressed in terms of Vo, /s, n, Rs and Rsh as

RsIsc — Voo

© ) expo —aVoc)

Io ~ (ISC —+ nkBT

1-11
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Iow + Io ~ Isc(1 + Ry/Rap) 1-12

At this step, only three unknowns Rs, Rsn and n are necessitated for describing the
experimental /-V curve, and Equation 1-9 becomes

ﬂ ~ nkBT/q +
dl ISC +1- V/Rsh + TL]{)BT/(qRSh) + (I + ISC)RS/RSh

R 1-13

Assumption 1-14 is further used for estimating the initial values of n, Rs and Rsh.

Rs/Rg, < 1 1-14

It is then feasible to estimate the initial value of Rsh using Approximation 1-15. Rsh are
usually estimated by the dynamic shunt resistance Rsno 2%, which corresponds to the
slope of the I-V curve at the short circuit condition.

dv

Rgho = —
Ol I=Igc, V=0

~ Rg, + Rs = Rgy 1-15
The other two unknowns n and Rs are correlated and can be found by fitting the
experimental data in the Vo region iteratively using a trail-and-error approach. *%

The Delta approximation method was further advanced by Zhang et al., % who
combined this method with the Lambert W function fitting method which had been
previously used to determine the ideal factor n. 120 21 All parameters can also be
estimated from one single I-V curve, by fitting the experimental curve with the analytic
solution of / given in Equation 1-7. The initial value of Rsh is also assumed to be equal to
Rsho. The only difference is that, they use approximation 1-16 to estimate the initial value
of nand Rs.

av k‘BT/q

~

—_ ~ n
dl |y _yoo.1=0 Isc + I - V/Rg,

+ Rs 1-16

Comparing approximation 1-13 with approximation 1-16, two terms in the denominator
on the right of approximation 1-13 are omitted. It can be shown that this only leads to a
less than 10% erroneousness in the denominator for RsnA > 390 Q cm? and RA < 10 Q
cm?. In many cases, these conditions are satisfied. Approximation 1-16 is then satisfied
and as a result, the slope of a plot of dV/dl as a function of kzT/q/(Isc + 1 —V /Ry,) at
V->Voc yields the ideal factor n, and the intercept yields the series resistance Rs. These
two estimated values are then used as the initial values of n and Rs for further fittings.
For simplicity, the approximated expressions of /o and /ph given in 1-11 and 1-12 are used
to simplify Equation 1-7 and Equation 1-9. A non-linear least square fitting is finally
executed to optimize the estimated n and Rs.

We employed the Delta approximation method to extract parameters from experimental
results. Instead of using the approximated solution of /, we used the accurate solution of
I with Ip and Iph not approximated, to extract parameters by fitting an /-V curve obtained
under illumination. The same method has probably already been used in literature. (*>
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The above introduced Delta approximation method is simple and effective. For an /-V
curve with a high FF, this method works well (Figure 1-4). However, the application of
this method to a device with a low FF demands a lot of caution. The reason is that a low
FF invalidates both the assumption 1-10 and assumpation 1-14. In this case, there exists
an inflection point at 0 < V < Voc where the second derivative d?I/dV? becomes
negative. Therefore, the reliability of extracted parameters by this method from a device
strongly depends on FF.

5
—Fitting
= Experimental
=
(&]
Lo
3
5= 1 ‘ ‘
i 0 0.2 0.4 0.6
VIV

Figure 1-4 Fittings of two experimental curves with the method explained in the text. The
well fitted curve was tested from a fresh Ti-Al cell, while the S-shape curve was recorded
after exposing the cell in air for one day.

The origin of such an S-shape curve is perhaps the charge accumulation at the electrode
interfaces. 22 The accumulated charges deviate the solar cell from a standard diode
device and accordingly, Equation 1-6, which is derived from a single diode, is no longer

valid.
475 liluminated
— =Fitting K
ol —e—Dark g
== =:Simulated Dark

A

Jsc /mA/cm?

0 0‘.2 0‘.4 0.6
Voltage /V

Figure 1-5 Comparison of calculated (dotted) and measured (circled) dark current density

— voltage curves with parameters n, Rs and Rsh extracted from the related illuminated

curves (squared). The fitting curves (dashed) prove the high accuracy of the Delta

approximation method.
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Figure 1-5 shows another limitation of this extraction method, which is related with the
light intensity. The calculated dark /-V curve, according to Equation 1-6 (I, = 0), does
not agree with the measured dark /-V curve. Zhang et al. have shown that the light
intensity profoundly changes the fitted parameters. (!4 Another possible explanation may
be related with the voltage-dependent /on. 23! Therefore, parameters extracted from an
illuminated /-V curve cannot directly be used to predict the /-V characteristic of a device
in the dark. However, the extracted parameters from different J-V curves obtained under
the same light intensity can be compared between devices.

1.2. Organic solar cells

1.2.1. Brief history

OSCs discussed hereinafter specifically refer to the photovoltaic devices with both donor
and acceptor materials comprised by organic materials. The dye-sensitized solar cells
(DSSCs, also called photochemical cells 2%)) are not discussed. This is because electron
acceptors in DSSCs are usually inorganic semiconductors like ZnO or TiO,, and different
theories have been built. Other organic-inorganic hybrid p-n heterojunction solar cells
are also not discussed for the same reason.

Brief history of OSCs was summarized by Chamberlain in 1983 23 by Spanggaard and
Krebs in 2004 28], and recently by Mishra and Bauerle in 2012 271,

The study of photovoltaic effect of organic semiconductors began in the 1950s. 28 The
first p-n heterojunction organic solar cell could be traced to a report by Meier and Haus
in 1960. 2°1 A p-n heterojunction OSC giving a PCE of 0.05% under a 75 mW cm™ Xe lamp
was reported by Kudo and Moriizumi in 1981. B% A milestone efficiency of 0.95% for
heterojunction OSCs consisting of CuPc and a perylene derivative under simulated AM?2
was patented in 1979 and reported in 1986 by Tang. 3

The early study of OSCs did not draw much attention before the participation of
fullerene. The finding of the photovoltaic properties of fullerene Ce in the 1980s
accelerates the developments of OSCs with efficiencies higher than 1% since the 1990s.
Another allotrope of carbon cluster fullerene C70 has drawn even more attention as it has
stronger absorption in the visible range compared to Ces. OSCs with and without
fullerene have gone a similar way: initially thermally deposited small-molecular planar
0OSCs, and then polymer-blending OSCs.

1.2.2. Common materials

A conventional OSC comprises six layers stacked on the surface of a supporting substrate
which is normally a piece of glass or transparent plastic. These six layers include a
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transparent conductive anode (normally indium-tin-oxide, ITO), a hole-transport layer
(HTL), an electron donor, an electron acceptor, an electron-transport layer (ETL), and a
metal cathode (normally Al or Ag). Sometimes an extra encapsulation film is finally
applied on the top of the fabricated device to protect the device from a rapid decay in air.
In some cases, PALs (donor and acceptor) are doped or modified with functional dopants.
A review over 211 different organic semiconductors used in OSCs has been reviewed. 2]

The determination of which electrode acts as the anode (or cathode) in a p-n junction
device depends on the type of the adjacent buffer layer. A buffer layer may have at least
two functions on the nearby electrode. First, the buffer layer may act like a heavily doped
large-bandgap semiconductor, and thereby eliminating a rectifying junction between the
PAL and the adjacent electrode. In this case, if the buffer layer is an ETL, the adjacent
electrode acts as the cathode. An electrode acts as the anode if the adjacent buffer layer
is an HTL. Second, an ultrathin layer which contains atoms from the halogen or nitrogen
groups will substantially change the surface work function of the nearby electrode by the
formation of a surface dipole moment. 32 33]

For the anode, high work function conductors are commonly used. ITO, with a work
function of 4.7 eV, is often used as the anode of OSCs in laboratory researches. However,
due to the rigidity of the ITO as well as the scarcity of indium, a variety of candidates of
the ITO anode have been reported in recent years. For example, Ag (or Au)-grid
PEDOT:PSS or even only PEDOT:PSS 3% has been used as the anodes (including HTLs) to
fabricate inverted-structure OSCs. Another attractive candidate is a transparent MoOy
(40nm)/Ag (13 nm)/MoOx (5nm) sandwich structure. This anode has been used to
fabricate organic PV sub-modules, which demand a low resistant electrode to reduce the
drop of FF with the increase of active area. 3> Another similar anode made up of MoO3
(5 nm)/Ag (< 30 nm) has been used to fabricate the so-called see-through power-
generation window, which might see possible applications in decoration. 3¢ Other novel
anodes like the single-wall carbon nanotube (SWNT) 7], the chemical vapor deposited
(CVD) graphene [ have also been used as the anodes of OSCs in literature.

For the HTL, PEDOT:PSS and MoOs; are commonly used. PEDOT:PSS composes of a
polyelectrolyte sodium poly(styrene sulfonate) (Na*PSS’) and a transparent conductive
polymer Poly(3,4-ethylenedioxythiophene) (PEDOT). PEDOT is featured by its electrical
and thermal stability, but it agglomerates readily. Na*PSS™ can disperse PEDQOT in an
aqueous solution or on a substrate. The electric conductivity of a PEDOT:PSS film can be
dramatically improved by adding polar additives or by a hot-rinsing treatment of spin-
coated films with polar solvents. 38 However, when PEDOT:PSS is used as the HTL, the
improvement of its electric conductivity rarely contributes to the performance of OSCs.
391 As pointed out by Forrest et al., the big series resistance of a PEDOT:PSS device does
not originate from the bulk resistance of the PEDOT:PSS layer. MoOs, having a p-type
doping characteristic, 4% has also been used in organic solar cells as an HTL.

Common donors used in polymeric BHJ-OSCs include poly[(3-hexylthiophene)-2,5-diyl]
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(P3HT), or poly(4,8-di(2-ethylhexyloxyl)benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)-alt-(5-
octylthieno[3,4-c]pyrrole-4,6-dione-1,3-diyl) (PBDTTPD). The latter has a low bandgap,
thereby giving a high Voc and PCE. The most commonly used small-molecular donors in
OSCs are metal phthalocyanines (MPc). The molecular structure of copper
phthalocyanine (CuPc) is shown on the left of Figure 1-6.

Most Pcs have polymorphism, leading to different molecular stacking patterns on the
surface of a substrate. For example, CuPc has at least eight different crystalline forms
while a-CuPc and B-CuPc are two common forms. CuPc precipitated from concentrated
sulfuric acid is usually a-CuPc, the red shade blue pigment, while CuPc sublimated in
vacuum is usually B-CuPc, the green shade and more stable pigment. Pcs have two strong
absorption bands in the visible spectra. The bluish color comes from a strong absorption
at 650 nm, which is called a Q-band, while the other absorption at 370 nm is called a B-
band (also called a Soret-band). The absorption peaks of the Q-band are usually used to
tell the form the Pc. As a rule of thumb, the B-form Pc has a stronger absorption at the
longer wavelength side, while the a-form has a stronger absorption at the shorter
wavelength side. Molecular orbital theory shows that both the Q band and B band
originate from the electron transition from the center to the periphery of the molecule
(m-m* transition). Substitution of the peripheral hydrogen atoms with electron-
withdrawing elements like F will lower these bands.

Figure 1-6 Molecular structure of copper phthalocyanine CuPc on the left, and fullerene
Ceo (side view) on the right.

For the acceptor, fullerene Cso, C70 and their derivatives are most commonly used. The
molecular structure of Cso is shown on the right of Figure 1-6. Fullerene has a high
electron affinity, and is prone to forming charge-transfer excitons with donor molecules
under light irradiation. Its molecular frame is very stable under normal conditions. One
special feature of this cage-shape molecule is that it rotates freely in three dimensions at
room temperature. ! Fullerene undergoes a phase transition (face-centered cubic at
room temperature to simple cubic below 260 K) during which the swift rotation of the
molecular cages in two directions becomes frozen.

For the ETL, BCP and LiF are two common choices. Although the ETL layer is usually very
thin, it essentially influences the stability of fabricated devices. Aluminum is very
sensitive to oxygen and water at room temperature. However, the existence of fullerene
on the surface of aluminum will significantly passivate the surface of the aluminum due
to the hydrophobic nature of fullerene, and therefore, the resistance of aluminum
cathode to water vapor is dramatically improved. 42
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For the cathode, aluminum and silver are two common choices. Two advantages of
aluminum are the low weight and the good match of its work function with the electron
affinity of fullerene.

An ultrathin functional metal layer is sometimes used to reduce the work function of the
cathode. For example, samarium (1 nm) and aluminum (80 nm) bilayer cathodes are
sometimes used as the cathode. 31 An ultrathin layer (1 nm) of lithium fluoride (LiF) can
reduce the work function of aluminum through an interfacial reaction between
aluminum and lithium fluoride. 4 One effect of the active metals on the fullerene is
perhaps the doping of fullerene during which the metals improve the electric
conductivity of fullerene at a low doping level. It notes that this doping will be dedoped
by air. [4°]

For the encapsulation materials, glass plates with UV curing epoxy resins are the most
common and effective method. ¢! Polymeric like PDMS plates with a high transparency
in the visible spectra, has also been used to encapsulate OSCs. [#7]

1.2.3. Thin-film fabrication methods

Vacuum deposition and solution coating are two main fabrication methods of OSCs. The
former includes thermal evaporation, chemical vapor deposition, radio frequency
sputtering and electron beam sputtering, etc. By controlling the deposition speed and
substrate temperature, etc, the vacuum methods are able to control the morphology and
even the crystalline orientation of the deposited films. Therefore, the vacuum deposition
gives a high repeatability, which reflects the high reliability of these methods.
Nevertheless, the sophisticated vacuum equipment will no doubt increase the cost of
fabrication.

The solution processes used in the research of OSCs include spin-coating, Langmuir-
Blodgett (LB), sol-gel, chemical self-assembly, electrical Layer-by-Layer (eLbL) assembly,
stamp-transfer, inkjet-printing, and roll-to-roll processing, etc. 8 Schmidt-Mende et al.
use self-assembly discotic liquid crystals to fabricate BHJ-OSCs. “°! Krebs et al. use all
aqueous media to print OSCs including the anode. They use ITO as the cathode, and
other materials either being dissolved or dispersed in water-contained media, to
fabricate OSCs. The introduction of ether groups onto both active materials facilitates the
water solubility as well as the removal of the side chains during heat treatments. [0

1.2.4. Three types of organic solar cells

1.2.4.1. Schottky-junction organic solar cells

As mentioned above, a Schottky junction in a metal-semiconductor-metal structure
rectifies the photocurrent. Therefore, a monolayer OSC is capable of converting light
illumination into the electric current. However, PCE of a monolayer OSC is relatively low,
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as the separation of excitons occurs merely at the interface of the electrode.

A PCE of 0.7% under 78 mW cm light illumination area in a Schottky-junction OSC with a
metal-oxide-organic semiconductor-metal structure: Al/Al,Os/merocyanine dye/Ag was
reported by Morel et al. in 1978. BY The significance of forming an oxide layer in the
junction was also emphasized in their report.

1.2.4.2. Planar heterojunction organic solar cells

Most organic solar cells employ D-A heterojunction structures to separate opposite
charges in excitons. Small-molecular solar cells offer greater flexibility in the device stack
over polymer solar cells due to the easier deposition of multiple layers. ]

Many small-molecular organic semiconductors have been synthesized and used to
absorb light in OSCs. Two popular structures are phthalocyanines (Pcs, green to blue
color) and perylene derivatives, e.g. diindenoperylene (DIP, a red pigment). Examples of
Pcs will be discussed in Chapter 2. DIP has been used by Briitting et al. to fabricate planar
heterojunction OSCs with a high FF of 74.3%, a Voc of 0.93 V and a final PCE of 3.9 %. >3]

Forrest et al. report planar OSCs based on CuPc and Ceo giving a PCE as high as 4.2%
under 4-12 suns simulated AM1.5G illumination. (8 Such a high performance is partially
attributed to the significantly reduced series resistance (0.1 Q cm?) without using HTL, as
the common HTL PEDOT:PSS sometimes leads to an RsA as large as 400 Q cm?. They also
point out that the large RsA of the devices with PEDOT:PSS perhaps comes from a poor
interfacial contact between CuPc and PEDOT:PSS, rather than the bulk resistance of the
PEODT:PSS layer.

Nevertheless, one drawback of the planar heterojunction OSCs is the relatively short
diffusion length of singlet excitons Lex, Which is generally 5—30 nm. ¥ Meanwhile the
optical absorption length, given by 1/a (reciprocal of the absorption coefficient), is
usually 0.1—1 pm for most organic semiconductors. > L., < 1/a, and therefore, only a
small fraction of photons can be harvested in a planar configuration.

1.2.4.3. Bulk-heterojunction organic solar cells

A prototype of the blending bulk-heterojunction (BHJ) OSCs was first reported by Loutfy
and Sharp in 1979. In that report, x-form H;Pc and polyvinyl alcohol mixed in methylene
chloride were ball-milled and then coated onto a semitransparent plate (coated with
Sn0,/Sb) forming a PAL with a thickness of 1.8—4.5 um, and an aluminum cathode was
finally deposited. °6! Minami et al. later showed that the polymers having polar groups
such as halogen or cyano give larger Js in this type of BHJ-OSCs in 1983. 7]

Hiramoto et al. reported the so-called p-i-n BHJ-OSCs by codepositing a blend layer
between the donor (H2Pc) and the acceptor (perylene tetracarboxylic derivative, Me-PTC)
in 1991. B8 They found that the internal quantum efficiency is improved about twice by
the p-i-n structure, in spite of the fact that the recombination in the blend layer is much
likely to occur.
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Wudl et al. reported a photoinduced charge transfer from a conducting polymer onto
fullerene Cgo in 1992. 1 This finding essentially opened a brand new window for organic
solar cells. One year later, they reported the first polymeric BHJ-OSCs with fullerene as
the acceptor, and poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-
PPV) as the donor, which was the prototype of the majority of modern OSCs. (6%

A soluble fullerene derivative [6,6]-phenyl Ce1-butyric acid methyl ester (PCs1BM) which
has similar energy levels with Ce, was synthesized by Wudl et al. in 1995. [©1
Simultaneously, they blended the fullerene derivatives in the bulk of PPV, and reported
the first PCBM based polymeric BHJ-OSC. 7]

A new soluble Ceo derivative, indene—-Cego bisadduct (ICBA), with a LUMO energy level 0.17
eV higher (smaller absolute value) than that of PCs1BM was synthesized by He et al. in
2010. %2 Devices based on this acceptor show an improved Voc of 0.84 V and PCE of
5.44% under AM1.5.

Compared with the above Cgo derivatives, analogous Cyo derivatives are more thermally
stable and show stronger absorption in the visible range of the solar spectra, owing to its
lower symmetry compared to Cso. PC71BM is currently widely used to fabricate OSCs with
PCE higher than 6%, and internal quantum efficiency close to 100%. (63!

Besides the polymeric BHJ-OSCs, small-molecular BHJ-OSCs also have a promising future.
A record PCE of 6.7% under AM 1.5G irradiation (100 mW cm™) for single-junction
organic solar cells has been achieved for small-molecular BHJ-OSCs using 5,5’-bis{(4-(7-
hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine}-3,3’-di-2-
ethylhexylsilylene-2,2’-bithiophene, DTS(PTTh,),, as the donor material, PC71BM as the
acceptor, and 1,8-diiodooctane (DIO) as an additive which improves the phase separation
of the blend. 64

One indispensable step in the fabrication of solution processed BHJ-OSCs is an annealing
of the blending organic layer prior to the deposition of the top electrode. The annealing
has two functions. The first one is to remove residue solvents, and the second one is to
improve carrier mobilities by crystallization. [®°]

One drawback of solution-processed polymeric BHJ-OSCs is the segregation of
components due to a limited miscibility, which in turn affects the overall device’s
efficiency in a long term. [6€!

1.2.5. Efficiency

The generation of photocurrent in heterojunction OSCs needs to overcome obstacles in
steps 1—5 as shown in Figure 1-7:

1. The forbidden band gap E; (the energy gap between HOMO and LUMO);

2. The low diffusion length of excitons in organic semiconductors with a relatively low
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dielectric constant (the dielectric constant € is 11.79 in crystalline silicon at room
temperature, whereas about 3 in organic semiconductors [©7));

3. The recombination of excited charges at the D-A interface;

4. For polymeric semiconductors: the relaxation of hot charge-transfer states, forming
localized polarons (charges together with the geometrical deformation of polymeric
chains); 3 For small-molecular semiconductors: the Coulomb attraction between
oppositely charged ions;

5. The low or imbalanced carrier mobility in semiconductors, or charge traps, or the
formation of polarons mainly in polymeric semiconductors.

Figure 1-7 Scheme of the photocurrent generation in an organic solar cell. 1) A photon
excites an electron to the higher-energy level (LUMO), during which an exciton is
simultaneously formed; 2) Diffusion of the exciton towards the D-A interface; 3) Charge
transfers at the interface, forming a geminate electron-hole pair; 4) Delocalization of the
cooled excited states; 5) Separated charges diffuse in the semiconductor towards
electrodes, driven either by the field formed by the difference between the electrode
work functions, or by the selectively transporting buffer layers.

For organic solar cells, the fill factor may decrease due to the buildup of space charges
caused by the imbalance of the mobilities between holes in the donor and electrons in
the acceptor. 22! The consequential S-shape curve gives a small FF (Figure 1-4). The
maximum ratio allowed for these two mobilities is suggested to be two orders of
magnitude. Otherwise, a buildup of space charges will be formed, and both the
photocurrent and fill factor will be impaired. [¢°]

Usually, Rsh is large enough, and Voc depends on the potential drop at the interface
where excitons are separated. If the charge separation interface is a Schottky junction
interface, Voc depends on the difference between the work functions of electrodes. 68 Or
if the charge-separation interface is a D-A heterojunction interface with no Schottky
interface in the device, Voc depends on the difference between the Ey of the donor
(HOMO) and the Ec of acceptor (LUMO). In this latter case, an empirical formula for
estimating the Voc of an OSC is

Voc = (1/q)(|ERRS| — |ELSRe) — 0.3 V 1-17
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where g is the elementary charge. The value of 0.3 V in Equation 1-17 is an empirical
factor (0.24 V is also given in another reference ). This formula is summarized upon 26
OSCs with an identical stack of the same fullerene and different donors having different
HOMO levels. The blending PALs are doctor-bladed onto PEDOT:PSS. [7°]

External quantum efficiency (EQE) is defined as the ratio of the short-circuit current to
the incident photon flux. It composes of the absorption and the internal quantum
efficiency (IQE). The former is determined by the thickness, the distribution of light
intensity in the PALs and the absorption coefficient a of the PALs (suppose no scattering
occurs). The IQE is defined by the ratio of the short-circuit current to the absorbed
photon flux, and is reported to be close to 100% in fullerene based bulk-heterojunction
organic solar cells.
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Figure 1-8 Energy density of AM1.5 (blue curve) solar light, as well as the calculated
efficiency of solar cells with different £; of different donor materials, and different energy
offsets Eofrset (0, 0.3, 1.0 eV). Each incident photon is assumed to have a 65% chance of
successfully generating an electron which can then flow in the external circuit (EQE =
0.65). FFis set to 0.65. The colored patch is cut off at 1.8 eV.

Figure 1-8 shows the energy distribution of the AM1.5 solar light. It also shows the
estimated PCE of a fullerene-based OSC with donors having different energy levels under
AM1.5. The excitons generated in fullerene is not considered because of its low
absorption in the visible range. The 0.3 eV loss of voltage in the second equation comes
from Equation 1-17. An energy offset between the LUMO of the donor and the LUMO of
the donor fullerene (4.2 eV) is indispensable for separating the excited charges at the p-n
interface.

Figure 1-8 suggests that a material with an E, of 5.4 eV, and a bandgap of 1.4 eV is most
suitable for coupling with fullerene to make high-efficiency heterojunction 0OSCs. 7% A
small-molecular OSC with a Voc of 0.86 V and PCE of 6.3% is fabricated by co-depositing
2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine (DIB-SQ) and Cz. The
squaraine derivative has a bandgap of 1.7 eV and an HOMO of 5.3 eV. ["1]
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1.3. Stability of organic solar cells

Although a certificated PCE of 10.6% has been achieved for tandem organic solar cells by
2012. "2 Their stability still demands to be deeply studied. To make OSCs work efficiently
and durably simultaneously is an urgent technical issue ahead of researchers.

Just as the electronic properties of semiconductors change dramatically with the
presence of impurities, the performance, repeatability and stability of organic solar cells
are generally low. Efficiency, manufacturing feasibility and stability constitute three major
issues in OSCs. 73! |n this section, the degradation occurring in OSCs is discussed.

1.3.1. Degradation

The stability of OSCs currently falls behind their analogue OLEDs. It falls even farther
behind their inorganic counterparts ISCs. Improvements of the stability of OSCs are
urgently demanded before they can be commercialized. Many efforts have been
endeavored to the study of stability of OSCs in recent years, and a consensus on the
scientific reports of stability of OSCs between different laboratories has been reached in
2011. 74

The degradation of OSCs includes both intrinsic and extrinsic degradation. The intrinsic
degradation of OSCs usually refers to the degradation inside the devices. It occurs even
when the devices are stored in an air-free environment. The extrinsic degradation of
OSCs normally refers to the degradation caused by exterior factors. It mainly includes the
degradation triggered by the intrusion of oxygen and water.

The intrinsic degradation originates from the thermal diffusion of comprising materials at
interfaces, including the phase separation at interfaces of the cathode where exists an
intrinsic stress [*® 751 the phase segregation at the interface of semiconductors [’®1and
the inter-diffusion at the interfaces of buffer layers 771, Heating ["*! or intense irradiation
(also its thermal effect) will accelerate the intrinsic degradation. The metal/organic
interface is a significant source of degradation of BHJ-OSCs stored in an inert
atmosphere. 78 Morphological evolution inside the BHJ-OSCs is reviewed, ?! and the
intrinsic degradation due to the phase-segregation of the active materials in BHJ-OSCs is
physically modelled. [7¢]

For small-molecular OSCs, the interdiffusion of buffer layers plays a role in the intrinsic
degradation. /7] Metal phthalocyanines and fullerene are intrinsically (thermally) stable
materials, and are suggested to be suitable for fabricating OSCs stable on a time scale of
thousands of hours with proper protection from air. 52! Besides, the etching of ITO anode

by the PEDOT:PSS buffer layer perhaps also plays a role during the intrinsic degradation.
(80]

Intrusions of oxygen and water are two main causes of the extrinsic degradation. There
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has been an argument on the relative significance between these two factors in
literature. One indisputable fact is that although OSCs and OLEDs are based on similar
materials and working with almost opposite mechanisms, OSCs are usually less stable
than OLEDs. The divergence between their stability is presumably related with the
special acceptor material used in OSCs, the fullerene. The electron-transport properties
of fullerene suffer much from the exposure to oxygen in air.

Most of the reported air-stable OSCs are either fabricated with an inverted structure with
cathode and ETL layer inside the device or stored on the shelf in the dark. The reported
half-shelf-lives of unencapsulated OSCs in literature reached three months (about 2000
h), as reported separately by Ferreira et al. in 2011 8% and by Worfolk et al. in 2012 82,
The former group reported BHJ-OSCs with an ETL of sol-gel ZnO nanoparticles, whereas
the latter group reported inverted-structure polymeric BHJ-OSCs with modified ITO as
the cathode. One interesting deduction from these two reports is that although
aluminum cathodes were exposed in air in both cases, the devices still showed such high
shelf stability. This suggests that the oxidization of the aluminum cathode during the
extrinsic degradation of OSCs is perhaps not as serious as it may be suspected to be.
When comparing the stability of encapsulated devices with ETLs of ZnO or Cs doped TiO;,
You et al. suggest that devices based on the former have better stability. (33!

1.3.2. Oxygen

Oxygen is normally a p-type dopant (trapping electrons) in organic semiconductors.
Therefore, the electronic properties of layers in which holes are the majority carriers may
possibly be enhanced by oxygen. On the contrary, the layers in which electrons are the
majority carriers will suffer from the existence of oxygen. The latter includes the ETL, the
acceptor and the active cathode.

One early example showing the beneficial effect of oxygen on the photovoltaic
performance of OSCs was reported by Fan and Faulkner in 1978. ¥ The cell has a
structure of Al-HyPc-Au. In this mono-PAL structure, the Schottky junction between Pc
and Al separates the photo-excited carrier pairs. Its photocurrent increases in air over the
first several days after exposure to air. This increase is explained by the increase of hole
charges in the p-type semiconductor H,Pc in the presence of oxygen.

Another evidence showing the enhancement effect of oxygen on inorganic-organic
hybrid solar cells was reported by Krebs et al. in 2006, with the help of time-of-flight
secondary ion mass spectrometry (TOF-SIMS). (851 They showed that the exposure of OSCs
to oxygen is crucial for a good function of the devices, although it slowly ages devices in a
long term.

More often is a normal structure in which the acceptor/ETL/cathode is outside of the
device (close to air). And for this stacking order, oxygen is generally considered as an
unwanted substance. Besides the possible photo-oxidation of unsaturated
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semiconductors, the destructive effects of oxygen on the electronic properties of the
common acceptor fullerene are also well-known. One counter example of this is reported
by Wang et al., ] who show that the shelf lives of fabricated small-molecular OSCs can
be greatly improved to about 950 h in air by reversely stacking CuPc and Ceo. In this case,
the ambient oxygen takes a long time to arrive at the acceptor fullerene layer.

The deteriorating effect of oxygen on the photovoltaic performance of OSCs has been
comprehensively studied quantitatively by probing the oxygen contents at cathode-
acceptor interfaces along with the degradation of a series of OSCs by Krebs’s group in
2012. 7] Their results show that oxygen accumulates in the organic layers during the
extrinsic degradation of OSCs, especially when the devices are subjected to intense
illuminations.

The effect of oxygen on the cathodes of OSCs may vary at different degradation stages
depending on the thicknesses and conductivities of the formed oxides. If the oxide layer
is (semi-) conducting, or if it is insulating but is thin enough (e.g. < 3 nm), electron can
pass readily this layer (by tunneling in the latter case). However, if the oxide is insulating
and thicker than 4 nm, the electron tunneling will significantly diminish at this interface.

84 The charge blocking effect of the aluminum oxides formed in air has been suggested.
(88]

1.3.3. Water

In some cases, the effect of oxygen is not as significant as water on the extrinsic
degradation of OSCs (as the case in OLEDs [*¢)). One example was reported by Krebs et al.
in 2008. % They introduced a polymeric donor having ester groups on the side chain,
and found that the organic solar cells with this polymer show a very high resistance
toward oxygen, but very low resistance toward water.

Unlike the double effects of oxygen on photovoltaics, almost no beneficial effect of water
on the stability of OSCs has ever been suggested. The effect of humidity has been
suggested to play a role in the degradation of OSCs, particularly in those with hydrophilic
buffer layers, like an HTL of PEDOT:PSS % or an ETL of BCP or BPhen Y, The physical
swelling of these materials, as well as the corrosion of the active cathodes in the
presence of water may accelerate the degradation of OSCs. The ratio of partial pressure
of water to the saturated vapor pressure is described as the relative humidity (RH).
Exposure in a high RH (over 90%) for a long period may cause a serious rupture of the
cathode of an OSC, as shown in Chapter 5.

The diffusion of water in the aluminum cathode was suggested to proceed through the
grain-boundaries by Krebs et al. in 2008, using isotope-labelled H,'20. °° They showed
that 90% RH induces the rapid degradation of BHJ-OSCs, and further concluded that
water passes the grain boundaries in the aluminum cathode even in the dark, and the
penetrated water continues diffusing vertically throughout the PALs until the ITO layer.
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The vertical diffusion of water in the PALs was found to be accelerated by light
irradiation. A model based on the vertical diffusion of water through the encapsulation
film and aluminum film in encapsulated OSCs with various encapsulation films was then
reported. (°%

It should be noted that humidity generally affects OSCs seriously at a relatively high RH
(>80% for example [#71), which suggests that the effect of humidity is perhaps not linear
to RH.

1.3.4. Light irradiation

Light irradiation may cause the photo-degradation of organic semiconductors, which
contains unsaturated chemical bonds. The photochemical stability of organic solar cells
has been reviewed in reference. 13

For the extrinsic degradation, light irradiation accelerates the diffusion of oxygen and
water in the bulk of organic PALs. ** %3] The short-wavelength part further accelerates the
photochemical oxidation of the organic materials.

Besides accelerating extrinsic degradation, the thermal effect of light irradiation may also
accelerate the intrinsic degradation of OSCs. The interdiffusion of buffer layers into
organic layers in small-molecular OSCs will be accelerated by intense light illuminations.

1.4. Aim of this study

Stability is the biggest issue in organic semiconductor devices, including organic light-
emitting diodes, ¢! and organic solar cells, etc. Serious degradation in air limits wide
applications of these flexible, light-weight and low-cost devices. Studying the stability of
organic solar cells will help us understand degradation mechanisms and improve the
stability of these devices.

Organic solar cells are considered as one of the green ways to harvest the massive solar
energy. Over the course of the past few years, organic solar cells have been extensively
studied with thousands of scientific papers published each year. The manufacturing aim
of organic solar cells is to realize an avenue of harvesting solar energy. The total energy
output of a fabricated solar cell equals the product of its efficiency and lifetime. In the
past two decades, the efficiency has been remarkably improved through many
approaches like broadening the absorption ranges in the solar spectra. Stability is
another important indicator of how good a solar cell is. The shelf-lives of organic solar
cells exposed in air have been substantially improved to thousands of hours in the past
few years. 3] These efforts have made organic solar cells both scientifically attractive,
and technologically important.

Organic solar cells convert photo-energy to electric energy in air. Under light irradiation,
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the unsaturated organic semiconductors in the cells are prone to photolysis and photo-
oxidation. To prevent the photo-oxidation, fabricated solar cells need to be perfectly
encapsulated with thick glass plates, which are stiff. Even in the encapsulated devices,
slow penetration of air often occurs. It demands that the fabricated devices should be
highly resistant to air under light irradiation. In other words, organic solar cells need to
be both intrinsically and extrinsically stable. Therefore, it is extremely important to
understand the degradation mechanisms of the unencapsulated organic solar cells under
light irradiation in air.

One ultimate challenge in studying the degradation of organic solar cells is to quantify
the contribution from each degradation mechanism to the overall degradation of the
photovoltaic performance. 1 A simple degradation model is the key of both
understanding and preventing the degradation of organic solar cells. However, the
ordinarily various and intricate fabrication procedures of organic solar cells and the lack
of an accurate control of storage conditions make it extremely challenging to build a
simple and systematical model of the degradation of organic solar cells in air. Until now,
few studies have investigated the dynamical degradation models of organic solar cells.

Small-molecular organic solar cells with PALs composed of CuPc and Cgo represent the
simplest planar structure of a heterojunction organic solar cell. Both materials have
already been widely studied in many areas for many years, and their physical and
chemical properties have been well established. These well-established properties make
physical modelling the extrinsic degradation of this system feasible, reliable and widely
applicable. Another important feature of these two materials is that both of them are
environmentally friendly. In this study, we have built a simple model for the extrinsic
degradation of small-molecular organic solar cells, based on detailed experimental
observations. Experimental observations over decades of devices agree well with this
model.

Besides the quantitative analysis of the extrinsic degradation of OSCs, it is also important
to prevent the extrinsic degradation with some simple and economical method. Several
approaches have been reported to be capable of stabilizing unencapsulated organic solar
cells. Referring to the commercialized OLEDs, a minimum shelf-life on a time scale of a
year is necessitated.

Using metal oxides as the ETL has been the most effective way to fabricate the so-called
air-stable organic solar cells which usually refer to the unencapsulated devices with half-
shelf-lives exceeding several weeks. This method could have improved the half-shelf-lives
of unencapsulated organic solar cells to about three months in the dark. From a practical
point of view, such a life time is far from sufficient. The shelf stability needs to get greatly
improved before the organic solar cells are capable of genuinely harvesting energy from
the massive solar radiation. Besides, these metal oxides are usually solution-processed in
several steps, thereby consuming much time. Their applications to the fast vacuum-
processed devices are limited.
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To overcome the above issues, we need to find a material that could scavenge oxygen
but not block the electron transport in devices and more importantly, it should be
processed easily and economically. In this study, we could have realized an average half-
shelf-life of a year for unencapsulated small-molecular organic solar cells by inserting an
ultrathin titanium layer beneath the widely-used aluminum cathode.

Organic solar cells are supposed to work stably under solar light. Therefore, air-stable
OSCs are expected to withstand continuous light irradiation, under which the weathering
stability is more important than the aforementioned shelf stability. The weathering tests
reflect the real stability of fabricated devices under a relatively harsh condition. We have
tested the weathering stability of the bilayer-cathode devices in this thesis.

The stabilization mechanisms of metal oxides buffer layers have been suggested to be an
oxygen-scavenging effect. Devices with bilayer cathodes show superior shelf stability
than the devices with metal oxides. By probing the mechanisms behind these really air-
stable bilayer-cathode devices, we improve our understanding of the degradation of
unencapsulated small-molecular organic solar cells. This improved understanding makes
us believe that the stability of organic solar cells in air can be finally improved to a
practically usable level with an economic, efficient and simple method. The stability of
organic solar cells will not necessarily be an insurmountable problem for
commercialization.

1.5. Contents of this thesis

The content of this thesis is composed of six chapters. The first chapter describes the
background, and the second chapter describes the experimental. The 3rd chapter
describes the experimental results, and the 4th chapter discusses several models for
fitting various experimentally recorded degradation curves. The 5th chapter discusses a
novel Ti-Al bilayer cathode, which improves the stability of organic solar cells. The 6th
chapter is the conclusion chapter. The following explains the main contents in each
chapter.

Chapter 1. Introduction

This chapter includes motivation and aim of this study, general principles of photovoltaic,
milestones in the history and core terms widely used in organic solar cells. Important
factors influencing the stability of unencapsulated organic solar cells, including oxygen,
water and light, are also discussed.

Chapter 2. Experiments

Functionality and purification of materials, and vacuum equipment used in this study are
discussed. Fabrication procedures of devices with a structure of ITO/PEDOT:PSS (or
MoOs3)/CuPc/Ceo/BCP (or LiF)/Al are explained in detail. Several techniques used for
characterizing organic solar cells are demonstrated, including sheet resistivity, crystalline
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form, UV-visible absorption, surface morphology, and the spatial distribution of
elements, etc. We also comment on the aperture method that is considered as the
accurate photovoltaic measurement method of organic solar cells.

Chapter 3. Light-induced degradation

In this chapter, we show effects of light on the degradation of unencapsulated organic
solar cells in different degradation stages stored either in air or in vacuum. In air, among
devices fabricated in one batch, those stored in a dark box degrade relatively slowly than
those stored under fluorescent lamps. In vacuum, organic solar cells reach equilibrium
after consuming adsorbed oxygen under light irradiation, and this equilibrium will be
broken by exposure to air. The synergistic effect of oxygen and light irradiation on the
degradation of organic solar cells is accordingly evidenced. Detailed experimental results
show that the light-induced degradation in small-molecular organic solar cells is related
with the photo-aging of the acceptor layer, i.e. the fullerene layer.

Chapter 4. Modeling of degradation curves

In this chapter, we propose models to explain extrinsic degradation curves of
unencapsulated organic solar cells stored on the shelf. When oxygen is considered as the
major cause of the extrinsic degradation, a lateral diffusion model of oxygen in fullerene
layers agrees the best with experimental observations. According to simulations with this
diffusion model, microscopic pinholes in the aluminum cathode are insufficient to cause
the rapid degradation of an unencapsulated OSC in the initial few hours. Instead, we
hypothesize that oxygen can also pass parts of grain-boundaries in the cathode that are
wide enough. Combined this model with experimental observations, we propose that the
diffusion constant of oxygen in fullerene is increased at least sevenfold under fluorescent
lamps.

Chapter 5. Titanium-aluminum bilayer cathode

In this chapter, we systematically examine novel bilayer cathodes. As discussed in
previous chapters, intrusion of air from pinholes and grain-boundaries in the cathode
causes the main short-term degradation. To eliminate the intrusion of air, we replace the
traditional aluminum cathode with a titanium-aluminum bilayer cathode. This novel
bilayer cathode dramatically improves the life time of an unencapsulated organic solar
cell stored in air by three orders of magnitude, i.e. from a few hours to thousands of
hours. We compare effects of different buffer layers on the stability of both aluminum
and aluminum-titanium devices. Bilayer-cathode devices with BCP as the electron
transport layers and PEDOT:PSS as the hole transport layers perform the best. Effects of
humidity on the stability of devices with different cathodes or different buffer layers are
discussed. Aluminum devices cannot resist RH > 50%. On the contrary, aluminum-
titanium devices are highly resistant to ordinary humidity, although the bilayer cathodes
are ruptured under RH > 90%. In order to investigate the stabilization mechanisms of the
bilayer cathode, we check both surface morphology with AFM and elemental depth
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profiles with TOF-SIMS of devices with different cathodes. According to the experimental
results, the stabilization mechanisms of bilayer cathode are proposed as:

. The titanium layer eliminates microscopic pinholes in the aluminum cathode;

. The titanium layer hinders the interdiffusion of LiF and aluminum to organic
layers;

. The aluminum layer improves the oxygen scavenging capability of the titanium

layer, during which aluminum gets passivated and suppresses further oxygen intrusion.
Besides, we speculate that the titanium layer also protects aluminum from corrosion.
Chapter 6: Conclusions

In this chapter, we summarize our experimental observations and proposed theories.
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Chapter 2. Experiments

In this Chapter, we discuss materials and techniques used in this study.

2.1. Materials

2.1.1. Photoactive materials

Metal phthalocyanines (MPcs) and fullerene (Ceo) were used as the photoactive
materials. The term of phthalocyanine was coined by R. Linstead in 1933. The central
hydrogen atoms of H,Pc can be substituted by more than 70 metal atoms. By further
substituting the peripheral hydrogen atoms, over 5000 phthalocyanine compounds had
been prepared by 1990. Copper phthalocyanine (CuPc) is the most sought after
phthalocyanine. It can be synthesized in two ways, either from copper and o-
dicyanobenzene, % or from urea, phthalic anhydride, cuprous chloride and ammonium
molybdate, either in or without solvent, with reaction at 200 °C. [*7]

When used in OSCs, Pcs usually give a relatively low Voc. Nevertheless, many researchers
have proven that Pcs are promising components of OSCs due to their high thermal
stability and strong absorption in the visible part of solar spectra. Besides the CuPc, non-
metal phthalocyanine (H2Pc) or Zinc phthalocyanine (ZnPc) are also very popular Pcs and
have been widely used in OSCs. These two Pcs are usually used to fabricate the so-called
p-i-n OSCs. % %81 Hiramoto et al. have made OSCs with a PCE of 5.3% using a very thick
(960 nm) blending i-interlayer of HyPc:Ceo. °*! They annealed the device during the
codeposition to enhance the device performance. High purities of these two source
materials are also indispensable to the increased thickness of the blending interlayer.

Interestingly, CuPc:Ceo blend was suggested to be not suitable for such a p-i-n structure.
(53]

The term of fullerene was coined by Kroto and Smalley in 1985. 1% |t is used to denote
the whole class of closed-cage carbon allotropes. The structure of Ceo and Cyo satisfies
both the Euler’s theorem and the isolated pentagon rule. The former confines the
number of hexagons of a cage composed of only pentagons and hexagons to be 12, while
the latter confines the pentagons not adjacent to one another. Abundant Ceo can be
formed in vaporized graphite because the Cso molecule can withstand collisions with
species in the energy range of hundreds of eV and heating to above 1000 °C. [101]

Ceo is usually extracted from the soot produced from electric arcs between two graphite
electrodes that are mounted in an inert atmosphere. In another thermal preparation
approach, source graphite is first vaporized by heating at 1300 °C, and then Cgo is
generated upon quenching (e.g. > 100 Torr He). (1% Fullerene Ceo has a characteristic

Dissertation Tokyo Institute of Technology Cao Huangi



Chapter 2 Experiments 29

Raman shift at 1467 cm™, ! and four lines in IR absorption spectra at 527, 577, 1183,
1428 cm™t, [103]

Both Pcs and Ceo have been suggested to have no adverse effects on human health. 7
101 Therefore, devices made from these two materials normally cause no environmental
problems. They are also exceptionally chemically stable under a normal storage
condition.

2.1.2. Electrode and buffer layer materials

Indium tin oxide (ITO) and aluminum were used as the electrodes. ITO has a very high
transparency in the visible spectra, and at the same time a high electric conductivity at
room temperature. Besides, it is stable under normal storage conditions. Therefore, it
has dominated transparent electrodes of thin-film electronic devices.

PEDOT:PSS and molybdenum trioxide (MoOs) were two HTLs used in this study. It notes
that MoOs is not transparent to visible light, as shown in Figure 2—9. PEDOT:PSS is prone
to absorbing water in air. By substituting PSS™ in PEODT:PSS with a neutral polymer
poly(ethylene glycol), a hydrophobic conductive polymer PEDOT:PEG can be dispersed in
a mixture of nitromethane and ethanol (PEDOT-block-PEG, Aedotron P-NM). We found
that a device with PEDOT:PEG (45 nm) as the HTL showed little photovoltaic capability.
The reason was probably that PEDOT:PEG has a work function (4.3 eV 1%4) mismatching
that of either ITO or CuPc.

BCP

Figure 2—1 Chemical structure of (left) PEDOT:PSS (BAYTRON P VP Al 4083) and (right) BCP.

LiF and BCP were two ETLs used in this study. LiF has been used beneath the aluminum
cathodes of BHJ-OSCs to enhance the fill factor and stabilizes high open circuit voltage.
[105] The reason of such an enhancement is perhaps that LiF lowers the work function of
aluminum (4.16 eV = 2.75 eV). [108]

BCP (2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline, chemical structure on the right of
Figure 2—1) has been widely used as the ETL in small-molecular OSCs based on CuPc and
fullerene. A BCP layer not only blocks the transport of holes, but also facilitates the
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transport of electrons. On the other hand, several nanometers of BCP may also hinder
the interdiffusion between aluminum and fullerene. 77! Finally, a BCP layer could possibly
slow down the vertical diffusion of oxygen into the beneath fullerene layer. Nevertheless,

one drawback of BCP is that it is prone to recrystallization in a high humid environment.
(69]

Aluminum has been widely used as the cathodes of OSCs. The deposition rate of the
aluminum cathode substantially influenced the efficiency of a fabricated device. PCE of a
device increases with the deposition rate of the cathode. Kim et al. attributes it to the
formation of a flat interface between aluminum and organic layers at a relatively high
deposition rate. They observe an intermixing layer of about 4 nm existing in the device
with a slowly deposited cathode. 11071

The interdiffusion between cathode and adjacent organic layers may not only hinder the
electron transport, but also increase the possibility of an electric shortage between
electrodes inside the device. There are two possible ways to overcome such an
interdiffusion problem. One way is to cool down the substrate (with the organic layer
already deposited) during the deposition of metal, under which the metal-organic
interface has a high thermal stability. 1% Another possible way is to pre-deposit a layer
of amorphous metal oxides, which interdiffuse much slower than metals upon organic

layers. 1109
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Figure 2-2 (left) schematic diagram of the stack structure of the devices mentioned in this
study. (Right) Energy levels of materials before contact.

2.2. Fabrication

Small-molecular organic solar cells with a stack structure shown on the left of Figure 2—-2
were fabricated with the following procedures. The hole transport layer (HTL) was
PEDOT:PSS or MoOs. The electron transport layer (ETL) was LiF or TiOx or BCP. The
cathode was Al or Ti or Al-Ti. Energy levels of these materials are shown on the right of
Figure 2-2. They were averaged over reported values found in literature.
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2.2.1. Equipment

A vacuum deposition system (Eiko, OLED deposition system), referred to as EL chamber
hereinafter, was used as the main vacuum-deposition apparatus, with a diagram
illustrated on the left of Figure 2-3. It has a main chamber (C1) in which the base
pressure could be reduced to 5 x 10°® Pa. A sample transporting chamber (C2) with a
base pressure of about 10 Pa is connected to the main chamber for changing deposition
masks. It allows us to consecutively deposit all films sequentially without breaking the
vacuum. The main chamber is connected to two sub-chambers for organic materials (2
and 3) and one sub-chamber for high-temperature materials (1). In sub-chamber 1, there
are a 3kW electron-beam gun (illustrated in the middle of Figure 2—3) for depositing high
melting point metals, and a K-cell type evaporator with a maximum temperature of 1700
°C for evaporating either LiF or MoOs. Organic materials, including CuPc, Ceo, and BCP,
etc. were evaporated in sub-chamber 2 or 3.

Another bell-shape chamber (on the right of Figure 2—-3) with a base pressure of 5 x 10
Pa was also used for depositing both Al and LiF of devices discussed in Chapter 3 and
Chapter 4, whereas aluminum and titanium mentioned in Chapter 5 was mainly
deposited in the EL system. It notes that the base pressure of the cathode-deposition
chamber was found to influence the stability of fabricated devices. (1%

substrate

temperature sensor

shutter

evaporating source

Pump

EL system electron beam gun bell-shape chamber

Figure 2—3 Simplified scheme of the deposition systems used in this thesis. (Left) top view
of the EL system; (middle) top view of the electron-beam gun mounted in chamber 1 of
the EL system with the deposited metal set in the crucible at position 4. Pumps 1—3
mean: a rotary pump (P1), a turbomolecular pump (TMP, P2), and a cryogenic pump (P3);
(right) side view of the bell-shape chamber.

The deposition rate I (hm/s) of a thermally deposited material is related with the source
temperature T following Equation 2-1. The 1/\/T term comes from the Langmuir
expression, 111 while the exponential term comes from the exponential relation of vapor
pressure with temperature.
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1
Fr=A- ik 10-5/T 2-1

where A and B are constants. It notes that the deposition rate at a given temperature
also depends on other factors like the target-source distance and the remained amount
of sample in the evaporation crucible, etc.

On the other hand, the thickness of a spin-coated film can be estimated by the following

equation
- n_ /L 2-2
= \/47rpw2 \/t

where n is the viscosity coefficient of the solution, p the density, w the angular velocity in
circle per minute, and t the time.

2.2.2. Purification

The purity influences the electronic properties of organic semiconductors. Although
some impurities in the source materials may enhance the performance of an 0SC, (112
according to literature, 2—3 times purifications from raw materials are usually needed.
(99,1131 Both CuPc, ZnPc and Ceo were purified with a train sublimation system (the main
part is illustrated in Figure 2—4). Similar sublimation system has been widely used in
literature. 114 A glass or quartz tube with raw materials in one side was set into a copper
tube. The end of the copper tube where raw materials were placed was then heated to a
high temperature. Inside the tube was formed a temperature gradient.

Rotary pump

C Iﬁ| I I Ar
ooling . ]
Trap j | . - E -

Residue 1 Colleted Residue 2

Temp.[

Heater

Figure 2—4 Diagram of the gradient sublimation system. Three ingredients are separated
by the temperature gradient in the tube. Some gas molecules are trapped in the cooling
trap immersed in liquid nitrogen. The lower diagram shows the cross-section of the
zoomed adapter between the glass tube and Ar inlet tube in the dotted frame. Two O-
rings (black parts) were used to seal the adaptor.
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The working principle of this system is that different materials having different
sublimation temperatures (generating a certain vapor pressure) will condense at
different regions inside the tube. The main ingredient can be separated by properly
setting a heating temperature.

In a routine experiment, fullerene (2 g, 99%, Frontier Carbon) was set into a cleaned
quartz tube (72 cm, ®4 cm) using a glassine scoop. After sealing both sides with the
adapters, the tube was pumped with a rotary pump to 5 Pa in one hour. Then Ar (>
99.999%, 0, < 0.2 ppm) was used to remove the adsorbed oxygen overnight at a rate of
10 ml mint. Then the heater was heated up to 700 °C in 4 h and kept at this temperature
for 8 h, while Ar continued to flow at a rate of 30 ml/min. The working pressure was 200—
350 Pa. It notes here that this pressure influences the size of the formed single crystal. !
After the tube cooled down to room temperature, shiny crystalline sample condensed on
the inner wall of the cooler part of the tube was collected with a plastic spatula. The
yield of Cgp increased with the number of sublimation. Generally, it was more than 70%
for the 1% sublimation starting from as-purchased soot. The purified Cso was stored in Ar
before usage.

For CuPc (> 90%, B form, Tokyo Chemical Industry Co., Ltd., TCI) and ZnPc (> 95%, TCl),
the temperatures of the heater were set to 550 °C and 570 °C, respectively. Both
materials were twice purified by sublimation.

After obtaining twice purified organic materials, we fabricated OSCs with procedures
described below.

2.2.3. ITO

The ITO layer was patterned by etching commercial ITO glass using concentrated nitric
acid and hydrochloric acid. A glass substrate with 150 nm ITO (GEOMATEC, 9 Q/square)
was cut to 1.5x1.5 cm? pieces and etched into designed patterns with acids. A stripe of
adhesive tape with a specific width was attached onto the ITO surface. The size of the
tape, with a width of either 1.05 cm or 0.3 cm, determined the ITO size. After exposing
the ITO glass pieces in the acid atmosphere for 20 min, they were rinsed with tap water.

The patterned ITO glass pieces were sequentially cleaned with distilled water, acetone
and isopropanol in an ultrasonic bath in 15 min for each solvent and then blown dry with
high pressure nitrogen.

2.2.4, PEDOT:PSS or MoO3

PEDOT:PSS solution (Baytron P VP Al 4083, structure in Figure 2—1) was treated in an
ultrasonic bath for 60 min before being filtered through a 0.45 um PVDF membrane.
PEDOT:PSS wets a hydrophilic surface. Therefore, the patterned ITO substrates were
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pretreated with UV/Os for 20 min to increase the surface hydrophilicity. Then spin-
coating was done in a clean room. For depositing a 60 nm PEDOT:PSS film, the rotating
speed increased gradually from 2000 rpm to 4000 rpm in 45s (5s—2000 rpm x 10s—
3000 rpm x 10s—4000 rpm x 20s).

The peripheral part of the PEDOT:PSS film was then wiped away with wet tissues, leaving
only the central PEDOT:PSS on ITO. And then they were baked on a 150 °C hot plate in an
Ar glove box or in a 120 °C oven in air for 30 min, and cooled down naturally over several
hours. Thickness of the PEDOT:PSS film was measured with a DEKTAK surface profiler.
Increasing w from 4000 to 5000 rpm and 8000 rpm leaded to thicknesses of about 50 nm
and 30 nm, respectively.

For devices with MoOs as the HTL, MoOs (5 nm, Wako, 99.9%) was thermally deposited
at 300—500 °C in the EL chamber.

2.2.5. CuPc and Cgp

CuPc was deposited at 0.01—0.1 nm/s in the EL chamber. Upon the CuPc film, Cso (40
nm) was sequentially deposited at 0.03—0.1 nm/s in the same chamber without
breaking the vacuum.

Organic films were then annealed in an Ar glove box at 155 °C for 10 min. After cooling
down, they were transferred to the bell-shaped chamber for depositions of the ETL and
the cathode. During the transfer, the organic layers were exposed in air twice for about
20s.

2.2.6. LiF or BCP

LiF (1—2 nm, Sigma Aldrich, 99.995%) was deposited at 0.02 nm s either in the bell-
shape chamber or in the EL chamber. BCP (8 nm, TCI, > 99.0%) was deposited at 0.1 nm s
1(200—220 °C) in the EL chamber.

2.2.7. Cathode

For cathodes of devices discussed in Chapter 3 and Chapter 4, Al (75 nm, Sigma Aldrich,
99.999%) was deposited at 0.02—0.15 nm s in the bell-shape chamber. Aluminum
cathodes of 75 nm were deposited in the bell-shape chamber.

For most devices discussed in Chapter 5, cathodes composed of Al (100 nm, Sigma
Aldrich, 99.999%) or Ti (2 to 100 nm, Nilaco, 99.5%) were deposited with the EB gun in
the EL chamber. Aluminum cathodes of 100 nm were deposited with the EB gun in the EL
chamber.
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Figure 2-5 Effect of the encapsulation on Al-OSCs stored in air. J-V curves of (a) the
unencapsulated AlI-OSC and (b) the encapsulated AI-OSC; (c, d) J-V-t valleys of the
unencapsulated device and the encapsulated device respectively, plotted by combining J-V
curves with the corresponding time calculated according to the creation time of the
related data files. The gray patch indicates the evolution of Voc. Blackish solid circles and
bluish hollow squares show evolutions of Voc and Jsc, respectively; (e, f) evolution of key
parameters of cells in (c) and (d), respectively. Values corresponding to the normalization
unity are noted in legends.

Dissertation Tokyo Institute of Technology Cao Huangi



Chapter 2 Experiments 36

2.2.8. Encapsulation

Some fabricated OSCs were encapsulated with glass pieces sealed with UV-curing resin in
an Ar glove box before being tested in air. During the UV curing the active area was
covered with a patch of polyimide tape, which is opaque to UV light. The resin was cured
in five minutes under UV light.

Comparison of an encapsulated device and an unencapsulated device from the same
batch is shown in Figure 2-5. These results were measured with a halogen lamp with a
light intensity of 80 mW cm™=.

In literature related with the shelf stability of organic solar cells, intermittently recorded
J-V curves were usually plotted in a single figure, as shown in Figure 2-5(b). However,
such a 2-D plotting becomes indecipherable when the number of J-V curves exceed:s five.
In order to show decades of J-V curves in a single decipherable figure, we plotted them
with the corresponding time in a 3-D J-V-time coordinate, in a way shown in Figure 2—
5(d). Similar figures shown hereinafter were plotted in this way, without further showing
separate J-V curves. One can consider the left front cross-section as the initial J-V curve,
and the right front cross-section as the evolution of current density at V = -0.1 V, which
resembles that of Jsc. The evolution of Voc is marked with the gray patch on the valley.
The volume of the valley visually indicates the cell's integral quality.

The half-shelf-life (T50) and T80 have been defined as the time for PCE reaching 50% and
80% of the initial value, respectively. 74 However, the maximum efficiency of a fabricated
solar cell may be several times the initial value, especially for some of the bilayer-
cathode devices discussed in Chapter 5. In this case, T50 no longer reflects the actual
shelf stability of a cell, and the time of half-maximum (THM, the time for a fabricated
device reaching half of the maximum instead of the initial) PCE was more suitable for
comparing shelf lives between devices. The time for PCE reaching 80% of the maximum
value was defined similarly and denoted as T80 hereinafter. The encapsulation elongated
the T80 of a device by about two orders of magnitude. Meanwhile, the encapsulation
seemed to have improved the performance of the encapsulated device as well.

2.3. Optimization

In this section, we discuss the effects of fabrication variables on OSCs. It notes that for
devices with cathodes deposited in different chambers, conclusions applicable to one
may be inapplicable to another.

2.3.1. HTL

J-V curves of two devices with a structure of ITO (150 nm)/[MoOs (5 nm) or PEDOT:PSS
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(50 nm)] /CuPc (20 nm)/Ceo (40 nm)/BCP (8 nm)/Al (100 nm) are shown in Figure 2—6.
They were measured under simulated AM1.5 (100 mW cm). Extracted parameters with
units of Q cm? for R:A and RshA, mA cm for Jsc, V for Voc, and % for PCE were used
hereinafter without further notification. Voc of a MoOs device is about 0.03 V lower than
the that of a PEDOT:PSS device (with same other layers) on average.

Besides the divergence of Voc, the series resistance RsA of the MoOs device (0.9 Q cm?) is
much lower than that of the PEDOT:PSS device (6 Q cm?). This suggests that the contact
between CuPc and MoOs is better than that between PEDOT:PSS and CuPc. (18]

2 Jsc= 4 3.5 MoO

Voc= 0.5 |0.46 B
1t FF= 053 |0.57

PCE= 11  |0.92

T 0
S n= 2.6 2.4
g -1 RsA= 6.08 |0.897
£ RshA=704.4 |838.3
- -2t PEDOT:PSS |MoO,
-3 " PEDOT:PSS|

— = Fitting |

0 0.2 04 016
VIV
Figure 2—6 J-V curves of devices with different HTLs. The green one is the J-V curve of the
device with MoOs, and the blue one is the J-V curve of a device with PEDOT:PSS. Also
noted were the extracted parameters with the Delta-approximation method.

For devices with an HTL of PEODT:PSS, we checked the influence of thickness and baking
condition on the performances of fabricated devices. Devices with a structure is
ITO/PEDOT:PSS (x nm)/CuPc (20 nm)/Ceo (40 nm)/BCP (8 nm)/Al (100 nm), with x equals
to 30, 50, 60 nm were fabricated. After the fabrication, J-V curves of a fabricated device
were measured under simulated AM1.5 (100 mW cm). The results are shown on the left
of Figure 2—7 and summarized in Table 2. The thickness of the PEDOT:PSS film did not
significantly influence the performance. We used either 50 nm or 60 nm of PEDOT:PSS to
fabricate devices in this study.

Table 2 Summary of averaged RsA, THM and PCE of devices with PEDOT:PSS films of
different thicknesses

Thickness / nm RA / Q cm? THM / h PCE/ %
30 14 0.80 0.92
50 12 1.06 1.03
60 11 0.80 0.98
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Figure 2—7 (left) J-V curves of devices with PEDOT:PSS films of different thicknesses. Three
curves almost overlap with each other. (Right) J-V curves of OSCs with the PEDOT:PSS film
baked at 120 °C for 30min (green), at 80 °C for 15 min (blue), and without baking (red).
Also noted are the extracted parameters as well as the related fitting curves (dashed).

To check the effects of the baking temperature of PEDOT:PSS films on the performance of
a fabricated device, we compared performances of three groups of devices fabricated in
one batch: group 1 were not baked; group 2 were baked in an 80 °C oven for 15 min in
air; group 3 were baked in a 120 °C oven for 30 min in air. J-V curves of typical devices
from these three groups are shown on the right of Figure 2-7. The baking seemed to
have slightly improved PCE, FF and THM, but noticeably reduced RsA of devices (see also
Table 3 and Figure 2-8).

) 30 2 Bt 1.5
e 30 °C
G 20 < 1 R
a =y I 120 °C 5
< 10 = 058
04

0 0 0

30 50 60 30 50 60 30 50 60
d/nm d/nm d/nm

Figure 2—8 Bar charts of R:A, THM, and PCE of cells with PEDOT:PSS layers of different
thicknesses and with different baking treatments. Each error bar was averaged over two
devices. Two values of R:A are not extractable (30 nm rt. and 50 nm 120 °C). For
extraction methods, see Chapter 1.

Effects of thicknesses and baking conditions of PEDOT:PSS films on the performances of
devices are shown in Figure 2—8. We attributed the reduced RsA (left of Figure 2—8) of the
120 °C baked devices to a reduced amount of water in the PEDOT:PSS films.
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Table 3 Summary of averaged RsA, THM and PCE of devices with PEDOT:PSS films baked
under different conditions

Baking conditions  RA/ Q cm? THM / h PCE/ %
No-baking 18 0.85 0.94
80 °C, 15 min 10 0.83 0.99
120 °C, 30 min 8 1.1 1.00

2.3.2. Donor

The absorption of light by the composing dyes is the first step of power generation in
organic solar cells. The absorption coefficients a of ITO, PEDOT:PSS, Ceo, ZnPc and CuPc
used in OSCs were estimated from the related absorption spectra tested in air at room
temperature (Figure 2-9).

UV-vis absorption spectra of ZnPc and CuPc are very close, as shown in Figure 2-9. We
fabricated several devices with ZnPc as donors. J-V curves of devices from the same
batch with different donors are shown in Figure 2—10. They were tested under a halogen
lamp (80 mW cm, spectra shown in Figure 2—-21), after exposed in air for 40 min due to
technical reason. As both devices suffered much from the air exposure, their half-shelf-
lives were only 1.5 h (ZnPc) and 1.9 h (CuPc). Therefore, it is difficult to make a
conclusion from these results. Nevertheless, as this layer is not the layer causing the
extrinsic degradation of devices, we only discussed the stability of devices with CuPc as
donors in this study.
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Figure 2—9 Absorption coefficients of materials deposited on glass for Csp and ZnPc, and
on quartz for others.

The thickness of the CuPc layer seemed to affect the device performance and stability, as
shown in the following experiment. We compared four devices with CuPc layers of
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different thicknesses. Two chambers were used to deposit LiF and Al: for cell A (25 nm
CuPc), the bell-shape chamber was used, whereas for cells B (25 nm, 20 nm, 12.5 nm
CuPc) the EL chamber was used. After fabrication, J-V curves were tested under a
halogen lamp (80 mW cm, spectra in Figure 2-21), beyond which the devices were
stored in the dark. The initial J-V curves are shown in Figure 2—11(a). Degradation curves
of these devices are shown in Figure 2-11(b).
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Figure 2—10 J-V curves of two OSCs with a structure of ITO (150 nm)/PEDOT:PSS (60
nm)/CuPc (blue curve) or ZnPc (red curve) (25 nm)/Cso (40 nm)/LiF (2 nm)/Al (75 nm) after
exposed in air for 40 min.

Cell A (red circles) showed an S-shape J-V curve, and its THM was about three days. On
the contrary, cells B showed relatively squared J-V curves and their THMs were several
hours. Interestingly, for devices fabricated in the same chamber (cells B), Voc increased
with the thickness of CuPc, whereas Jsc was less influenced. FF was highest at 20 nm
(green triangles), presumably resulting from balanced charge mobilities in CuPc and in
Ce0. We used 20 nm or 25 nm CuPc in this study.

(@ gldsc [0.74 [0.45 [0.68 | 0.59 ) 4| o g —e=25nm A |
“IVoc [0.52 |0.52 | 0.48 | 0.39 ——25nm B
04 FF _[022 {028 |0.32 | 0.22 20 nm B
“*|PCE[0.11 |0.082|0.13 | 0.064 L 08 12,5 nm B
« 0.2[CuPc|25 (A)[25 (B)[20 (B)[12.5 (B) o
¢ o
§ o1 0 5 06/
P N
S-02¢ £ 0.4
04+ o 25nmA | % |
' o 25nmB 0.2
-0.6 20nmB
08 ‘ - 125nmB 0 ‘ A Ny
0 0.2 0.4 0.6 10?2 10" 100 10°
VIV t/d

Figure 2-11 (a) initial performance of four devices with a structure of ITO (150
nm)/PEDOT:PSS (60 nm)/CuPc (A: 25 nm; B: 12.5/20/25 nm)/Ceo (40 nm)/LiF (1.5 nm)/Al
(80 nm). (b) Evolution of normalized PCEs (to the initial values) of these devices.
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2.3.3. ETL

Generally, devices with BCP as ETLs showed better performances, both efficiently and
durably, than devices with LiF as ETLs. Comparison of performances of devices with LiF
and BCP is discussed in Chapter 5. It has been reported that a BCP layer over 10 nm
reduces the performance of an OSC due to charge accumulation at the cathode interface.
(22 We used 8 nm BCP for devices mentioned in this study.

2.3.4. Temperature in chamber

We found that the temperature inside the bell-shape chamber after deposition (Tfinal) Or
before opening (Topen) influenced the performance and stability of devices. Tfinal varied
from 150 °C to 190 °C, under which the organic layers might have been annealed as
shown in Section 2.3.6. In general, devices showed relatively high initial performances
when Trinal Was lower than 170 °C.

Divergence of Tsnat Was probably related with the horizontality of the evaporation
crucible in such a way that when the crucible was inclined, melted aluminum would flow
towards one end of the crucible, leading the applied bias to over-heat the other end.
Accordingly, Tsinal as well as performances of fabricated devices varied a lot.

On the other hand, Topen Seemed to influence the stability of devices. As a rule of thumb,
the higher Topen, the lower the stability (Figure 2-12). This temperature might influence
the oxidation of cathode or the contact between donor and cathode.
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Figure 2—12 Half-shelf-lives of several batches of OSCs with respect to Topen. The oblique
dashed line is the fitting curve.
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2.3.5. Other cathodes

Besides Al, Ti and Al/Ti cathodes, Al/Ca was also used as the cathode. Devices with such
a bilayer cathode have been suggested to show better performances, both initially and
durably in an inert atmosphere. ¥ Both Ca and Al were thermally evaporated in the
bell-shape chamber. According to two preliminary experiments, devices with such
cathodes performed much worse than Al-cathode devices. Therefore, we mainly used
aluminum as the cathodes.

2.3.6. Annealing

2.3.6.1. Performance

The effect of annealing on polymeric OSCs has been mentioned in the introduction
chapter. For small-molecular OSCs, there are two types of annealing, the pre- and the
post-annealing. The effect of post-annealing on the performance of small-molecular
OSCs depends on the stacking pattern of organic layers.

For the p-i-n structure, the post-annealing improves the performances of OSCs by
creating an interpenetrating network of the donor and acceptor materials. During the
post-annealing, a silver cathode (100 nm) functioning as a confining cap which prevents
the formation of a rough surface while allowing for the formation of an interpenetrating
donor-acceptor network is indispensable. 116l

Jsc
2Voc
FF
PCE

J /mA cm?

VIV

Figure 2—13 Comparison of the performance of three organic solar cells with the same
structure, but with different times of pre-annealing treatments.

For the planar p-n structure, the post-annealing had no significant effect on the
performance of a device. Post-annealing sometimes resulted in wrinkles on the surfaces
of solar cells, especially for those cells once tested in air. The cause for the formation of
wrinkles was probably the buckling effects of different films. Formation of wrinkles
completely inactivated the post-annealed cell.
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Pre-annealing means the annealing that is done before the deposition of the cathode.
We found that twice pre-annealing of the organic film generally led to a better
performance. Effects of different annealing treatments, i.e. no pre, once pre, and twice
pre-annealing on performances of devices are shown in Figure 2—-13. These devices had
the same structure of ITO/PEDOT:PSS (60 nm)/CuPc (25 nm)/Cso (40 nm)/LiF (2 nm)/Al
(75 nm). J-V curves were measured under the halogen lamp (80 mW cm™, spectra in
Figure 2-21).

To probe the effects of pre-annealing on properties of the constituting organic films
(CuPc and Ceo), we compared the surface morphology, hardness and crystallization of the
organic films before and after pre-annealing.

2.3.6.2. Surface morphology

We examined the surface morphology by comparing four cells with the same structure of
ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (25 nm)/Cso (40 nm) without annealing or after
30 minutes of annealing on a 100 °C, 150 °C, or 200 °C hot plate in an Ar glove box.

The results in Figure 2-14 show that the unannealed film was composed of small
domains of fullerene (maybe inherited from beneath CuPc domains). Upon annealing,
the surfaces of films became coarse. We may infer that the contact between CuPc and
Cso could have been increased after the pre-annealing.

No annealing 100 °C 30 min

TN

Figure 2—14 Surface morphology (500 x 500 nm?) of organic layers upon annealing. The
annealing temperature and time were noted on the top of each figure.

2.3.6.3. Film hardness

Organic solar cells sometimes fail due to the bombardment of the cathode during
deposition. 71 Thermal annealing is an effective approach to improve the physical
strength of organic films. We confirmed this by measuring the Brinell scale hardness
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which is usually represented by the indentation of materials through the scale of
penetration of an indenter loaded on a material test-piece. The pre-annealing hardened
the surface of the organic layer (Ceo) as shown below.

Two cells with a laminated structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (25
nm)/Ceo (40 nm) were fabricated as normal. One cell was taken to an Ar glove box and
annealed on a 160 °C hot plate for 15 min. Then its surface was notched under a DEKTAK
3ST surface profiler with a constant force and moving speed: 1 mN and 20 pm s™.
Decades of parallel lines with an average distance of about 200 um were notched (Figure
2-15). The force on the tip was estimated to be in the order of 108 Pa. The depth and
hardness of the notches were characterized with a dynamic mode AFM (DFM). The
Resonance frequency of the cantilever was 348 kHz, and the amplifier reference was -
0.150. By comparing the depth of notches on the annealed surface and that on an
unannealed surface, we could compare the relative hardness of the organic films. The
results are shown in Figure 2—-16.

The notches on the surface of the unannealed film are as deep as 40 nm and extended to
the end of the depressed paths. This depth corresponds to the thickness of the Ceo layer
which meant the CuPc layer is harder than the unannealed Cgo layer. The phases at the
bottom of the trapezoid cross-sections are different from the peripheral part (top two
figures in Figure 2—16). We can conclude that the changed phase shift came from the
CuPc layer.

Unannealed Annealed

Press
Notching

DFM

A B C D

Figure 2—15 Diagram of the experimental procedures for measuring the relative Brinell
hardness of organic films. The DFM images at positions A, B, C and D are shown in Figure 2—
16.

On the other hand, the annealed cell was found to be too hard to be deep scratched. The
notching only compressed the Ceo film, rather than pierced it. On the surface of the Ceyo,
very short notches were observed at the starting position (bottom left of Figure 2—-16).
Along with the scratching, wide depressions were observed. The phase shift images
suggest that the compressed region is harder than the uncompressed region (bottom
right of Figure 2—-16).
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The strengthened Cego film might originate from the refinement effects of recrystallization
by heat treatment. Besides, grains also grow at elevated temperatures to reduce the
boundary energy. Aluminum is a metal with a recrystallization temperature of only 80 °C.
(128 Fyrthermore, rapid cooling through the freezing temperature favors the formation of
an amorphous solid, since little time is allowed for the ordering process. The surface-
enhanced Cgo film mitigated the impact of aluminum clusters during the deposition of
aluminum, thereby reducing the intermixing of the aluminum cathode during deposition.

100
100

=50

100 100

50

Z fnm

-50 7 0 _10 % -50
Figure 2—16 DFM images of the unannealed and annealed films shown in Figure 2-15. (Top
left) position A and (top right) position B of the cell without annealing; (bottom left)
position C and (bottom right) position D of the cell after annealing. The insets show the
area average topological (red) and phase shift (black) linear profiles between the two
parallel lines marked on the film surfaces.

2.3.6.4. Crystalline form

We suspected that the annealing might change the crystalline forms of organic layers.
Two cells with a laminated structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (25
nm)/Ceo(40 nm) were fabricated as normal. After annealing one cell, we analyzed the
crystallization of both cells with X-ray diffraction (XRD), with results shown in Figure 2—
17. Only ITO and CuPc layer showed X-ray diffraction. The fullerene did not show X-ray
diffraction, probably because carbon atoms are not heavy enough to significantly reflect
the incident X-ray.
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The XRD results suggest that the structure of the CuPc layer in the cell was a-form
(triclinic). 11120 This agrees with the absorption spectra (Figure 2-9). The x dependent
intensity distribution shown on the right of Figure 2—17 indicates that the (001) plane of
CuPc crystallites orientated parallel to the substrate plane. In other words, CuPc
molecules tilted at an angle of 63° from the substrate surface. 2% The annealing did not
change the stacking pattern or the crystalline form, but led to an increased crystallization
of CuPc, as indicated by the slightly increased intensity at 20 = 6.893° after annealing.
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Figure 2—17 XRD results of the annealed (bottom, black) and unannealed (top, blue) cells.
The left-side figure shows the ¥ integrals of the measured data. The peaks were labeled
with the corresponding lattice planes. The right-side figures show the measured data. The
short vertical arcs closed in the dotted ovals correspond to 26 = 6.893° (d = 1.28 nm).

2.4. Film analysis

2.4.1. Thickness

The thickness of each film was measured with a Dektak3ST surface profiler (Vecco). For
metal oxides, a narrow groove was etched with acids. For soft materials, two parallel
grooves with a distance of about one mililimeter on the surface of the film were
scratched with a plastic blade. Each scratched groove was about one millimeter wide.
Vertical resolution of the surface profiler is about 10 nm. Thicknesses of several films
were also checked with AFM. They agreed with each other, proving the reliability of both
approaches.

2.4.2. UV-Vis spectra

UV-Vis (300—900 nm) absorbance and transmittance were measured with a V-560
Spectrophotometer (JASCO). An ancillary stage was affixed onto the spectrometer to
measure the in situ spectra of cells without metal cathodes inside a portable vacuum
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chamber. The portable chamber was part of a cryogenic system (Oxford Instruments
Limited). The chamber was pumped with a TMP.

2.4.3. XRD

The crystalline structures of organic films upon annealing were evaluated with a D8
DISCOVER with GADDS XRD system (Bruker). This system uses a 50 kV Cu-Ka X-ray source
and an HI-STAR area detector. Three rotation angles of the sample substrate for collecting
the data shown in Figure 2—17 were: base rotation angle w = 2.25°, rotation above the
horizontal axis { = 0, and in-plane (substrate) rotation angle ¢ = 0.

2.4.4. AFM and DFM

The surface morphology, viscoelasticity and thicknesses of fabricated films were
characterized with a scanning probe microscope (SPA400, Seiko). For hard materials, the
contact mode of SPM (AFM) was used. This mode works by scanning the cantilever
across the sample surface while monitoring the change in cantilever deflection. A metal
cantilever made of gold touches the surface of sample. Force constant of the cantilever
usually ranges from 0.01 to 1.0 N m%, with forces ranging from nN to puN.

For soft materials, the phase shift at the tapping mode of the SPM (also called dynamic
force microscope, DFM) can be used to identify the distribution of multi-components
having different mechanical properties like viscosity and hardness. The DFM scans a tip
on an oscillating cantilever across the sample surface. The cantilever is oscillated at or
near its resonance frequency (~ 340 kHz). Viscoelasticity of the fullerene films upon
annealing was estimated with DFM, with results shown in Figure 2—16.

2.4.5. Sheet resistance

The resistivities of PEDOT:PSS films spin-coated on glass were measured with a Van Der
Pauw diagonal 4-point probe method illustrated on the top right of Figure 2—18. The
sheet resistance of the film equals mV/(Iln2), where V and | were measured with a
Keithley2400 SourceMeter. This measurement method requires ohmic contacts between
probes and the substrate. In order to generate a force onto each probe uniformly, a two
mm thick polydimethylsiloxane (PDMS) cushion was used beneath the tested cell. The
PDMS film was made in the following way. Monomer and initiator of PDMS with a 9/1
mass ratio were mixed and fully stirred. The sticky mixture was then pumped for 30 min
to remove bubbles. Then the mixture was applied onto a matrix and then heated inside
an 80 °C oven in air for 15 min to get solidified.

Dissertation Tokyo Institute of Technology Cao Huangi



Chapter 2 Experiments 48

) o L]
= — A‘}‘ —  g—
4 \
15 uyL PEDOT:PSS 80 pL solution rinse with 150 °C 5min . .
onto glass 150 °C 5min distilled water twice V+ V-
140 °C 30min
é — O 1 —

20 yL PEDOT:PSS
onto filter paper

140 °C 10min 20 pL solution 150 °C 5min

Figure 2—18 Scheme of the measurements of sheet resistance of PEDOT:PSS films with
different treatments.
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Figure 2—19 Sheet resistivity of PEDOT:PSS films upon different treatments with five
different aqueous solutions.

Linear 4-point probe method, illustrated on the bottom right of Figure 2—18 was also
used to estimate the conductivity of PEDOT:PSS films dispersed on filter paper. In this
case, the four probes were set in an equidistant | (+)—V (+)—V (-)—I (-) arrangement. For
an infinite sheet, the sheet resistance of a film also equals TV/(I1n 2). For a finite sheet,
the size and direction of probes need to be taken into account. (121

We compared the sheet conductivities of PEDOT:PSS films treated with different
methods. The conductivities of spin-coated PEDOT:PSS films could be improved by either
adding polar additives like acetic acid or dimethyl sulfoxide (DMSO) to the aqueous
dispersion, or rinsing the as-coated films with aqueous solutions of polar organic
solvents. Results of different treatments are shown in Figure 2—19. However, we excluded
the relationship between this conductivity and the device’s efficiency. According to a
preliminary experiment, a device with a pristine PEDOT:PSS film performed better than a
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device with a surface-treated PEDOT:PSS film.

2.4.6. TOF-SIMS

Spatial distribution of elements in organic solar cells was analyzed with time of flight-
secondary ion mass spectrometry (TOF-SIMS), which is a combined technique of SIMS
and TOF. The principle of SIMS is that under the bombardment of a focused fast ion
beam, namely primary ions, surface species of the specimen will be simultaneously
sputtered within 1022 s. These secondary ions are then accelerated by an acceleration
voltage U. The mass/charge ratios of the secondary ions are identified with the TOF

according to the time they arrive at the detector T = /mL?/(2qU) where L is the

distance from the detector to the outlet of the acceleration chamber, m the ion mass,
and g the ion charge. TOF-SIMS has a high sensitivity and accuracy and therefore, has
been used to analyze the chemical composition on the solid surface. (122

Information of the depth profiles of different species can be obtained with TOF-SIMS
performed in a dual-beam mode, by etching the detected sample layer by layer. The
analysis is typically performed using a high energy but low current ion beam (usually
Bi3*), while the etching is performed using a high current but lower energy source, e.g.
CS+, 02+ or C60+. (123]

TOF-SIMS has been widely used to study the degradation of OSCs, by virtue of its high
resolution of chemical species in each layer of OSCs. We used this technique to probe the
vertical distributions of oxygen, aluminum, titanium, lithium, and fluorine, etc. in
different devices. The TOF-SIMS (5-100-AD, ION-TOF GmbH) used Bi3* (60.0 keV, 0.04 pA,
100.0 x 100.0 um?) as the analysis ion, and Cs* and 0" (2.0 keV, 470 nA, 300.0 x 300.0
um?) as the sputtering ions for generating electronegative and electropositive ions,
respectively. The TOF-SIMS results are discussed in Chapter 5.

2.5. Photovoltaic measurement

2.5.1. Light sources

Three types of light sources were used in this study. Their light intensities were
monitored with a Gentec SOLO 2 Powermeter. For the study in Chapter 3, we used a
halogen lamp (MORITEX MHAA-100W) with an IR-cutoff filter (~ 80 mW c¢cm™) and a Xe
lamp with two IR-cutoff filters (90—100 mW cm™), with an optical diagram shown in
Supporting figure 2. Their spectra are shown in Figure 2—-21.

Energy distributions of the light sources were measured with a USB2000 Fiber Optic
spectrometer which was calibrated with a standard halogen lamp (OCEAN Optics). The
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sensitivity of the spectrometer and the spectra of the standard lamp are shown in Figure
2-20.

400 1.2
—— Measured spectra

—— Standard spectra
s0f 0 L USB sensitivity |,
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Figure 2-20 Irradicance of a standard halogen lamp (black dashed), as well as the
measured spectra (blue solid) by the USB2000 spectrometer. The sensitivity of the
USB2000 spectrometer (blue dotted) is calculated by dividing these two spectra.
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Figure 2—21 Irradiances of the two light sources, i.e. a halogen lamp and a Xe lamp with
related filters. Also shown is the AM1.5 reference spectra.

For other photovoltaic measurements, an HAL-C100 solar simulator (AM 1.5, 100 mW
cm?) was used. This light source is Class A, % in the central area of 1.2 x 1.2 cm?. The
testing system, including the solar simulator, a Keithley2400 SourceMeter, and a
computer is shown in Figure 2—22.

2 According to Japanese Industrial Standard (JIS-C8912), class A corresponds to positional uniformity of irradiance < +
2%, temporal stability of irradiance < + 1%, and spectral match of 0.75—1.25 (see Supporting figure 1).
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Figure 2—22 Diagram of the |-V testing system. The solar simulator and the Keithley2400
SourceMeter were controlled with the laptop.

Light intensity of the solar simulator decreased with the operation time due to the aging
of the inner Xe lamp (Figure 2—-23). Relation between the light intensity / (in mW cm),
the equipment setting (L/, default setting is 40), and the operation time t (in hour)
approximately followed Equation 2-3. The light intensity / was adjusted to being within
98—101 mW cm2each time.

I~ (—0.00359 x LI +0.0904) x t + 3.84 x LI — 53.1 2-3
160
L o LI40
N R LI44
£ 140F ~ >~ o LI49}
£ A0~ LI51
}120* \\:\\\ o LI52/1
D SIS | < LIs4
T N
£ 100—— R
% Tl o =]
3 R
80r RN
0 200 400 600

Operation time /h

Figure 2—23 Evolution of light intensity of the solar simulator at different L/ values. The
straight lines are linear fitting curves.

2.5.2. I-V testing

Intermittent /-V sweepings were conducted with the programmed Keithley2400
SourceMeter with an aperture method. To get an accurate Pmax, enough data points are
required. However, the performance of an OSC can be changed under continuous light
illuminations, as the EQE of an OSC stored in the dark is higher than that of a device
‘flooded’ under 105 mW cm?2 AM1 illumination. (116
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For the shelf-stability measurements, devices were stored on the shelf either under
fluorescent lamps or in the dark, and the intervals between I-V tests were 10 minutes
initially and then exponentially increased to one month after decades of tests. Setting of
the Keithley2400 SourceMeter was: -0.1—0.6 V voltage sweeping, 281 points with a
decay time of 100 ms. In a normal case, the cell being tested was pre-irradiated under
the simulated solar light for about five seconds before the I-V test was executed. The
total irradiation time for each test was around 35 s.

2.5.3. Aperture method

The directly measured current was converted to the current density by dividing the
measured current with the irradiated area. It has been noticed that the irradiated area
outside the overlapping area (the so-called active area) via wave-guiding or lateral charge
transport to the electrodes may contribute to the total photocurrent. This might lead to a
falsely inflating photocurrent density. %% It is thereby suggestive to irradiate one part of
the active area with an aperture with a smaller area that can be measured accurately.

o 100+

g Irradiation area

P —100%—25% —6.3% ‘
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Figure 2—24 Shift of J-V curves of an encapsulated OSC with the reduction of the irradiated
size. Note that the dark current density surpasses the photo current density at the voltage
approaching Voc; the lower-right inset shows the aperture-size dependent tested
parameters. The upper-left inset is a diagram of an OSC with its active area dark-blue
colored. The contacted circle and square in the center stand for the irradiated parts for
OSC-Ds and OSC-Es, respectively. Three dots represent the positions of fixing probes.

The aperture method can prevent not only the possible inflation of measurements, but
also possible perturbations due to impurities diffused from edges during the extrinsic
degradation tests in air. For the light-induced degradation tests, devices with an active
area of 1.05 cm? were tested with such an aperture method.

However, two problems arise at the same time. One is that the dark current through
peripheral unilluminated areas becomes significant at the voltage approaching Voc
(Figure 2-24), which will inevitably shift the illuminated J-V curve. Therefore, the Voc
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tested with an aperture method is always lowered, by an amount depending on the size
ratio between the aperture and the total active area. Another problem is caused by the
spatially various degradation rates. [12%! This latter problem was simply circumvented by
fixing the cell, leaving an identical central part irradiated every time.

2.6. Weathering

To check the stability of devices under continuous irradiation, two bilayer-cathode cells
(discussed in Chapter 5) were subjected to periodic weathering tests in air. During each
6.3 h weathering cycle, the cells were continuously irradiated with the HAL-C100 solar
simulator (simulated AM 1.5G, 100—110 mW cm) and tracked at maximum power
points (MPPs) with the programmed Keithley2400 SourceMeter. Monitored yet
uncontrolled ambient temperatures and relative humidity (RH) were 24 + 5 °C and 60 +
20 %, respectively. Ten cycles at room temperature, followed by six cycles at a higher
temperature were executed for each cell over two months. Then we did two weathering
tests at room temperature for each, to confirm the recovering capability. In each cycle,
the tested cell was tracked at MPPs during the 6.3 h of 1-sun irradiation. J-V sweeps were
repeated every five minutes to track the MPPs. During the idle periods, the cells were
open circuited in air under fluorescent lamps.

Figure 2—-25 schematic diagram of the weathering test setup; parallel stripes represent
heating sources.

For the weathering tests at a higher temperature (ISOS-L-2 [74]), the temperature at the
back surface of the tested cell was controlled at 65 °C during tests, with a setup
illustrated in Figure 2-25. Light transmittance of the transparent heating plate (a piece of
glass with parallel ITO heaters) was measured to calibrate the light intensity. A resistance
temperature detector (RTD) was embedded onto the heating source, to detect the
temperature on the back surface of the cell.

2.7. Summary

In this chapter, background and function of each material comprising solar cells used in
this study were discussed. The general device structure was ITO/PEDOT:PSS (or
MoOs3)/CuPc/Ceo/LiF(or BCP)/Al. The purification of organic materials and detailed
fabrication procedures were discussed. The electric conductivity of a PEDOT:PSS film was
improved by several orders of magnitude by treating with polar solvents, but these
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enhancements seemed not to contribute to the photovoltaic performance of a device.
Nevertheless, baking the PEDOT:PSS film could reduce the series resistance of a device.

Effects of pre-annealing on the physical properties of organic films were discussed. The
pre-annealing resulted in a coarse surface which might increase the contact between
CuPc and Ceo, thereby increasing the photocurrent. The pre-annealing also increased the
surface strength of the Ceo film, which could mitigate the bombardment of aluminum
during the thermal deposition. The final effect of the pre-annealing was an enhancement
of crystallization of the CuPc layer, although the stacking pattern of CuPc molecules was
not changed, i.e. approximately 63° tilted on the substrate surface.

Several thin film characterization techniques used to measure properties of organic films
were discussed. These properties included the thickness, the sheet resistivity, the
crystallization form, the UV-visible absorption, the surface morphology, and the
elemental depth profiles.

I-V tests of organic solar cells using an aperture method were also discussed. Three
different light sources were discussed. We noticed that the measured Voc using an
aperture method was always less than the ‘actual’ value measured with a whole-area-
irradiated method. We attributed this decrease to the dark current flowing in the
unilluminated area.

In the final section of this chapter, we described a weathering setup used in Chapter 5. It
was designed to test the weathering stability of bilayer-cathode devices. It had a
transparent window and could control the temperature on the back surface of a
weathering tested cell.[Manual chapter break]
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Chapter 3. Light induced degradation

3.1. Introduction

Fullerene Ceo is characterized not only by its high electron affinity, but also by its high
affinity to oxygen. Oxygen tends to trap electrons in fullerene. And this process decreases
the electric conductivity of fullerene by several orders of magnitude. The adsorption of
oxygen in fullerene films can be characterized by the appearance of a new 1467 cm
Raman shift nearby the original 1458 cm™ Raman shift (A; mode of Cso). And this new
Raman shift cannot be completely removed by heating in vacuum, but can be completely
removed by laser irradiation at 514.5 nm in vacuum. 123!

The fact that the adsorption of oxygen in fullerene cannot be completely reversed by
heating, but can be reversed by light irradiation in vacuum suggests that either a
chemical adsorption or a deep intercalation confines some oxygen molecules in fullerene
with a threshold energy beyond the thermal energy (decades of meV). Rao et al. find that
the adsorption of oxygen on fullerene is physisorption and light irradiation accelerate the
diffusion of oxygen in fullerene 10 times. 94 126]

Jaime and Regueiro show that the electric conductivity of fullerene exposed in air drops
with the increase of temperature. The incorporation of oxygen in a fullerene film causes
a reversible decrease of its electric conductivity as well as an increase of its mass. 127
The oxygen absorption in fullerene has been shown to be reversible and be saturated at
a 50% occupation of the octahedral sites.

Photo-assisted reaction of oxygen and fullerene has also been evidenced in literature.
Smalley et al. show that although fullerene is intrinsically stable under light irradiation in
vacuum, it reacts with O; under light irradiation, producing CO, CO;, carbonyl-like
bonding configurations and an amorphous carbon residue. 128l

In this chapter, we discuss the effects of light irradiation on the degradation of
unencapsulated organic solar cells in which fullerene was used as the acceptors. The
effects of different spectra on devices at different degradation stages are discussed.

3.2. Degradation under fluorescent lamps

In a typical procedure, a device with a 1.05 x 1.0 cm? active area with a structure of ITO
(150 nm)/PEDOT: PSS (60 nm) /CuPc (25 nm)/Cso (40 nm)/LiF (2 nm)/Al (75 nm) was
fabricated. Intermittent /-V tests were then conducted with the programmed
Keithley2400 SourceMeter using the aperture method, under a 100 W halogen lamp with
a total irradiance of 80 mW cm (spectra shown in Figure 2-21 in Chapter 2) on the
surface of the cell.
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Timing was started when the cell began to be exposed to air. Between the intermittent
testing, the cell was open circuited at room temperature (around 21 °C), either exposed
under fluorescent lamps (OSC-E) or in the dark (OSC-D). The radiation intensity of the
fluorescent lamps in the testing room was estimated to be approximately 1 mw cm™ on
the surfaces of cells. The tested areas were 0.36 cm? and 0.28 cm? for OSC-Es and OSC-Ds
respectively, less than half of the total active area.
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Figure 3—1 (left) J-V-time valley of an OSC-E that is exposed to the air under several
fluorescent lamps between tests. (Right) Normalized parameters of the OSC-E on the left.

Normally, the unencapsulated devices degraded rapidly in the initial hours, resulting that
the degradation curves were usually abnormally steep as shown on the right of Figure 3—
1. The stability of unpackaged organic solar cells depends on a number of factors,
including the temperature [12°! and the ambient humidity 7], etc. Although it is hard to
attribute any single factor to these steep curves, it could be shown that the irradiation
from the fluorescent lamps did play a role in it.
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Figure 3-2 (top) absorption spectra of ITO, CuPc and fullerene on glass substrates;
(bottom) radiation spectra of the lighting fluorescent lamps. The inset shows the
corresponding zoomed spectra at the near-UV region.
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Both the halogen lamps and the fluorescent lamps radiate light involving some near-
ultraviolet light (typically at 365 nm for the latter). As the usual ITO glass substrate has a
20% absorbance at this region, the UV light emitted from both lamps could reach the
organic layers effortlessly, which might damage the unsaturated photoactive compounds.

3.3. Degradation in the dark

Some devices were set into a dark box (Figure 3-3), which held each cell on a fixed
position by three retractable probes with inner springs (RS contact probes). One practical
function of such a fixed test is that it could prevent the aluminum cathodes from being
badly pierced by the testing probes. At the same time, it ensured that each test was
taken from an identical area, eliminating deviations caused by the varied degradation
rates at different parts of a cell. The inner humidity and oxygen concentration were
approximately the same as these of the ambient atmosphere. Besides, both UV and
visible light were negligible inside the box.

Figure 3—3 Simplified schematic diagram of the fixing box for solar cell testing whose front
panel is not shown. The upper and lower holes in the side panel are for cables and
ventilation, respectively. The vertical pillars are probes, and the squares under them are
cells. Incident light is confined by the circular holes (06 mm) beneath the cells.
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Figure 3—4 (left) J-V-time valley of an OSC-D. (Right) Normalized parameters of the OSC-D.

Almost all devices stored in the dark box degraded relatively slowly initially, generating
degradation curves with near-horizontal slopes in the first several hours (Figure 3-4). The
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tested size of a cell stored in the dark is about 22% smaller than the normally tested size.

Peripheral diffusion induced degradation has been indicated by the regional degradation
mapping or the size dependent degradation study. [ 124l However, the peripheral
diffusion of oxygen in OSCs has been proven to be negligible using labeled 20, [130.131]
The divergence between the OSC-D and OSC-E was presumably caused by the light
irradiation from the fluorescent lamps, rather than the divergence between tested areas.

The half-shelf-lives of unencapsulated OSCs fabricated with the same procedures varied
from several minutes to several days. To eliminate such deviations, we chose 11 OSC-Ds
and 20 OSC-Es with PCE higher than 0.1% (tested under a halogen lamp, 80 mW cm?,
spectra shown in Figure 2-21 in Chapter 2) to compare the average degradation rates.
These devices had the same stacking structure. The statistical results are shown in Figure
3-5. On average, OSC-Ds degraded slower than OSC-Es.
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Figure 3—5 Normalized evolutions of Jsc averaged over 20 OSC-Es and 11 OSC-Ds with the
same structure. Linear interpolation was used to average Jsc over the whole time span.

In order to probe the effects of light irradiation on the degradation of organic solar cells,
we then checked the effects of UV light irradiation on the transmittance of organic films

in air and in vacuum.

3.4. UV light induced transmittance difference

A cell with a structure of ITO/PEDOT:PSS/CuPc(25 nm)/Ceo(40 nm) was fabricated as
normal, and then it was transferred into an Ar glove box and set into a portable vacuum
chamber. UV-visible transmittance was then measured through transparent quartz
windows of the vacuum chamber after different periods of UV irradiation through the
window. The chamber was pumped with a TMP. The UV lamp had an irradiance of about
0.5 mW cm on the surface of the cell.

The spectrophotometer has a time-dependent response. To eliminate such a machine
response deviation, transmittance at 539 nm of the initial curve (the curve measured in
Ar before pumping) was used as the reference point to unify other spectra. This
wavelength was chosen because both CuPc and Ceo have weak absorptions at this
wavelength.
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The results shown in Figure 3—6 suggest that UV illumination in vacuum caused organic
films to become more transparent to visible light, probably by removing adsorbed gas
from organic films. These results further suggest that the UV light accelerates the
diffusion of air in organic films.

0.7

o o o
N (&) o

Transmittance

o
w

027400 500 600 700 800

Wavelength /nm

Figure 3—6 Transmittance of a cell without cathode upon UV treatments. The initial
transmittance measured in Ar corresponds to the thick black curve.

3.5. Effects of light in air

3.5.1. Unencapsulated OSC

We then investigated the effects of irradiation on an unencapsulated cell with two
different light sources. The cell had an initial performance as following, Jsc of 0.12 mA
cm2, Voc of 0.47 V, FF of 0.2 and PCE of 0.02%. We chose this cell because it degraded at
a rate less than 0.34% per hour in the dark when it was used in this experiment. This
means that the degradation in the experimental period lasting five hours should be less
than 2%. In other words, we considered it as a ‘stabilized’ device.

We used two light sources, i.e. a 365 nm UV lamp (spectra is shown in the right inset of
Figure 3—7), and a halogen lamp with a UV-cutoff filter cutting off short-wavelength light
from 550 nm (called UV-off light hereinafter, spectra is shown in the left inset of Figure
3-7). Irradiation intensities were adjusted to be the same, approximately 0.7 mW cm.
Both cells had been ‘stabilized’” over at least one month to reduce the intrinsic
degradation in the experimental period. We probed the evolution of Jsc and Voc after
different periods of UV irradiation. The results are shown in Figure 3-7.

After the irradiation, Jsc rebounded completely for the UV-off irradiation and partly for
the UV irradiation after in the dark for two hours. On the other hand, Voc was hardly
recovered after the UV irradiation even after back to dark. FF did not change after the
irradiation.

At an open-circuit condition, Jsc decreased about 20% per hour after the UV irradiation,
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and about 10% per hour after the UV-off irradiation. Voc decreased notably by 0.02 V per
hour after the UV irradiation, but unchanged after the UV-off irradiation.
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Figure 3—7 Evolutions of the normalized parameters of an unencapsulated OSC-D after
irradiation. Insets are the wavelength dependent energy distributions of light sources (in
nm), as well as the absorbance of CuPc and Cso. Bottom bars correspond to the related
colors of light sources, black means in the dark.
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Figure 3—8 Variations of the Voc and Jsc of the unencapsulated solar cell after different
periods of low UV light irradiation.

These results suggest that the UV irradiation irreversibly changed the energy bands of
active materials. On the other hand, the long-wavelength light that was only absorbed by
CuPc, did not cause such an irreversible degradation. These results tell us that the light
absorbed in the fullerene layer resulted in irreversible degradation in OSCs.

There are at least two adverse effects of UV light on fullerene. One is causing the
photochemical degradation of fullerene, 321 which was probably related with the
formation of the singlet oxygen molecule whose energy level is 0.98 eV higher (absolute
value) than a normal triplet oxygen molecule. 1331341 Another effect is an acceleration of
diffusion of oxygen molecules in fullerene. Both processes could no doubt deteriorate
the electronic properties of the fullerene layer. And in either case, oxygen plays an
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indispensable role in the light-induced degradation of the fullerene layer. The effect of
oxygen on the degradation can be evidenced in the next sections.

3.5.2. Encapsulated OSC

We used an encapsulated OSC to examine the effects of low light irradiation on the
degradation of organic solar cells. This device had also reached its ‘stabilized’ stage with
a negligible degradation rate of < 0.01% per hour. The solar cell was considered to have
consumed all the air pre-adsorbed in it. The results are shown in Figure 3-9.
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Figure 3—9 Evolutions of the normalized parameters of an encapsulated OSC-D after
different irradiation. Insets show the wavelength dependent energy distributions of the
light sources (in nm), as well as the absorbance of CuPc and Ceo. Bottom bars correspond
to the related colors of light sources, black means in the dark.
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Figure 3—10 Normalized Jsc of an encapsulated cell (black solid) and an unencapsulated
cell (blue dashed) under 0.7 mW cm™? UV-off irradiation in 35 min.

Neither Voc nor Jsc was influenced by either irradiation. We further measured Jsc of both
the unencapsulated device and the encapsulated device under the low UV-off irradiation.
The low light irradiation had little effect on the Jsc of the encapsulated device, whereas it
continuously decreased Jsc of the unencapsulated device, as shown in Figure 3-10.
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Comparing the above results, we inferred that the UV light and oxygen played a
synergistic effect on the degradation of organic solar cells.

3.6. Effect of light in vacuum

In order to probe the effect of short-wavelength light irradiation on the degradation of
organic solar cells, we carried out other three series of experiments with two solar cells
that were stored in vacuum. The vacuum chamber was the same as the one used for
probing the in situ transmittance. After removing the air surrounding the tested cells, we
examined the effects of air on the degradation of small-molecular organic solar cells at
different degradation stages under intense light irradiation.

3.6.1. Fresh OSC

In the first series, an organic solar cell with a structure of ITO (150 nm)/PEDOT:PSS (60
nm)/CuPc (25 nm)/Ceo (40 nm)/LiF (1.1 nm)/Al (75 nm) was fabricated as normal. After
fabrication, we transferred it into a portable vacuum chamber in Ar and then pumped
the chamber with a TMP to remove the surrounding Ar before the cell was exposed to
light.
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Figure 3—11 Evolution of Jsc of a fabricated OSC stored in vacuum under different light
irradiation conditions. The dashed curve is an exponential decay fitting curve. Insets show
the light spectra (black), as well as the absorbance of CuPc (blue) and Ceo (red).

After six hours of pumping in the dark, we speculated that the gas in the chamber had
been removed completely. Then we tested the performance of the device under different
light irradiation. The light sources were an IR-cutoff Xe lamp with different colorfilters. A
red-cutoff filter at 580 nm was used to generate the short-wavelength light and a blue-
cutoff filter cutoff at 550 nm was used to generate the long-wavelength light. Both light
sources had the same irradiance of about 37 mW cm™ on the surface of the tested cell.
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The light intensity distributions are shown in the inset of Figure 3—11.

In the first experiment lasting two hours, the red-color light source corresponding to the
absorbance of CuPc was used to irradiate the cell stored in the chamber. The cell was
short-circuited during the irradiation. The recorded Jsc is shown on the left of Figure 3—
11. The cell did not noticeably degrade under this irradiation, except an initial increase
probably due to a thermal effect.

This suggests that the long-wavelength light had almost no effect on the degradation of a
fresh cell. More precisely, the light-induced degradation in a freshly fabricated OSC
occurred neither inside nor at the interfaces of the donor material CuPc.

After the cell cooled down in the dark in the following half an hour, we used the blue-
color light source to radiate the cell in the next two hours. CuPc and Cso can absorb this
light. The evolution of recorded Jsc is shown on the right of Figure 3—11. Under this
irradiation, the initial Jsc was close to that obtained under the red color. However, it
decreased exponentially this time.

Inferring from these results, we proposed that the light-induced degradation in small-
molecular organic solar cells occurred either inside the donor layer or at the cathode-
acceptor interface. In other words, the degradation of fullerene was the main cause of
the light induced degradation. To confirm this conclusion, we chose another solar cell
with a different structure to investigate the light-induced degradation.

3.6.2. Air-contaminated OSC

We carried out two other series of vacuum experiments with more complicated
procedures. In these two series, we replaced LiF with TiOx. The partially oxidized titanium
layer was prepared by depositing metal titanium (2 nm) upon organic (Ceo) layers. This
ultrathin metal layer was then exposed in air for about 10 s before being annealed on a
150 °C hot plate for 5 min in Ar.

The spatial distribution and chemical composition of the oxide layer were unclear.
Referring to the discussion in Chapter 5, titanium atoms prefer to form clusters on the
surface of fullerene, and the ultrathin titanium film could have been oxidized during the
transfer in air. Upon annealing, these oxidized clusters probably migrated into the grain-
boundaries of the fullerene film.

The aluminum cathode was deposited in the bell-shape chamber. The final structure of
the solar cells was ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (25 nm)/Ceo (40 nm)/TiOx (~2
nm)/Al (75 nm). J-V curves of this device in the initial 40 minutes in air were recorded
under a Xe lamp (95 mW cm?, spectra shown in Figure 2-21 in Chapter 2). The results
are shown in Figure 3-12.
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Figure 3—12 J-V curves of the solar cell with TiOx as the ETL, before being set into vacuum.

This cell degraded rapidly in air, similarly to those with other ETLs. This suggests that the
devices ‘inhaled’ air quickly. Detailed discussion on the shelf stability of these cells is in
Chapter 5.
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Figure 3—13 Evolution of Jsc and Voc of the OSC in vacuum, after the J-V tests in Figure 3-
12. Three different light sources were used, including the red-color irradiation for 3 h (a),
the UV light for 30 min (d), and the blue-color irradiation for 18 h (b, c, e, f and g). The
device was temporarily exposed to air before e and g. The evolution of Voc intermittently
measured under the red-color irradiation is also shown. Exponential fitting curves of the
evolution of Jsc during continuous irradiation are also shown.

After intermittently testing the J-V curves in air for 40 min, we set this cell into the
vacuum chamber to examine the stability of this air-contaminated solar cell under
different light irradiation conditions. We used the same light sources as those used in
Figure 3—11. Two series, i.e. one tested at a relatively fresh stage, and one tested at a
stabilized stage (stabilized in vacuum) were done. Results of the first series are shown in
Figure 3-13(a--g).
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Figure 3—13 shows that the continuous red-color irradiation led to a decrease of Jsc (a).
We explained the divergence between this result and that shown in Figure 3-11 with the
‘inertia” of the extrinsic degradation from the initial air-exposed degradation period
shown in Figure 3—12. The red-color irradiation did not decrease Voc. On the contrary,
the continuous blue-color irradiation seriously damaged both Voc and Jsc (b), before the
cell was ‘photo-stabilized’ (c).

The stabilized cell was resistant to short-wavelength light irradiation, including the 365
nm UV light (d). We inferred that there is equilibrium inside the cell after the photo-
induced degradation. However, such an equilibrium state would be broken by further
exposure to air, as evidenced by the slight drops of Jsc from period e to f and from period
f to g. Nevertheless, Voc was little influenced by these short-term air-exposures.

3.6.3. Stabilized OSC

After the tests shown in Figure 3-13, we stored the cell to an Ar glove box in the
following one week, and then did the second series of tests on this ‘stabilized’ cell. The
cell recovered its performance to some degree in Ar (less than 10%). In this second series
(A—Jin Figure 3-14), we first exposed the cell in air for two hours to inhale air under low
red-color irradiation (< 0.5 mW c¢m™), and then tested its performance under continuous
blue-color irradiation in vacuum (B). After that, the cell was stored in air, and tested
under continuous red-color irradiation (C), continuous blue-color irradiation (D and E),
and continuous white irradiation (F) in sequence.

The blue-color irradiation first decreased the Voc of the cell to another ‘stabilized’ level
(B). However, Jsc of the Voc-stabilized cell was still susceptible to blue-color irradiation, as
indicated by the results either in air (D and E) or in vacuum (H, 1 and J).

The red-color irradiation did not cause any degradation of the ‘stabilized’ cell either in air
(C) or in vacuum (G). Another interesting phenomenon is that the red-color irradiation in
vacuum (G) probably caused a recovery of the cell. However, this recovery was only
temporary, as the sequential blue-color irradiation (H) brought the performance
irreversibly down to the third stabilized level in vacuum (I and J).

The white-color irradiation (49 mW cm?) was generated with the same IR-cutoff Xe lamp
but with an extra neutral density filter (50% visible transmittance) and a glass slide (92%
visible transmittance). Although this white-color irradiation constituted blue light, it
seemed to have enhanced the performance of the cell in air (F). However, without
reference measurement under the same light irradiation, we cannot estimate the effect
of this white-color irradiation.
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Figure 3—14 Evolution of Jsc and Voc of the OSC after the tests in Figure 3-13. The time axes
are consecutive. Three different light sources were used, including red-color irradiation in
air for 3.5 h (C), or in vacuum for 3 h (G), white irradiation in air for 3 h (F), and blue-color
irradiation in air for 6 h (D and E) or in vacuum for 15 h (B, H, | and J). The cell was
temporarily exposed to air before B. Voc intermittently measured under the red-color
irradiation is also shown (red dots) with the average Voc (dashed horizontal line).

The above results indicate that an organic solar cell inhaled air when it was exposed in
air. The rate of the oxygen inhalation increased with the freshness of the cell. There
existed equilibrium states under which neither UV irradiation nor blue-color irradiation
could cause irreversible degradation of the cell in vacuum. These equilibrium states only
existed after the cell had experienced photo-induced degradation. The equilibrium state
was probably related with the removal of the remaining air inside the cell under blue-
color light irradiation. These equilibrium states were susceptible to further air exposure.
If the stabilized cell was exposed in air again, it inhaled air, and reached another
equilibrium state after consuming the inhaled air under blue-color irradiation in vacuum.
Referring to the light-induced acceleration of diffusion of oxygen in fullerene, we
conclude that the photo-induced degradation in small-molecular organic solar cells
originates from the synergistic deteriorating effects of oxygen and light irradiation on the
electronic properties of the acceptor material fullerene.

3.7. Summary

In this chapter, we discussed the synergistic effects of light and air (oxygen) on the
extrinsic degradation of small-molecular organic solar cells. The lighting fluorescent
lamps with a low irradiance caused an acceleration of the degradation of
unencapsulated organic solar cells in air. On average, the fluorescent lamps increase the
degradation rate sevenfold.

We compared the effects of two different low light irradiation conditions on one
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encapsulated and one unencapsulated solar cells in air. We found that for the
unencapsulated cell, both irradiation caused reversible degradation, while the UV
irradiation further caused irreversible degradation. On the contrary, for the encapsulated
solar cell, neither of the low light irradiation caused degradation. We concluded that
although the CuPc layer did not degrade under light irradiation, the fullerene layer was
degraded under light irradiation in air.

We probed the effect of different intense light irradiation conditions on the degradation
of organic solar cells stored in vacuum. A fresh solar cell in vacuum resisted red-color
irradiation, whereas it did not resist blue-color irradiation in vacuum.

The effects of different light irradiation conditions on the degradation of a photo-
stabilized solar cell in vacuum were also probed. We found that a cell stored in vacuum
could reach an equilibrium state. However, this equilibrium state would be broken by
further inhalation of air. We concluded that air and light play a synergistic role in the
degradation of small-molecular organic solar cells.

Table 4 Summary of degradation patterns under different spectra, with different amount
of air, of devices under different degradation stages.

OSC Stage Fresh Stabilized*
Intensity | Low light (<1.0 D A+B+ A-D | C-5D | A C
& -2 C**
mW cm )
Spectra
Strong light C B B
(>20 mW cm_z)

Air *** p p T T P P | T|P|T

Normalized Jsc-t i

| | | | |
A A (365nm) B (500nm) C (620nm) D (dark)
* Normal light irradiation no longer causes degradation;
ok Fluorescent lamps;

**%  P:plenty amount; T: trace amount

The effects of different spectra we investigated in this chapter are summarized in Table 4.
From it, at least three processes are evidenced:

e Light independent extrinsic degradation;
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e Light dependent reversible degradation;

e Short-wavelength light dependent irreversible degradation.
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Chapter 4. Modelling of degradation curves

4.1. Introduction

Building a simple model to explain experimental observations is one of the powerful
ways to improve our understanding of variables that are involved in a complicated
system. A proper model of a dynamic process also makes it possible for us to predict the
evolution of an observable.

Organic solar cells degrade in various ways as mentioned in the introduction chapter.
Short-circuit current (Isc), proportional to the rate of electron transportation between
layer interfaces, is widely used to represent a cell's real-time quality. Exponential
polynomials have generally been postulated to be the decay equation of /sc, either on the
shelf or under continuous irradiation.

For devices stored on the shelf, a single exponential equation has been employed for
curve fitting. 3> A single exponential expression fails to depict the evolution of Isc of a
device exposed under continuous light irradiation. Under the continuous irradiation, an
OSC usually degrades exponentially at first but then either degrades slowly or becomes
photo-stabilized. In this case, Equation 4-1 and 4-3 are employed to describe the
performance.

Krebs et al. fabricated polymer-Ceo based cells with an area of 3 cm? and fitted the
evolution of Isc as a function of time with a double-term exponential expression
(Equation 4-1) corresponding to an initially fast decay and a sequentially slow decay. [13%]
The integrated charge Q:otal can be estimated according to Equation 4-2.

Isc = ae™ + ce™ 4-1

+ 4-2

S e
Ul o

Qtotal =

A stretched exponential relationship between /sc and t (Equation 4-3) has also been
employed. 5% 1371 The half-life of a device t1/> can be estimated according to Equation 4-4.

+\?
Isc = Isc (1=0) €xp [— (;) ] 4-3

t1/2 = T(ln 2)1/5 4—4
For the mechanisms of the extrinsic degradation in OSCs, oxygen and water have been

believed to be two main causes. Krebs and Norrman’s group reported a long-timespan
study on the degradation of OSCs, and pointed out two oxygen sources, i.e. microscopic
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pinholes and in-between grain boundaries. 3 They also investigated the vertical
distribution of oxygen in cells with thin aluminum cathodes of 22 nm and without any
ETL, and found that oxygen diffuses into the organic layers and further oxidizes both the
organic layer and the aluminum cathode under light irradiation. [

They further used BPhen as the ETL and 100nm of aluminum as the cathode, and found
that water plays a more significant effect on the degradation of fabricated devices in this
case. Pinholes in the aluminum cathode are attributed to the oxygen intruding pathway,
and grain-boundaries in the cathode to the water intruding pathway. P! From these
previous findings, we infer that the intake and also the significance of oxygen (compared
to water) depends on the structure of the cathode interface as well as the thickness of
the cathode.

Normally, it is hard to sketch a material degradation model for organic solar cells with
diverse constitutive materials. For the small-molecular organic solar cells with a structure
of ITO/PEDOT:PSS/CuPc/Ceo/LiF/Al, Xi et al. have compared the effects of water and
oxygen on the stability of unencapsulated devices and stated that oxygen plays a more
crucial role in extrinsically degrading the cells. [13°]

The above literature, together with the observations discussed in Chapter 3, formed the
basis of modelling in this chapter. To comply with various experimental degradation
curves, we built several different models to explain experimental observations from
different perspectives.

4.2. Compartmentalization

The transportation of charge carriers in an OSC is driven by a vertical electric field
between electrodes, [23 meaning that it is reasonable to divide each cell into numerical
imaginary vertical sections (normally called compartmentalization) connected in parallel,
as illustrated in Figure 4-1. For the validity of compartmentalization in OSCs, two
assumptions are necessary. First, the lateral diffusion of either constituting molecules, or
charge transporting species, or excitons in organic layers is omitted. Second, the
influence of trapped charges on the transport of neighbouring charges is omitted. In a
compartmentalized device, each section can be photovoltaic active or inactive. The
active section captures and transfers photo-energy independently. A similar method has
recently been used to explain experimental observations in BHJ-OSCs. (138

The recovering of device performance discussed in Chapter 3 has suggested that there
exists equilibrium in a device. It means that there are some sections which are not
photoactive temporarily could be transferred to or from photo active sections. These
retrievable but temporarily inhabited states cancel out part of a strain loaded on a solar
cell during degradation. The strain may be light irradiation or exposure to damp (see
Chapter 5), or any other factors that result in recoverable degradation in an OSC.
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Scheme 1 Scheme of three steps during the life of an OSC.

In Scheme 1, we suppose that each fresh cell consists of numerous sections, including the
photovoltaic active ones (|), the temporally photovoltaic inactive ones (f) and the
permanently photovoltaic inactive ones (). The active section will turn permanently
inactivated states (| — 1) under an over-loaded strain or to the temporally active section
( — 1) under a moderate strain. The temporally photovoltaic inactive section has the
potential to become active (t — |) if the strain is released. For the OSCs discussed in
Chapter 3, the strain might be the light irradiation.

The overall photocurrent / flowing in the external circuit of an OSC is the sum of all the
photocurrent i in each section, as illustrated in Figure 4-1.

Figure 4-1 Equivalent circuit diagram of an OSC consisting of numerous nanoscale
separate OSC sections connected in parallel.

4.3. Photo-chemical reaction model

4.3.1. Logistic decay

Most OSCs degraded monotonically in air, generating degradation curves that can be well
fitted with an exponential decay equation having two variables, like Equaiton 4-3.
However, some devices degraded moderately in the initial period, as the one shown in
Figure 4-2 (greenish dots). After trying several common two-variable fitting equations,
we found that a logistic equation (Equation 4-8) fits such a normalized Jsc-t curve better
than others. We derive this equation with an abstract model in the following.

The logistic function typically stems from an autocatalysis reaction in chemistry or a dose
response in pharmacology. To derive a logistic decay function for the degradation of solar
cells, we suppose that the decaying rate of active sections M in a cell is nonlinar,
following
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dM(t
O — karey- - vty Qo) as
where k denotes rate constant, and a parameter Q(t) is introduced to involve the possible
recovery of temporal inactive sections or the possible self-accelerated degradation. To
simplify Equation 4-5, we take Q(t) as constant Q. Solving equation 4-5, we can get

M) !

- 4-6
CeFt +Q

where C is an arbitrary constant. If we assume the initial value of M at t = 0 is My, the
specific solution becomes

1
MO= TG —o@rq 7

Then the normalized short-circuit current (noted as Nlsc) which is proportional to the
number of active sections follows

1

= - 4-8
(1-q)ert +q

Nlsc(t)
where g = MoQ. The curve of Equation 4-8 at t > 0 is an inverse sigmoid curve when 0 < g
< 1 (degradation with recovery), or a steeply decaying curve when g < 0 (accelerated
degradation). According to this model, the device’s half shelf-life ti12 and the integrated
charge Qiotal are determined by k and g,

1 1 1
t1/2 = E In (]. + Tq) and Qtotal = _kj_q ln(l — q) 4-9
H y=exp{-[(t-t0)/65]" %]
Rsq = 0.9852
o 0.8} y=1/{9.1*exp[0.0028*(t-t0)]-8.1} 1
K Rsqg = 0.9958
® 06l ]
N 06 y=0.27*exp[-0.0038*(t-t0)]+
£ oal 0.73"exp[~0.027*(t-10)] |
— Experimenta Rsq = 0.9990
|| — Streched Exp
0.2 —Logistic
—2-term Exp
0 L
10° 102 103

t /min

Figure 4-2 Experimental short-circuit current curves, and different fitting curves using the
three models: the stretched exponential decay (magenta), the logistic decay (blue), and
the double-term exponential decay (black). tO represents the time of the first recorded
point. The employed fitting expressions and related R-squares are noted beside the
curves.
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4.3.2. Two-term exponential decay

Performances of some devices might increase instead of decreasing in the initial period,
especially for those with relatively low initial performances (Figure 4-3). One explanation
of the initial increase is a removal of shortage spikes between electrodes in air. For such
devices, the above discussed double-variable equations failed to depict their degradation
curves. We need at least three variables to well depict such a degradation curve. A
double-term expoential decay equation (Equation 4-1) with three variables (a + ¢ =1)
could fit the degradation curve well. We derive this equation with a material model in
this section.

Normalized Isc

O L L < L
10° 102 108 104
t /min

Figure 4-3 Examples of initial increases of performances of devices stored in air (blue
triangles and green squares). The performance of a monotonically degrading device is also
plotted as a reference (red circles). Black curves are double-term exponential fittings.

In order to sketch a material model including the recovering process as well as the UV
induced permanent damage, we hypothesized that Cso was oxidizable by photoinduced
reactions like the cycloaddition with oxygen under UV irradiation. Besides, the failure of
cells due to the oxidation of aluminum was also suggested. 2! Then the degradation
processes occurring nearby the cathode interface were sketched as

h+04
v \ Vi 02 \y \ v v
Ce00x 5 Cgo-O2 = Cso 3 Ceo Ce0-02
Al v Al W~ Al 10, ALOg AlLO3
\ =02 k3 /A
+0a2

Scheme 2 Photochemical processes at the cathode interface in an OSC.

where ks are the rate constants of reactions. In Scheme 2, we classify a section into one
of three types, including the (photovoltaic) active one B, the temporarily inactive one A,
and the permanently inactive ones Ci;, C;, and Cs, etc. Section A can be transferred to
section B by vacuum-annealing under light irradiation, and from section B in the
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presence of oxygen. The effect of short-wavelength light is perhaps accelerating the
oxidization of the cathode (C; and C;’) by speeding up the vertical diffusion of oxygen. UV
light might further induce the oxidization of fullerene (Cy). *4

We assumed that the oxygen was continuously supplied, and then put all of the
irreversibly inactivated sections together as C. The concentration of free oxygen at the
Ceo/Al interface was supposed to be a constant, [02], while at the (02-Ceo)/Al interface it
was reduced to [0;]'. The rate equations were then drawn up as

%[A] = —(w1 + wy + haDa) - [A] + (w2 + haD3) - [B]
%[B] = wi[A] = (w2 + w3 + hoDy) - [B]
%[C] = w3[B] + (w} + hyDy) - [A]

where:
w1 equals k1;
w2, ws, and hz equal k2, k3, and ks multiplied by [O3], respectively;
ws' equals k3 multiplied by [02]';
ha equals ks which is only UV light dependent;
[A] is the amount of the retrievable sections;
[B] is the amount of the active sections;
[C] is the total amount of the inactivated sections;
D, is the light dependent Boolean logic;
D4 is the UV light dependent Boolean logic.

In the dark, D, and D4 are zeros. The solution of [B] (proportional to /sc) is in the form of a
double-term exponential polynomial (Equation 4-1).

We did parameterizations to the above model. After assigning values for each parameter,
we got three featured sets of curves (Figure 4-4). A short period of irradiation was also
simulated. The values of the corresponding parameters g, b, c and d are listed in figures.
The solid curves represent the amount of section B and also Nlsc. We further added
intermittent irradiation to simulate the one minute's test with exponentially increasing
intervals between tests (blue curves). The simulation shows recovery of performance
after the strong light irradiation, resembling experimental results (Supporting figure 3).
The red curves are the simulations for the continuously light exposure, resembling
ordinarily reported curves.

One of the drawbacks of the photo-chemical model is the large flexibility of parameters.
In the following section, we show how to understand the degradation curves from a
diffusion perspective, using several measurable parameters.
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Figure 4—4 Simulations of the model with w3' to be zero, and the number of all sections to
be one. The initial parameters without dimensions are: Co= 0.01, w1 = 0.01, w, = 0.01, Ao
= 0.99 — Bp, and Bo= 0.2, w3 = 0.01 (left); Bo= 0.9, w3z = 0.1 (middle); Bp = 0.9, w3 = 0.01
(right). The solid curves indicate their photovoltaic capabilities. The red column
corresponds to 30 min's light irradiation with h, = 0.05.

4.4. Lateral diffusion model

4.4.1. Fick’s diffusion law

Fick’s laws of diffusion are generally used to quantitatively depict diffusion using a
diffusion coefficient D. 3% The first law states that the rate of transfer of diffusing
substance (diffusate) through unit area of a section is proportional to the concentration
gradient normal to the section, i.e.

F=-DaC/dx 4-10

where F is the rate of transfer per unit area of section, C the concentration of diffusate,
and x the space coordinate normal to the section.

The second law is derived from the first law, and it describes how diffusion causes the
concentration to change with time:

dC/0t =V - DVC 4-11
4.4.2. Peripheral diffusion from edges

Although it has been widely suggested that the air intruding from the covering cathode is
the major cause of the extrinsic degradation of OSCs, 311 it has also been found that the
stability of a fabricated OSC is influenced by the size of the active area. [ Yamanari et al.
compared in parallel the spatial degradation of three devices with HTL composed of
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PEDOT:PSS or MoOy or without any HTL, and found that the PEDOT:PSS device degrades
preferentially from four edges of the solar cell stored in air in the dark. 124 Inspired from
these reports, we simulated the lateral diffusion of air from edges of devices.

Figure 4-5 shows the peripherally one-dimensional diffusion of air inside a square cell.
The yellow regions shown in the insets represent the illuminated areas, whereas the blue
regions represent the entire active areas. After time t the boundaries (dotted) of
diffusate were approximated by the one-dimensional diffusion length, namely 2+/Dt. (118
139 For a sake of simplicity, we considered D as a constant. The active sections were
assumed to lose photo-activities immediately after encountering the intruding air.

Devices stored in the dark sometimes did not degrade in the initial period, which agrees
with the simulation shown in Figure 4-5, a. The proportion of the initial plateau period
depends on both the diffusion coefficient D and R/L, where R is the radius of the tested
part, and L the distance from the center to the edge of the active area of a cell. The value
of D was taken arbitrarily.

a. R/L=0.57 b. R/L =0.97
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Figure 4-5 Unpolluted area of the tested region with the same diffusion coefficient; (a) a

smaller tested area (yellow) and (b) a larger tested area. The side lengths of the cell were

set to 1.1 cm. The dot lines denote the diffusion boundaries. The cyanic periods

correspond to the periods between the exterior and interior contacts of the diffusion
boundaries with the tested area.

This peripheral diffusion model gave us clues for understanding the dynamics of extrinsic
degradation of OSCs, although it had some problems. First, it failed to explain the
extremely long shelf-lives of PEDOT:PSS devices discussed in Chapter 5. Furthermore, the
diffusion coefficient of fatal diffusate was presumed to be a constant 1 x 10 cm? s, not
complying with the pressure-dependent diffusion coefficient of gas in a polymer. 18]
Finally, it did not take into account the overlapping between longitudinal diffusion and
latitudinal diffusion. To solve these problems, we proposed another diffusion model as
follows.
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4.4.3. Pinholes and grain-boundaries

Normally, microscopic pinholes exist on the surface of fabricated OSCs. One possible
origin of these pinholes is wrinkled organic layers, especially after the pre-annealing.
These wrinkles could cause the formation of pinholes in a subsequently deposited
cathode, and may even cause a circuit shortage 1%, When we used BCP as the ETL, no
pre-annealing was done, and as a result the pinhole density was much reduced.
Furthermore, we showed in Chapter 5 that these pinholes could be eliminated by an
ultrathin titanium layer beneath the aluminum cathode.

The pinholes on the surface of an aluminum cathode can be observed under an optical
microscope. Therefore, the pinhole density was estimated by counting the density of
bright spots in the cathode under transmitted light with a Nikon OPTIPHOT-POL
microscope. The exposure time of the camera was 30 s. These pinholes were also
characterized with AFM (Figure 5—42 in Chapter 5).

Figure 4—6 (left) microscopic image of an OSC under transmitted light, the total area is
1500 x 1500 um?. Each bright spot corresponds to one pinhole. One pinhole is shown in
the zoomed inset. (Middle) one large pinhole visible to the naked eye.(Right) AFM image
of the aluminum surface of an OSC.

Bulk aluminum is composed of numerous crystalline grains separated by grain-
boundaries. These nanoscale grains are observable under a scanning electron
microscope (SEM) ™31 or an AFM. The average diameter of Al grains shown on the right
of Figure 4—6 was estimated to be about 60 nm. The exposed grain boundaries probably
have a mean width of 0.5 nm, 149 |arger than the molecular diameter of either oxygen or
water.

4.4.4. Lateral diffusion of oxygen

We made a simple simulation of the lateral diffusion of oxygen according to the observed
different degradation patterns under different storage conditions. Sources of oxygen in-
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taken by OSCs have been found to include both microscopic pinholes and in-between
grain boundaries in the cathode. 31 Microscopic pinholes were randomly distributed
with a minimum average distance of 50 um (Figure 4-6).

An approximation by a cylindrical diffusion model 3% with the reported diffusion
constant (1023 cm? st [141]) suggested that the lateral effective diffusion distance from a
microscopic pinhole (@1 um) is approximately 1.5 um in seven hours. Such a short length
compared to the average distance between pinholes implies that the diffusion through
the microscopic pinholes was much less than that required by the observed degradation.
In other words, the major short-term oxygen source in OSCs was probably the
grainboundaries, rather than microscopic pinholes. Unfortunately, few detailed studies
on the grain boundaries could be found until now. Suppose all the observed boundaries
that were separated by approximately 40 nm following the SEM image reported by Krebs
et al. 131 were totally permeable for oxygen, the laterally diffused oxygen from one
boundary only needs approximately one minute to meet with that from its neighboring
boundaries. It means that not all these boundaries are actually permeable for oxygen.

Instead, we found it convenient to consider all oxygen sources as randomly distributed
submicroscopic sources, incorporating both grain boundaries which were wide enough
for oxygen to pass through, and microscopic pinholes. The average distance between
these imaginary submicroscopic sources should be on a micron scale according to the
experimentally observed degradation rate. The oxygen distribution throughout the
fullerene film at these submicroscopic sources was supposed to be uniform and
maintained constant. We made such an assumption because it facilitated the boundary
setting as discussed below. Besides, oxygen behaviors in other lamellar layers were not
taken into account.

1 um

= £40 nm
b ~28 octahedral
At yvacancies

Figure 4—7 Scheme showing the lateral diffusion of oxygen in the fullerene layer. Grain-
boundaries are represented with narrow gaps in the aluminum cathode, whereas
pinholes, including wide graingrainboundaries, are represented with wide gaps. Oxygen
molecules are represented with the peanut-shape red particles. Light (orange sinuous)
accelerates the lateral diffusion of oxygen, while the short-wavelength part (blue sinuous)
further causes the reaction of oxygen.

With these assumptions, the dynamical degradation finally became a two-dimensional
non-steady multi-source radial diffusion problem in the fullerene film. The oxygen
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diffusion is a non-steady process following the extended Fick's law:
0C/ot =V - DVC —kC 4-12

where C is the concentration of oxygen, t the time, D the diffusion coefficient and k the
reaction rate constant of oxygen. Along with the diffusion of oxygen, the contaminated
area becomes photo-inactivated due to the strong carrier trapping effects of oxygen in
fullerene, 05 142-144]

The analytical solution of an analogous single-source non-reaction radial diffusion
problem has been solved to be [13°]

e W g3
C1 —Cy + ™ JE(ua) + Y§¢(ua) u

C—-Cy 2 /°° exp(—Dut) Jo(ur)Yo(ua) — Yo(ur)Jo(ua) du
0

where r and a are the radii of the diffusate and the central source (g = 10 nm here),
respectively, Co the initial concentration throughout the region r > a (Co = 0 here), Ci1 the
constant concentration maintained at r = a (C1= 1 here), and Jo and Yo Bessel functions of
the first and second kind respectively, of order zero.

4.4.5. Simulation

The problem is numerically solvable with Matlab® using a finite-element method (FEM).
The oxygen concentration C is then substituted by x in the composition of Cgo(O2)x. The
physical meaning of x is the average concentration of oxygen molecules over all fullerene
molecules in one vertical section. As the thickness of the fullerene layer is 40 nm,
vacancies in one minimal section could maximally house 28 oxygen molecules (the fcc
lattice constant of fullerene is 1.417 nm %), The boundary between alive sections and
inactive sections was therefore set to x = 1/28 = 0.036, corresponding to one O3 in one
section.

Simulated evolution of Jsc with different values of C; is shown in Figure 4-8. According to
Equation 4-13, the concentration C at position r after time t is proportional to C;
(suppose Co to be zero). In other words, Ci/x does not vary with Ci. Consequently, we
only adopted Ci = 1 in simulations discussed hereinafter. In the two-dimensional
simulation, 5 x 5 circular sources with a radius of 10 nm, separated by 1 um, were
suddenly fulfilled with oxygen from time zero when the concentration changed from zero
to one.

The concentration throughout the surrounding area was initialized as zero. The FEM
employs triangular meshes for calculations. Mesh refinements followed with Jiggle mesh
optimizations were applied four times, limited by the computation times. After problem
solved, the concentration distribution around the central source in a square of 1 x 1 um?
was analyzed by calculating the area enclosed by a concentration of 0.036.
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Simulated Normalized Jsc

% 20 40 60 80 100
Time /min

Figure 4—8 Simulated evolution of Js¢c with three different values of Cj.

0 0 min 0.5 ! 0 10 min . !

Figure 4-9 Simulated oxygen concentration x in the central 3 x 3 um? area over time. The
diffusion constant was set to 1 x 10'3 cm?s*. The boundary of each pinhole was set to 1.
k was set to zero. The white circles were plotted at 0.036.

4.4.6. Fitting

An OSC-E and an OSC-D fabricated from an identical batch with the same initial
performance were chosen for comparison. Degradation curves of both cells are linear
initially [Figure 4-11(c)]. It agrees with the near-linear reduction of the active area in the
initial lateral radial diffusion according to a single-source non-reaction simulation.
Further fitting revealed that the fluorescent lamps lead to an approximately sevenfold
larger diffusion constant, which is possible according to the literature. % 9> 126]
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Figure 4-10 Simulated oxygen concentration in the central 2 x 2 um? area of the multi-
source diffusion in 100 min, with different diffusion constants (top: left to right is 0, 0.17,
0.83, 1.67, 3.33; bottom: left to right is 5.00, 6.67, 8.33, 10.00, 11.67, with a unit of 10*
cm? s1). Bright spots represent sources with concentration maintained constant. Circles
are the boundaries of active sections (x = 0.036), and totally merges in the last panel.
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Figure 4-11 (a) Simulations of the multi-source diffusion with a first-order reaction with
an arbitrarily set rate constant of 0.036 min%; (b) Simulations of the multi-source diffusion
without a reaction or immobilization. Diffusion constants with a unit of 103cm? st are
noted on the related curves; (c) Evolution of Jsc of an OSC-E and an OSC-D in one batch
and simulated curves with a single-source non-reaction diffusion model (straight lines).

Let us consider the multi-source diffusion with (k > 0) or without (k = 0) a reaction. Firstly,
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if oxygen diffused without reacting, a slight acceleration of degradation is expectable due
to the inevitable overlapping between diffusing neighbor boundaries (Figure 4-10). It
agrees with the trend of the degradation curve of the OSC-D shown in Figure 4-11(c).
Secondly, if there is an irreversible reaction accompanying with the diffusion (k > 0), the
degradation will eventually be slowed down [Figure 4-11(a)]. It interprets the curvature
of the degradation curve of the OSC-E in Figure 4-11(c). Reaction of oxygen in OSCs has
been suggested to be accelerated under light irradiation. > 1281 Therefore, the diffusion
of oxygen in OSCs is actually accelerated more than sevenfold under fluorescent lamps.

4.4.7. Application to others’ work

A straightforward application of the lateral-diffusion model may be to supply an explicit
explanation of extrinsic degradation curves of OSCs induced by the intrusion of oxygen.
The degradation curves reported by Xi et al. in 2010 35 were taken as an example to
demonstrate the application, as shown in Figure 4-12.

Compared with our cells which were fabricated with thinner aluminum, cells reported by
Xi et al. degrade relatively slowly. The initial slope of of the Jsc-t curve of the Cy cell is
close to that of our Ceo based OSC-D shown in Figure 4-11(c) (0.0018 mint). As discussed
above, the initial slope of the degradation curve (Jsc-t) is approximately proportional to
the diffusion constant. Consequently, it could be inferred that the diffusion constant of
oxygen in Ceo is 1.73 times that in C7. However, one should keep in mind that these
values may vary much, depending on the fabrication and test processes.
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Figure 4-12 Application example of the 2-dimensionall diffusion model in OSCs with a

structure of CuPc/Ceo/LiF/Al reported in the reference 1% Linear fittings were roughly

executed on the normalized Jsc. The noted rates indicate the decreasing rate (slope) of the

related normalized Jsc in the first twenty minutes (Ceo), or forty minutes (Czo).

The cathode of OSCs is sometimes Ag in literature. An Ag-cathode device tends to give a
longer shelf-life compared to an Al-cathode device. *°! From a chemical point of view,
this can be easily understood according to the fact that silver is less reactive to oxygen
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(and water) compared with aluminum. From a diffusion point of view, this can be
understood as a consequence of the reduction of air sources in the cathode, resulting
from the smaller grain size and grain boundaries in the silver film as shown in this
literaure.

Because the oxygen affinity of fullerene is very high, the exposure of organic films (after
the deposition of the fullerene layer) to air before the deposition of the cathode will
deteriorate the shelf stability of the device. In order to apply the model to interpret this
phenomenon, the pre-adsorbed oxygen needs to be taken into account. If the cathode
(e.g. Al) reacts with oxygen, the pre-adsorbed oxygen molecules lower the scavenging
capability of the cathode, and we should add an extra parameter ¢s to terminate the
reaction factor kc in Equation 4-12. If the cathode (e.g. Ag) does not react with oxygen,
the pre-adsorbed oxygen will remain in the fullerene and trap charges, and then we
should set the initial oxygen concentration Co to be nonzero. Nevertheless, as indicated
in Equation 4-13, a nonzero Co does not influence the diffusion dynamics.

However, the diffusion model cannot cover all extensive degradation of OSCs involving
various chemical and physical processes. One intriguing example is the recovery of an
unencapsulated OSC in the dark after light exposure which was discussed in Chapter 3. In
this case, photochemical reactions become complicated. And the photochemical models
might give a complementary explanation to the degradation.

The diffusion model may also have difficulties in explaining the degradation of devices
adsorbing water or having complicated donor-cathode interfaces. Besides, it could not be
used to explain the intrinsic degradation in devices occurring in a long term.

4.5. Summary

In this chapter, we mainly created two models to explain the photo-induced degradation
of small-molecular organic solar cells based on CuPc and Ceo discussed in Chapter 3.

The first model is a photo-chemical model based on the fact that the short-term
degradation in OSCs occurs mainly at the cathode interface. It involved several photo-
induced processes occurring at the cathode interface. This photo-chemical model
explains the light-induced chemical degradation in small-molecular OSCs.
Parameterization of this model was also shown.

The second model is a lateral diffusion model based on Fick’s laws of diffusion as well as
the synergistic effect of oxygen and light irradiation on the degradation of fullerene-
based OSCs mentioned in Chapter 3. The light-induced degradation of unencapsulated
0OSCs shown in Chapter 3 was attributed to the light-accelerated lateral diffusion of
oxygen in the fullerene layer of an OSC. Besides the photo-accelerated diffusion of
oxygen, we added a reaction (immobilization) term to reflect the light-induced
oxidization in OSCs.
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We found that only the microscopic pinholes in the aluminum cathode are insufficient to
cause the rapid degradation of an unencapsulated device in a few hours. On the contrary,
the density of grain-boundaries in the aluminum cathode is too large. Incorporating both
pinholes and grain-boundaries which are wide enough for oxygen to pass through as the
effective oxygen sources, we chose an average distance of oxygen sources of one micron
for simulation.

We simulated the lateral diffusion of oxygen in the fullerene layer using different
diffusion coefficients, considering that light irradiation could promote the diffusion of
oxygen in fullerene. The simulations agree with experimental results discussed previously
in Chapter 3, especially in curvatures of degradation curves. According to simulations,
diffusion coefficient of oxygen in fullerene increases at least sevenfold under fluorescent
lamps. At the end of this chapter, several extended applications of the lateral-diffusion
model were mentioned.[Manual chapter break]
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Chapter 5. Titanium-aluminum bilayer cathode

5.1. Introduction

5.1.1. Metal oxide/aluminum

Aluminum is commonly used as the cathodes of OSCs, mainly because of the suitable
match of its work function (4.06—4.26 eV) with the electron affinity of fullerene (4.2 eV).
However, the nature of aluminum makes OSCs age rapidly for several reasons. Firstly,
aluminum itself is susceptible to oxidization, forming an insulating layer, particularly in
the presence of water. 124 Secondly, the intrusion of oxygen through cracks at grain
boundaries in aluminum films seriously impairs the fullerene in cells. (131,146l

Many approaches have been found to be effective in protecting OSCs in air. Some of
them use precious metals like gold, which increase the cost of manufacturing. One
relatively cheap way is to use metal oxides as the ETLs beneath the aluminum cathodes.
Sol-gel processed TiOx or ZnO has been widely used in organic electronic devices like
OFETs [*71 and OSCs. The most attractive property of these materials is their oxygen
(perhaps also water) scavenging capabilities. These materials processed with a sol-gel
method are often baked at a mild temperature to remove the volatile solvents. This
method is well compatible with the solution-processed polymeric OSCs and improves
both the efficiency and stability of the fabricated devices in air. [14]

The improved efficiency of OSCs in the presence of TiOx has been ascribed to the
enhanced absorption of light in the PALs. [14°1 The enhancement of absorption was
usually ascribed to the so-called optical spacing effect. Such a conclusion was proposed
by comparing the calculated light intensity distribution in each layer with or without the
transparent TiOy layer. However, since the thickness of the TiOx layer can be as thin as a
few nanometers, such an ultrathin layer causes little optical redistribution. Therefore, the
optical spacer explanation is questionable. The enhanced scatter of incident light by the
metal oxides may also play a role in redistributing the incident light. In the presence of
TiOy, the incident light propagating in the PAL will encounter scatters from oxide clusters
locating in the fullerene grain boundaries.

One issue related with the oxides of Zn or Ti used as ETLs in OSCs is associated with their
fabrication processes. The fabrication method reported by Heeger’s group is like this:
spin-coating an isopropanol solution of TifOCH(CHs):]s, and then exposing the film in air
for a while before baking it in an inert environment to remove the organic fragments.
This method does not need a vacuum chamber, which makes it specifically suitable for
thin-film coating on solution-processed polymeric blends (the PALs of polymeric BHJ-
0OSCs). However, a vacuum chamber is finally used even in this method to evaporate the
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aluminum cathode onto the TiOx surface. 4} What is more, the complex transfer
processes used in this method consume a lot of energy and time. It is doubtless that
finding a candidate way of improving the stability of OSCs is still urgently demanded,
especially for the small-molecular OSCs, which are usually fabricated in vacuum.

Another common technique for depositing metal oxides is the atomic layer deposition
(ALD). This method has been employed to deposit aluminum doped zinc oxide (AZO)
films, which are used as the anode to replace ITO. 01 High stability in air can be
achieved in an inverted structure with an anode deposited this way. However, metal gold
is used as the cathode in this structure, making it impossible to horizontally compare the
stability of the fabricated devices with the above-mentioned aluminum-cathode devices.

5.1.2. Metal on fullerene

Many bilayer cathodes have been applied to OSCs, either to improve the efficiency, or to
improve the stability. In some cases, metals are directly deposited onto fullerene (planar
or blending film) without any ETL. Therefore, it is important to have a review on how the
deposited metal atoms locate themselves on the fullerene surface before further
mechanism discussions of these metal cathodes.

Small atoms or ions can easily occupy the interstices in the face-centered cubic lattice of
fullerene at room temperature. Metal atoms deposited on the surface of fullerene tends
to occupy the octahedral interstices in the fullerene lattice, and further change the
electric conductivity of the fullerene by supplying free electrons into the LUMO of
fullerene. Haddon et al. suggest that small alkali metal cations like K* may intercalate into
the octahedral vacant sites of fullerene without disrupting the network between
fullerene molecules. > The intercalation increases the conductivity of the fullerene layer
by adding no more than six electrons onto each fullerene molecule. A red shift of the
Raman shift (5 cm™ per electron on average) of fullerene at 1467 cm™ (1458 cm™ was
also reported 1?°]) with the increase of electrons accepted on each fullerene molecule is
observable. These observations suggest that the electron donors in fullerene red-shifts
(vibration energy reduced) the Raman scattering of fullerene.

The situation of titanium on the surface of fullerene might be different from that of the
alkali metals. Ohno et al. demonstrated that the first Ti layer deposited on fullerene
forms a monolayer, but the subsequently deposited titanium will produce clusters. They
also concluded that no intermixing of titanium atoms and fullerene could be evidenced.
(1511 On the contrary, Wang et al. argued that the Ceo at Ti/Cso interface tends to diffuse
into Ti layer and form amorphous Ti carbide. 1> Later, first principle calculation by Sun
et al. confirmed the clustering tendency of titanium on the surface of fullerene. 53]
These findings suggest that an ultrathin titanium layer deposited onto fullerene could
perform similarly as bulk titanium metal. The titanium atoms presumably reside
inbetween the grain-boundaries, rather than interdiffuse into the lattice.

Dissertation Tokyo Institute of Technology Cao Huangi



Chapter 5 Titanium-aluminum bilayer cathode 87

5.1.3. Titanium/aluminum

Titanium stands for strength not only in name (from the Greek’s gods, Titans), but also in
fact. It has been widely utilized in areas where high strength and high corrosion
resistance are simultaneously required, for example in the jet engine. Titanium has
versatile functions in alloys. It acts as a deoxidizer in steel and as an alloying addition in
many steels to reduce grain size, in stainless steel to reduce carbon content, in aluminum
to refine grain size, and in copper to produce hardening. 3

Besides these applications, titanium has also been used in vacuum to scavenge oxygen
owing to its high affinity to oxygen. Moreover, its work function (3.95—4.45 eV) overlaps
with that of aluminum. These properties would make titanium an ideal material
satisfying the requirements for a stabilizer of the aluminum cathode of OSCs. To test this
hypothesis, we deposited an ultrathin titanium layer prior to the deposition of aluminum
during the fabrication of small-molecular OSCs (see Figure 5-2 for the stack structure).

Titanium surface exposed in air is immediately oxidized to a scale comprising TiO, which
is an n-type anion-defective oxide through which oxygen ions can interstitially diffuse.
(1541 Consequently, a nanoscale titanium film is not a competent oxygen barrier to be
used as the cathode of an OSC. Fortunately, by adding some specific doping atoms like Al
or Nb, etc., the diffusion rate of oxygen in titanium can be significantly decreased by
forming a dense metal oxide layer. 1>°

Of the dopants of titanium that can improve the resistance to oxygen, aluminum has
been studied the most. The oxidation resistance of an alloy film with a composition of
Al Ti1x increases with x, as shown in Figure 5-1. [*53! For pure titanium, more than 50% of
oxygen is incorporated into the metal, forming an oxygen-diffusion zone. *>* With
increasing the aluminum ratio, the oxygen-diffusion zone becomes thinner and finally
vanishes when a continuous alumina layer can be formed.

TiO, TiO, TiO, To,(A0) | | A0, |
AL,O, + TiO, Al,0,+ TiO, 70, + A0,
. AlLLO
Tio,+ ALO, TiO, + ALO, 275
_ Oxygen- Oxygen-
diffusionzone Oxygen- diffusionzone
diffusionzone

Ti Ti,Al Ti, Al+TiAl TiAl TiAl,

Figure 5—1 Schematic cross sections through the oxide layers and the oxygen diffusion
zone in titanium and titanium-aluminides.

For the laminar Ti-Al structure we introduce here, a dense Al;03 layer can undoubtedly
form in air, which can be evidenced by the TOF-SIMS results shown in the last sections of

3 http://www.britannica.com/EBchecked/topic/597135/titanium-Ti
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this chapter.

In this chapter, we mainly discuss the stability of small-molecular organic solar cells with
different buffer layers, as well as different cathodes. Although the optimization of
fabrication parameters has only been done in a preliminary level, we could have proven
that a horizontal comparison between the stability of devices with relatively low initial
PCE can reflect the relative stability of optimized ones.

We employ three different types of cathodes to fabricate devices in this chapter, i.e.
aluminum, titanium, and aluminum-titanium cathodes. Hereinafter, devices with these
three cathodes are denoted as Al-OSCs, Ti-OSCs, and AlTi-OSCs, respectively. For the HTL,
MoOs or PEDOT:PSS is used. For the ETL, LiF, TiOx or BCP is used. The stability and initial
performance of fabricated devices depend dramatically on the choice of each layer. The
AITi-OSCs showing extremely long shelf lives are the major topic of this chapter. After
showing the performances of these devices, we further discuss the stabilization
mechanisms in the AITi-OSCs by probing the elemental depth profiles in several

e
HTL
CuPc

Cy

fabricated devices.

Figure 5—2 Schematic diagram of the stack structure of the AITi-OSCs discussed in this
chapter.

5.2. Al-OSCs

5.2.1. PEODT:PSS-PAL-LiF-Al

Devices with a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (25 nm)/Ceo (40
nm)/LiF (2 nm)/Al (75 nm) with an active area of 1.05 cm? were fabricated as described in
Chapter 2. Performance of one cell is shown in Figure 5-3. Intermittent /-V curves were
recorded with the Keithley2400 SourceMeter using the aperture method under the
halogen lamp (80 mW cm, spectra in Figure 2—21 in Chapter 2).

THM (definition in Section 2.2.8) of this device was only 1.2 h under fluorescent lamps.
During the degradation, Jsc and FF dropped rapidly, indicating a rapid intrusion of air into
this device. One common drawback of OSCs is that devices with higher initial
performances generally degrade more rapidly. This can be explained by the fact that
metal oxides on a metal surface usually passivate the metal from further oxidization. At
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the inner interface of the cathode of an OSC, when an oxidized layer has been formed, it
slows down the inhalation of oxygen of the cell. However this oxide layer blocks
electrons passing through the interface if it is an insulating layer.

We compared the integrals of Pmax over time (Proral) defined in Equation 5-1 of different
devices. ProraL reflects the photovoltaic capability of an OSC. Notes that this integral also
depends on the intensity of used light source.

tend
ProTaL = / Pmax(t) dt 5-1
to

where to is the time of the first recorded J-V curve, and tenqg the time of the finally
recorded J-V curve. ProraL of the device shown in Figure 5-3 is 3.6 J cm™.
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Figure 5-3 (left) J-V-time valley of an AI-OSC with a structure of PEODT:PSS-PAL-LiF-Al.
(Right) Normalized parameters of the LiF-Al-OSC.

5.2.2. PEODT:PSS-PAL-BCP-Al

Devices with a structure of ITO (150 nm)/PEDOT:PSS (50 nm)/CuPc (20 nm)/Ceo (40
nm)/BCP (8 nm)/Al (100 nm) with an active area of 0.06 cm? were fabricated as described
in Chapter 2. Intermittent /-V curves were recorded with the Keithley2400 SourceMeter,
under the solar simulator (AM1.5G, 100 mW cm). Results are shown in Figure 5-4 and
Figure 5-5.

We compared Proras of two AI-OSCs with different initial performances, e.g. an initially
high-performance device (OSC-high-1) and an initially low-performance device (OSC-low-
1). ProtaL of the OSC-high-1 (Figure 5-4) was about 6.5 J cm™, while Prora. of the OSC-low-
1 (Figure 5-5) was about 57.0 J cm™. We speculate that the OSC-low-1 had an aluminum
oxide layer which blocked charge transport, meanwhile suppressing the oxygen
inhalation of the device.
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Figure 5—4 (left) J-V-time valley of the OSC-high-1 (see the text) with a structure of
PEDOT:PSS-PAL-BCP-AI. (Right) Normalized parameters of the BCP-AI-OSC.
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Figure 5-5 (left) J-V-time valley of the OSC-low-1 with a structure of PEDOT:PSS-PAL-BCP-
Al. (Right) Normalized parameters of the BCP-AI-OSC.

5.2.3. MoOs-PAL-BCP-Al

Devices with a structure of ITO (150 nm)/MoOs (5 nm)/CuPc (20 nm)/Cso (40 nm)/BCP (8
nm)/Al (100 nm) with an active area of 0.05 cm? were fabricated as described in chapter
2. Intermittent /-V curves were recorded as above (AM1.5G, 100 mW cm?3).
Performances of two cells are shown in Figure 5-6 and Figure 5-7.

Similarly as above, we compared Prorais of two such devices with different initial
performances, including an initially high-performance device (OSC-high-2) and an initially
low-performance device (OSC-low-2). ProraL of OSC-high-2 (Figure 5—6) was about 138.2 J
cm2, while that of OSC-low-2 (Figure 5-7) was about 112.3 J cm™2.

On average, THMs of MoOs-Al-OSCs were much longer than those of PEDOT:PSS-AI-OSCs
discussed above. One possible explanation is that the PEDOT:PSS layer absorbed water
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which further oxidized the aluminum cathode. [124]
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Figure 5-6 (left) J-V-time valley of the OSC-high-2 with a structure of MoOs-PAL-BCP-AI.
(Right) Normalized parameters of the AlI-OSC.
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Figure 5-7 (left) J-V-time valley of the OSC-low-2 with a structure of MoOs-PAL-BCP-AI.
(Right) Normalized parameters of the Al-OSC.

5.2.4. PEDOT:PSS-PAL-TiO,-Al

Devices with a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (25 nm)/Ceo (40
nm)/TiOx (2 nm)/Al (75 nm) with an active area of 0.06 cm? were fabricated as described
in Chapter 2 and Chapter 3. These devices were pre-annealed in Ar for 5 min after the
deposition of an ultrathin layer of Ti and before the deposition of aluminum in the bell-
shape chamber. During the exposure in air for about 20 s, the titanium layers were
oxidized to titanium oxides. The titanium oxide layers were considered as
nonstoichiometric because TiO; can be reduced by the subsequently deposited
aluminum, 156

J-V curves of one cell were intermittently recorded under a Xe lamp (95 mW cm??,
spectra shown in Figure 2-21 in Chapter 2) in air. The results are shown in Figure 5-8.
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ProraL Of this device was about 3.7 J cm™, three orders of magnitude less than that of an
AITi-OSC discussed in the following section. This immense divergence suggests that the
ultrathin TiOy film had little effect on the stability of the fabricated devices.

These devices suffered much from the inhalation of oxygen, as indicated by the S-shaped
J-V curves (the left-front cross-section of the J-V-time valley on the left of Figure 5-8).
We inferred that these devices had failed to form a continuous titanium oxide layer
beneath the aluminum cathode. The ultrathin oxidized titanium film was presumably
either ruptured by the pre-annealing, or diffused into the grain-boundaries of the
fullerene layer. And as a result, the overall device comprised only Al-OSC sections (as
introduced in Chapter 4).
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Figure 5-8 (left) J-V-time valley of an Al-OSC with a structure of PEDOT:PSS-PAL-TiOx-Al.
(Right) Normalized parameters of the Al-OSC.

5.3. Ti-OSCs

Devices with cathodes made up of only titanium are discussed in this section. Ti-OSCs
with a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (20 nm)/Ceo (40 nm)/LiF (2
nm)/Ti (100 nm) with an active area of 0.06 cm? were fabricated. The titanium cathodes
were deposited with the 6 kV EB gun at a deposition rate of 0.003—0.1 nm stin the EL
chamber. We gradually increased the deposition rate to reduce the deposition time.
However, the increased deposition rate (e.g. 0.1 nm s) seemed to increase the risk of
forming shortage spikes between electrodes, as discussed in the next sections. Other
layers were fabricated with the same procedures as those for the Al-OSCs discussed in
Chapter 2. |-V curves were intermittently recorded with the Keithley2400 SourceMeter
under the solar simulator (AM1.5G, 100 mW cm). Between /-V tests, the Ti-OSCs were
stored under several fluorescent lamps at room temperature.

Figure 5-9 shows the performance of a Ti-OSC. ProraL of this device was 741 J cm™ within
the initial 6.5 months shown in Figure 5—9. One interesting feature of Ti-OSCs was that
they degraded in a fluctuating way (see the ridges on the J-V-time valley shown on the
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left of Figure 5-9). Degradation slowed down and oscillated after the device lost about
85% of the initial performance. We attributed these featured stabilized low-performance
states to the formation of TiO,. Some dye-sensitized photochemical sections (as
introduced in Chapter 4) were presumably formed along with the oxidization of titanium.
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Figure 5-9 (left) J-V-time valley of a Ti-OSC with a structure of PEDOT:PSS-PAL-LiF-Ti.
(Right) Normalized parameters of the Ti-OSC.
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Figure 5-10 Normalized performance of the device shown in Figure 5-9 in the initial two
and a half days.

We averaged performances over eight Ti-OSCs and the results are shown in Figure 5-11.
These devices showed similar behaviors.

In the next sections, we fabricated devices with consecutively deposited titanium layers
and aluminum layers in the high-vacuum EL chamber, without breaking the vacuum. The
stability of these devices was much improved compared to the above discussed Al-OSCs
and Ti-OSCs.
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Figure 5-11 Averaged performance of eight Ti-OSCs with the same structure as the one
shown in Figure 5-9.

5.4. PEODT:PSS-PAL-LiF-Ti-Al

Ti-Al cathodes have been reported to be used in OSCs in which they were used as the
inner electrodes adjacent to glass substrates. 171 In such a structure, the titanium layer
provides no protection once exposed to air. In contrast, the structure we used here is
capable of protecting unencapsulated OSCs exposed to air.

AITi-OSCs with a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (20 nm)/Cso (40
nm)/LiF (1.5 nm)/Ti (2 nm)/Al (100 nm) with an active area of 0.06 cm? were fabricated in
the EL chamber. Other layers were fabricated with the same procedures as the Al-OSCs
discussed in Chapter 2. The titanium and aluminum layers were deposited with the 6 kV
EB gun at deposition rates of 0.003 nm s and 0.1 nm s, respectively. I-V curves were
intermittently recorded with the Keithley2400 SourceMeter under the solar simulator
(AM1.5G, 100 mW cm2). Between the I-V tests, cells were stored under several
fluorescent lamps at room temperature. Several devices were encapsulated with glass
sealed with UV resins at edges in an argon glove box.

Performance of one unencapsulated device with the bilayer cathode is shown in Figure
5-12. An estimated shelf life of at least 1 year can be achieved (averaged over 4 devices,
Figure 5-14). However, FF of these devices was relatively low, perhaps due to the
thickness and deposition rate of the aluminum, or due to the existence of the LiF buffer
layers.
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Figure 5-12 (left) J-V-time valley of an AITi-OSC with a structure of PEDOT:PSS-PAL-LiF-Ti-
Al. (Right) Normalized parameters of the AITi-OSC.
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Figure 5-13 Normalized performance of the device shown in Figure 5-12 in the initial
period.
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Figure 5—14 Averaged performance of four AlTi-OSCs with a structure of PEDOT:PSS-PAL-
LiF-Ti-Al. (Left) long-term performance; (right) initial performance.

ProraL of this device was 4.9 kJ cm within the initial 9 months shown in Figure 5-12.
Performance of this device in the initial few days is shown in Figure 5-13. Upon exposure
in air, both Voc and FF decreased in the initial several hours, and then restored and
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surpassed their initial values. This phenomenon was observed merely for AITi-OSCs,
indicating that it was related with the titanium layer. Another interesting phenomenon is
that the Jat V > Voc at t > 50 d rebounded, resulting from a decreased R..

One possible explanation of the increase of performance of the AITi-OSCs in air is that
the metal titanium was oxidized by oxygen. The oxygen sources might be either the
organic or the aluminum layer (from the ambient air). The titanium oxide is
semiconductor which selectively transports electrons.

We also stored one group of PEDOT:PSS-LiF-AITi-OSCs in the dark (AITi-OSC-D, as
discussed in Chapter 3). We recorded its J-V curves intermittently under a Xe lamp (100
mW cm2, spectra in Figure 2-21 in Chapter 2) in the initial few months with results
shown on the left of Figure 5-15, and then under a solar simulator (AM 1.5G, 100 mW
cm?) with results shown on the right of Figure 5-15. This device was initially short-
circuited (Rsh very small). It slowly inhaled air from the ambience. After about one hour,
Voc (black squares) quickly increased, probably resulting from the oxidization of shortage
spikes (shortage Ti=>TiOx). After about one month, Jsc (blue squares) surged, perhaps
resulting from the formation of semiconducting titanium oxides.

We have shown in Chapter 3 that low light irradiation accelerated the degradation of Al-
0OSCs. To check the effect of low light irradiation on AlTi-OSCs, we stored the above-
mentioned AITi-OSC-D under fluorescent lamps for two periods between successive J-V
tests (yellow patches on the right of Figure 5-15). This AITi-OSC-D had been gradually
degrading at a rate of about 4% per month in the dark before the two periods of tests.
After the low-light exposure, Jsc, Voc and PCE increased, while FF decreased in the first
period and increased in the second period. One possible explanation is that oxygen
residing in fullerene was removed from the fullerene layer under the low light irradiation,
oxidizing Ti (Al) to TiOx (Al,03).
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Figure 5-15 Normalized evolutions of parameters of an AlITi-OSC-D. (Left) in the initial few

months. Arrows mark the surges of Voc and Jsc (also PCE). (Right) after 10 months in air.

Two periods of exposure under fluorescent lamps are marked with the yellow patch. Two

figures have consecutive time axes, but different normalization values.
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These observations are consistent with the phenomenon that a ZnO device needs some
photo-annealing to obtain a maximum efficiency. 73l We note here that other devices
discussed in this chapter were stored under fluorescent lamps in the idle periods.

We further checked the stability of two other LiF-AlTi-OSCs under continuous simulated
solar irradiation (weathering test). The results are discussed in section 5.8.1.

5.5. PEODT:PSS-PAL-Ti-Al

AlTi-OSCs with a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (20 nm)/Ceo (40
nm)/Ti (2 nm)/Al (100 nm) with an active area of 0.06 cm? were fabricated and tested
similarly as above. These devices without any ETL were prone to forming shortage spikes
between electrodes during the deposition, resulting in very low Rs,A. We fabricated
several devices having relatively high RswA such that they could show photovoltaic
character. Performance of one of these cells is shown in Figure 5-16 and Figure 5-17.
ProtaL of this device was 1.6 kJ cm2 within the initial 4.5 months shown in Figure 5-16.

Compared to the device with an ETL of LiF (Figure 5-12), the non-ETL device shown in
Figure 5-16 degraded a little faster, which was perhaps due to the clustering of titanium
on the surface of fullerene in the absence of any ETL. As a consequence of clustering,
some sections became Al-OSC. The majority of the entire device was composed of AlTi-
OSC sections, while a small part was constituted by Al-OSC sections.
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Figure 5-16 (left) J-V-time valley of an AITi-OSC with a structure of PEDOT:PSS-PAL-Ti-Al.
(Right) Normalized parameters of the AITi-OSC. The initial performance is shown in Figure
5-17.

The performance of this device in the initial one week is shown in Figure 5-17. Upon
exposure in air in this initial period, Jsc and Voc increased, while FF decreased at first and
then increased. One explanation is that the oxidization of titanium annihilated the
shunted spikes between electrodes, thereby increasing Voc. Nevertheless, the inhaled
oxygen trapped charges, lowering FF, and then oxidized Ti into TiOx which facilitated the
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transport of electrons, thereby increasing Jsc. Removal of the inhaled oxygen by Ti finally
restored FF.
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Figure 5—17 Normalized performance of the device shown in Figure 5-16 in the initial one
week.

5.6. PEODT:PSS-PAL-BCP-Ti-Al

5.6.1. High- and low-performance devices

We compared Prorais of two BCP-AITi-OSCs with different initial performances, i.e. an
initially-low-performance device (PEDOT:PSS-BCP-AITi-low) shown in Figure 5-18 and an
initially-high-performance device (PEDOT:PSS-BCP-AITi-high) shown in Figure 5-20. The
deposition rates of the aluminum cathodes were 0.1 nm s and 0.5 nm s, respectively.
For both devices, a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (20 nm)/Ceo (40
nm)/BCP (8 nm)/Ti (2 nm)/Al (100 nm) with an active area of 0.06 cm? were fabricated
and tested similarly as above.

The performance of the PEDOT:PSS-BCP-AITi-low is shown in Figure 5-18 and Figure 5-
19. This device showed increasing performance in air over the initial four months.
Compared to the LiF-AITi-OSC with performance shown in Figure 5-12, this BCP-AITi-OSC
had a relatively high FF, indicating a reduced amount of charges (oxygen-trapped
probably) at the cathode inner interface. We may conclude that the BCP layer effectively
protected the fullerene layer from directly contacting with the intruding air. ProraL of this
device was 5.7 kJ cm™ within the initial 4.5 months. From a time-average point of view,
this value is almost twice that of the LiF-AlTi-OSC shown in Figure 5-12, and more than
thrice that of the non-ETL-AITi-OSC shown in Figure 5-16.

On the other hand, Prorac of the PEDOT:PSS-BCP-AITi-high shown in Figure 5-20 was
about 4.0 kJ cm? within the initial two months. However, this device degraded much
faster than the PEDOT:PSS-BCP-AITi-low shown in Figure 5-18. In the next section, we
show several other PEDOT:PSS-BCP-AITi-OSCs showing similar initial performance with
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the one shown in Figure 5-20, but exhibiting higher shelf stability.
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Figure 5-18 (left) J-V-time valley of the PEDOT:PSS-BCP-AlTi-low with a structure of
PEDOT:PSS-PAL-BCP-Ti-Al. (Right) Normalized parameters of the AlTi-OSC.
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Figure 5—-19 Normalized performance of the device shown in Figure 5-18 in the initial one

week.
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Figure 5-20 (left) J-V-time valley of the PEDOT:PSS-BCP-AITi-high with a structure of
PEDOT:PSS-PAL-BCP-Ti-Al. (Right) Normalized parameters of the AlTi-OSC.
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Figure 5-21 Normalized performance of the device shown in Figure 5-20 in the initial two
days.

5.6.2. Deposition rate of cathode

Table 5 summarizes parameters of three devices with cathodes deposited at different
rates. These devices had a structure of ITO (150 nm)/PEDOT:PSS (50 nm)/CuPc (20
nm)/Ceo (40 nm)/BCP (8 nm)/Ti (2 nm)/Al (100 nm), stored and tested under the same
condition: AM1.5G 100 mW cm, 20 °C. The parameters were extracted at the maximum
PCE moment of each device using the Delta approximation method discussed in Chapter
1.

For devices with the same Ti layers (thickness and deposition rate), key parameters (Jsc,
Voc, FF, and PCE) of the device with a fast-deposited aluminum cathode (cell 2) were
larger than those of the slowly deposited aluminum cathode device (cell 1). Some
parameters of cell 1 were not extractable and noted with a dash mark (-), and similarly
hereinafter. We estimated some THMs with the assumption that unencapsulated devices
degraded linearly in air. We marked tildes (~) before these estimated values. THM of cell
2 was only 48 days, whereas THM of cell 1 was longer than half a year. We speculate that
the slowly deposited Al cathode was pre-oxidized into Al,O3, which possesses a very high
air-resistance [**# resulting in enhanced shelf stability in air.

For devices with the same Al layer (cell 2 and cell 3), key parameters of devices with
different Ti layers were similar. However, the series resistance R;A of the slowly deposited
cathode device (cell 2) was several times larger than that of the fast-deposited-cathode
device (cell 3), while the saturated current density Jo of cell 3 was larger than that of cell
2. These comparisons suggest that the slowly deposited cathode presumably formed a
charge-blocking layer. Besides, the fast-deposited-cathode device had a THM of
approximately eight months, much longer than that of the slowly deposited cathode
device. One possible explanation of this divergence is that the fast deposited titanium
does not have enough time to cluster. A relatively uniform titanium layer could be
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formed beneath the aluminum layer. Consequently, the entire device comprises
completely AlTi-OSC sections.

Table 5 Parameters of devices fabricated with cathodes deposited at different rates I, at
maximum PCE moments.

No. Iy Fal Jsc Voc FF PCE n RA RswA Jo Joh THM

nm Nm mA V % Q Q MHA mA d
cm? cm?  cm?
st st cm?? cm??
1 0.003 0.1 2.6 0.52 0.41 0.56 - - - - - ~200

2 0.003 05 43 0.5 0.58 1.3 24 51 1071 094 43 48
3 0.1 05 4.2 049 056 11 26 19 760 192 42 ~200

5.6.3. Thickness of titanium

Table 6 summarizes the extracted parameters from AlTi-OSCs (including one Al-OSC and
one Ti-OSC) with titanium layers of different thicknesses. These devices had a structure
of ITO (150 nm)/PEDOT:PSS (50 nm)/CuPc (20 nm)/Ceo (40 nm)/BCP (8 nm)/Ti (x nm)/Al
(100 or 0 nm). The deposition rate of aluminum was identical, 0.5 nm s. Thickness of
aluminum was zero for the Ti-OSC (cell 6). These devices were stored and tested under
the same condition: AM1.5G 100 mW cm, 20 °C in air. The parameters were extracted
at the maximum PCE moment, also the initially tested moment of each device.

Table 6 Parameters of devices fabricated with titanium cathodes of different thicknesses,
at the related maximum PCE moments.

No. X .lsc Voc FF PCE n RSA RshA .Io .lph THM

mA \Y % Q Q MA mA d
cm? cm2  cm? cm? cm?
1 0 3.8 050 053 1.03 26 63 734 147 39 0.076
2 2 4.2 049 056 112 26 1.9 760 192 4.2 ~200
3 4 4.4 049 057 123 25 22 888 194 44 ~260
4 8 3.7 048 058 1.02 26 1.2 1164 222 3.7 41
5 10 -
6 100 Refer to section 5.3
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The devices with titanium layers thicker than 10 nm (cell 5 and cell 6) were short-
circuited. This suggests that at room temperature, titanium tends to form shortage spikes
deep down to the ITO layer from the top of the fullerene layer. However, this risk
meanwhile brings about a decrease of the series resistance RsA. Optimizing the thickness
and deposition rate of the titanium layer can keep the merit and eliminate the demerit.
On the contrary, aluminum is less prone to forming such shortage spikes upon organic
layers, nevertheless it often causes a relatively high series resistance which is detrimental
to charge transport.

One interesting phenomenon here is that Voc of these devices seemed to be not
influenced by the existence of a titanium layer, indicating that no Schottky junction was
formed between the ETL and the titanium layer.

Performances of cell 2, cell 3, and cell 4 are shown in Figure 5-22 and Figure 5-23, Figure
5-24 and Figure 5-25, and Figure 5-26 and Figure 5-27, respectively. The device with a 4
nm thick titanium layer performed the best, both efficiently and durably.
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Figure 5-22 (left) J-V-time valley of an AlTi-OSC with a structure of PEDOT:PSS-PAL-BCP-Ti
(2 nm)-Al (100 nm). (Right) Normalized parameters of the AITi-OSC.
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Figure 5—23 Normalized performance of the device shown in Figure 5-22 in the initial two
days.
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Figure 5-24 (left) J-V-time valley of an AlTi-OSC with a structure of PEDOT:PSS-PAL-BCP-Ti
(4 nm)-Al (100 nm). (Right) Normalized parameters of the AITi-OSC.
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Figure 5—25 Normalized performance of the device shown in Figure 5-24 in the initial two
days.
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Figure 5-26 (left) J-V-time valley of an AlTi-OSC with a structure of PEDOT:PSS-PAL-BCP-Ti
(8 nm)-Al (100 nm). (Right) Normalized parameters of the AlTi-OSC.
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Figure 5—27 Normalized performance of the device shown in Figure 5-26 in the initial two
days.

The intensity of an electromagnetic wave E = E, exp[i(kr — wt)] is proportional to the
amplitude square |E|2. Using a transfer matrix method, (58 1391 we calculated the one-
dimensional distribution of | E|? of the 633 nm light (EQE of a CuPc/Cso Al-OSC is highest
around this wavelength [16%) in an AITi-OSC with different thicknesses of Ti. The modeling
structure is glass (0.7 mm)/ITO (150 nm)/PEDOT:PSS (50 nm)/CuPc (20 nm)/Ceo (40
nm)/BCP (8 nm)/Ti (x nm)/Al (100 nm).

Results shown in Figure 5-28 indicate that the light intensity at the interface of CuPc and
Ceo slightly increases with increasing Ti thickness from 0 to 12 nm and then decreases
with further increasing Ti thickness. This might contribute to the increase of PCE with
increasing Ti thickness from 0 to 4 nm. Nevertheless, Jsc is an integral result of many
factors, like the work functions of electrodes, which depends on the thickness (coverage)
of the titanium layer. Increasing Ti thickness may decrease the charge transport
possibility.
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Figure 5-28 (left) calculated distribution of |E|? of light (Avacuum = 633 nm) incident from
the glass side. (Right) calculated distribution of |E£|? of the incident light at the CuPc/Ceo
interface, as a function of Ti layer thicknesses. The maximum |E|? marked with the
reddish square corresponds to 12 nm Ti.
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5.7. MoOs-PAL-BCP-Ti-Al

Devices with a structure of ITO (150 nm)/MoOs (5 nm)/CuPc (20 nm)/Cso (40 nm)/BCP (8
nm)/Ti (2 nm)/Al (100 nm) with an active area of 0.06 cm? were fabricated and tested
similarly as above. The performance of one cell is shown in Figure 5-29. Devices with
MoOs as HTLs were not so stable as those with PEDOT:PSS as HTLs discussed above.
ProtaL of the device shown in Figure 5-29 was 2.7 kJ cm™ within the initial 4 months. It
notes that another MoOQs-AlTi-OSC (Figure 5-40) with the same structure showed a
relatively higher PCE at the maximum PCE moment, compared to PEDOT:PSS-AITi-OSCs
from the same batch.

The MoOs-AlTi-OSCs were less stable than PEDOT:PSS-AITi-OSCs. This finding is
inconsistent with those reported in previous studies which show that when TiOx is used
as the ETL, devices with HTLs of MoOs are more stable than devices with HTLs of
PEODT:PSS. (161 This difference suggests that stabilization mechanisms in the AITi-OSCs
are probably different from those in the TiOx devices.

mA cm? THM is 1.2e+002 days;T80 is 68 days
1 ‘ ‘

1
0.5 \’—(_ .

[S)
[

o

o

J /mA cm?

——-PCE 0.33%

Normalized parameters
o
»

0.4 7
g o Jsc 1.7 mAcm?
9 A FF 0.39
0.2 §
® Voc 0.53V
. 0 L I
2 0 50 100 150
v 0 e t/d

Figure 5-29 (left) J-V-time valley of an AlTi-OSC with a structure of MoOs-PAL-BCP-Ti-Al.
(Right) Normalized parameters of the AITi-OSC.
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Figure 5—-30 Normalized performance of the device shown in Figure 5-29 in the initial two
weeks.
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5.8. Accelerated degradation

The extended lifetime of organic solar cells have necessitated accelerated degradation
tests that can be carried out in lab in a relatively short term. I3l There are mainly three
types of acceleration methods, including the thermally accelerated test, the over-
humidity accelerated test, and the concentrated sunlight accelerated test.

The thermally accelerated degradation test is based on the hypothesis that the
degradation constitutes a series of chemical reactions with reaction rates following the
Arrhenius equation k = Agexp(— E,/(RT)), where Ao is the prefactor, E, the activation
energy and R the gas constant. Also, for the diffusion-dominated degradation, the
diffusion coefficient D depends exponentially on the temperature T in a similar way.

The over-humidity (e.g. RH > 85%) accelerated degradation test is based on the
hypothesis that the rate of water-induced degradation is proportional to the
concentration of water, which follows Fick’s first diffusion law (Equation 4-10 in Chapter
4).

The concentrated-sunlight accelerated degradation test is based on two acceleration
effects of the intense irradiation. One is the thermal effect, and the other is related with
the photo-induced chemical reactions proceeding with a speed decided by the
population of photo-excited states.

One common drawback of these methods is that each method involves at least two
accelerated processes, making it difficult to correlate the results tested under an
acceleration condition with those tested under normal conditions. A consensus on the
study of stability of OSCs has been reached in 2011. 74 The indoor weathering test
defined in this consensus employs solar simulators for aging of the specimen under
irradiation in indoor conditions. [73!

5.8.1. Weathering

We chose two AlTi-OSCs with a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc (25
nm)/Ceo (40 nm)/LiF (1.5 nm)/Ti (2 nm)/Al (100 nm) (same structure as those discussed in
Section 5.4) to test their weathering stability. One encapsulated device and one
unencapsulated device with similar initial performances were chosen from one batch for
comparison.

Both devices had almost the same performance throughout the weathering tests over 3
months, as shown in from Figure 5-31 to Figure 5-36. Here, blue and red points
represent data tested at room temperature and 65 °C, respectively. We continued tracing
both devices after the weathering tests. The overall performances of them in eight
months are shown in Figure 5-31 and on the left of Figure 5-33.
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Figure 5-31 J-V-time valley of the encapsulated AITi-OSC over time, including the three

months of weathering tests.
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Figure 5-32 Evolutions of parameters of the encapsulated AlTi-OSC shown in Figure 5-31
under weathering tests at different temperatures, i.e. room temperature (blue) and 65 °C
(red). Insets show evolutions of parameters in the framed periods marked in the related

figures.

The overall long-term evolutions of key parameters of the encapsulated device during
the 3 months of weathering are shown in Figure 5-32. The processes include instances of
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114 h of 1-sun irradiation and idle periods. During each instance of 6.3 h 1-sun irradiation
at room temperature, its PCE showed a rapid increase at first and then monotonically
decreased (bottom right inset of Figure 5-32).

Under the continuous irradiation lasting 6.3 h at room temperature, FF and Jscalso first
increased and then decreased, while Voc monotonously decreased. Under the
continuous irradiation lasting 6.3 h at 65 °C, all parameters decreased monotonously.
Therefore, we attributed the initial increases of parameters under continuous irradiation
at room temperature to the thermal effect of light.

5.8.1.2. Unencapsulated AlTi-OSC
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Figure 5—33 Performance of the unencapsulated AITi-OSC under weathering tests over
time. (Left) J-V-time valley of the device; (Right) long-term performance of the device.
Boxes represent the periods corresponding to the data shown in Figure 5-37.
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Figure 5—34 Evolution of Jsc of the unencapsulated AlTi-OSC under weathering tests at
different temperatures: (left) long-term; (right) in the two marked successive cycles.
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Figure 5-35 Evolution of Voc of the unencapsulated AITi-OSC under weathering tests at
different temperatures: (left) long-term; (right) in two successive cycles.
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Figure 5-36 Evolution of FF of the unencapsulated AlTi-OSC under weathering tests at
different temperatures: (left) long-term; (right) in successive cycles.

The overall long-term evolutions of key parameters of the encapsulated device during
the 3 months of weathering tests are shown in from Figure 5-33 to Figure 5-36. The
unencapsulated AlITi-OSC and the above discussed encapsulated AITi-OSC performed
similarly in each parameter, either at room temperature, or at 65 °C.

5.8.1.3. Recovery of performance after weathering

It is very important to note that the decrease in performance of this unencapsulated
device under the weathering test was almost fully restored during the idle period
(between the two dashed vertical lines in Figure 5-37). As far as we are aware, such a
recovering capability has only been found in encapsulated OSCs with ZnO as the HTL, [162]
indicating that the bilayer cathode was probably self-encapsulated. In the same report,
the authors further show that the conductivity of the cell (shunting) was significantly
improved after high intensity light exposure. The photo-induced reversible degradation is
attributed to the temporal oxygen desorption of ZnO, whereas the recovery in the dark is
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attributed to the re-chemisorption of oxygen of ZnO. We speculate that similar processes
existed in the recoverable degradation of AITi-OSCs under weathering tests. This
similarity also suggests that the air intrusion, which causes rapid degradation of
unencapsulated organic solar cells, was almost totally inhibited in the AlTi-OSCs.
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Figure 5-37 PCE of the device shown in Figure 5-33 in two successive cycles at different
temperatures. The period between the vertical dashed lines indicates the idle periods
between measurements: 46 h for the room-temperature weathering and 169 h for the 65
°C weathering.

5.8.2. Over-humidity

5.8.2.1. Effect of humidity on Al-OSCs

Fabricated OSCs were exposed in the ambient air with varied humidity. Aluminum reacts
with pure water particularly at a relatively high temperature, forming an amorphous
insulating oxide. 63 Grain-boundaries in the aluminum cathode of an OSC are
permeable to water. The humidity in the storage ambience influenced the stability of Al-
0SCs. We took the averaged RH %4 throughout the cells' lives to statistically analyze the
effect of humidity on their shelf lives. Dozens of LiF-Al-OSCs, having the same structure
as the one shown in Figure 5-3, were chosen and analyzed. The results are shown in
Figure 5-38. Devices stored in a low-humidity environment (RH < 50%) degraded
relatively slowly, while devices stored in a high-humidity environment degraded relatively
fast. It notes that this analysis did not exclude the influence from other environmental
variables like the light exposure, Topen, OF Tfinal (S€€ Section 2.3.4). The latter two factors
influenced the stability of fabricated OSCs by influencing the pre-oxidation of the
cathode interfaces.

Upon exposure in air, AI-OSCs sometimes form cracks on the surface, especially for
devices whose cathodes were deposited in the bell-shape chamber with a relatively high
Ttinal. The device shown on the right of Figure 5-38 was fabricated in this chamber with a
Tsinal Of 190 °C. A coarse and amorphous Al;Os interlayer was presumably formed under
such a high temperature. The coarse film was more permeable to water compared to a
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flat film, and finally the abundantly inhaled moisture caused the rupture of the metal
cathode.

It is easy to prove that such cracks are related with water. Exhaling upon a fabricated
device instantaneously caused such wrinkles on the aluminum surface, as the dew point
of exhaled moisture was close to the surface temperature of the device (~20 °C).
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Figure 5-38 (left) THMs of decades of Al-OSCs fabricated in environments with varied
relative humidity. (Right) An AI-OSC-D with a structure of ITO (150 nm)/PEODT:PSS (60
nm)/CuPc (25 nm)/ZnPc (1.2 nm)/Cso (40 nm)/LiF (2 nm)/Al (75 nm) after being stored in

air in the dark box (Figure 3—3 in Chapter 3) for four days.

5.8.2.2. Effect of over-humidity on AlTi-OSCs

The normal ambience with an RH lower than 85% did not influence the shelf stability of
AlITi-OSCs, irrespective of the existence of moisture sensitive buffer layers like BCP. This
was perhaps because titanium does not react with or introduce water from the ambient
air. We checked whether the AITi-OSCs could resist a higher humidity, e.g. RH > 90%, with
the following experiments.

We used a beaker with water on the bottom to generate an over-humidity environment.
An atmosphere with an RH as high as 95% was achieved by heating the beaker to about
50 °C for 1 hour and then let it cool down naturally to room temperature (19 °C). We
chose two stabilized AITi-OSCs for comparison. One is a PEDOT:PSS-LiF-AITi-OSC, and the
other is a MoO3-BCP-AITi-OSC. By comparing behaviors of these cells having different
buffer layers in such an over-humidity environment, we could identify which layer was
more sensitive to moisture.

The PEDOT:PSS-LiF-AITi-OSC with a structure of ITO (150 nm)/PEDOT:PSS (60 nm)/CuPc
(20 nm)/Ce0 (40 nm)/LiF (1.5 nm)/Ti (2 nm)/Al (100 nm) and the MoO3-BCP-AITi-OSC with
a structure of ITO (150 nm)/Mo0Os (5 nm)/CuPc (20 nm)/Ceo (40 nm)/BCP (8 nm)/Ti (2
nm)/Al (100 nm) were fabricated and intermittently tested as normal in air over decades
of days before they were stored in the beaker for 12 h. We recorded the ambient RH in
the beaker with a humidity logger (EL-USB-2). The performances as well as the recorded
RH are shown in Figure 5—39 and Figure 5-40.
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Figure 5-39 Performance of an AITi-OSC with a structure of ITO-PEDOT:PSS-PAL-LiF-Ti-Al
experiencing an over-humidity test. All time axes are consistent. The top left figure is the J-
V-time valley. The variation of RH in the storage ambience of this cell is shown in the right-
side figures with the greenish dashed curve (percentage expressed as decimal). The gray
patch in the bottom left figure corresponds to the over-humidity testing period. The RH
during this period is shown in the inset. The bottom right figure shows the initial
performance.

The PEDOT:PSS-LiF-AITi-OSC was completely inactivated in the ambience with an RH
reaching 96%. The cathode film was seriously ruptured in the beaker. After the over-
humidity test, we continued to trace its performance in the next months and found that
only about 10% performance was recovered. One explanation of this recovery is that the
bilayer cathode was self-healed to some degree. Another explanation is that some
photochemical sections were formed, similarly to the situation in Ti-OSCs. Similar
recovery phenomenon was also observed for the MoOs-BCP-AITi-OSC discussed below.

The surface of the MoOs-BCP-AITi-OSC was uniformly ruptured in the over-humidity
environment (final RH of 91%). The cathode of the BCP-AITi-OSC started to be broken
down after about 3 hours in the over-humidity environment, corresponding to RH over
85%. Cracks on the aluminum cathode also showed some self-closing, as indicated by the
recovery of performance shown on the top right of Figure 5-40.
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Figure 5-40 Performance of an AITi-OSC with a structure of ITO-MoOs3-PAL-BCP-Ti-Al
experiencing an over-humidity test. All time axes are consistent. The top left figure is the J-
V-t valley. The average degradation tendency of this cell before the over-humidity test is
marked by the greenish dashline in the top right figure. The gray vertical patch in the
bottom left figure corresponds to the over-humidity testing period. The RH during this
period is shown in the inset. The bottom right figure shows the initial performance.

Figure 5—41 shows the comparison between cracks formed on cathodes of both devices
after the over-humidity tests. Interestingly, the cracks on the LiF-AlTi-OSC (left-side
figure) mainly appeared in the region where LiF was deposited (region A), whereas the
region without LiF (region B) was less affected by the high humidity. The LiF boundary
was formed as a result of the different evaporating directions of Al and LiF sources. It
also suggests that the PEDOT:PSS film was not related with the formation of these cracks.
On the contrary, the cracks on the MoQO3-BCP-AITi-OSC (right-side figure in Figure 5-41)
dispersed uniformly, as the beneath BCP layer was uniformly deposited.

We speculate that these cracks are related with the moisture adsorption by polar
substances beneath the cathode. Polar substances like LiF (or AlF) or BCP facilitated the
water adsorption, thereby accelerating the formation of cracks in cathodes. However,
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under normal humidity, the adsorbed water rarely affected the adjacent cathode
composed of titanium (partly oxidized), which is totally resistant to water.

The above-discussed effects of humidity on the cathodes of OSCs suggest that water in
air could penetrate the cathode, at least penetrate the aluminum layer. Nevertheless, as
titanium does not react with water, resistance of AITi-OSCs to normal humidity is
sufficiently high.

ITO/PEDOT:PSS/PAL/LIF/TI/Al ITO/MoO,/PAL/BCP/TI/AI

Figure 5-41 Cracks on the two AITi-OSCs after the over-humidity tests. The right-side
device in the left-side figure is the device with the performance shown in Figure 5-39. It
has a clear boundary (dotted) dividing the cell into two regions: region A with LiF and
region B without LiF. The right-side device in the right-side figure is the AITi-OSC with the
performance shown in Figure 5-40.

5.9. Stabilization mechanism of the bilayer cathode

In this section, we discuss the stabilization mechanisms of Ti-Al bilayer cathodes, from
perspectives of both surface observations and elemental depth profiles.

5.9.1. Elimination of pinholes

The pinholes in the aluminum cathodes were probably caused partly by wrinkled
surfaces of the organic layers after the pre-annealing. These pinholes were observable
under a microscope of either optical or atomic force type. We found that these pinholes
were completely annihilated in AlTi-OSCs, even though they were pre-annealed in a
same way as Al-OSCs.

We chose three fabricated devices, i.e. an AI-OSC, a Ti-OSC and an AITi-OSC for
comparison. These three devices were pre-annealed on a 155 °C hot plate for 10 min in
Ar before the deposition of LiF. After exposed in air for 24 days (Al-OSC), 4 days (Ti-OSC)
and 24 days (AlTi-OSC), we analyzed their surface morphology with the contact-mode
AFM. The results are shown in Figure 5-42.
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Figure 5-42 AFM images of an AI-OSC (top two), a Ti-OSC (middle two) and an AITi-OSC
(bottom two). (a) Grains on the surface of the AlI-OSC, within an area of 1 x 1 um?. (b) Part
of a microscopic crack, with a depth of about 100 nm, of the aluminum layer of the Al-
OSC, within an area of 20x 20 um?. Cracks with such sizes were observable under an
optical microscope. (c) Grains on the titanium surface of the Ti-OSC. (d) Part of a
microscopic crack, with a depth of about 160 nm, of the titanium layer of the Ti-OSC. (e)
Grains on the aluminum surface of the AlTi-OSC. (f) Surface morphology of the AlTi-OSC.
No microscopic crack was observed on the AITi-OSC.

On a nanoscale, these three devices had a lot of round grains on the surfaces, with root-
mean-square (rms) roughnesses of 3.0 nm (Al-OSC), 2.4 nm (Ti-OSC) and 3.3 nm (AITi-
0OSC). The average size of Ti grains is smaller than that of Al grains.

On the microscopic scale, both AI-OSC and Ti-OSC had pinholes, whereas the entire AlTi-
OSC had no pinhole. The observed pinhole in the AI-OSC [Figure 5-42(b)] had a depth
equal to the thickness of the aluminum cathode, whereas the pinhole in the Ti-OSC
[Figure 5-42(d)] is deeper than the titanium cathode. These depths indicate that the
pinhole on the Ti-OSC was caused by the bombardment of titanium clusters during the
deposition of titanium at a relatively fast deposition rate, whereas the pinhole on the Al-
OSC was presumably related with the surface energy of aluminum during the deposition.

On the contrary, no pinhole was observed on the entire AITi-OSC [Figure 5-42(f)]. This
microscopic difference was probably related with the well-known Al grain refinement
effect of Ti. 1851 Another interesting feature of the AlTi system is that cracks of oxide
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scales on the surface of a titanium-aluminum alloy can be healed after a heat treatment.
[166]

5.9.2. Interdiffusion blocker

We characterized the elemental depth profiles in three devices. Unlike other relevant
reports in which metal cathodes were peeled off before tests, /7 871 we retained the
cathodes in order to examine the chemical information at cathode-organic interfaces.
The AI-OSC had completely degraded in air in two months in air. The Ti-OSC had
degraded to a stable low-performance stage resembling that shown in Figure 5-10. The
AlTi-OSC had ceased its increase of performance in air, resembling that shown in Figure
5-12. The following results suggest that one of the functions of the titanium layer in the
OSCs is a diffusion blocker between the aluminum (including LiF) layer and the organic
layers.

5.9.2.1. TOF-SIMS cations
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—
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Figure 5-43 Depth profiles of electropositive ions sputtered from three devices: Al-OSC
(top), Ti-OSC (middle) and AITi-OSC (bottom). The intensities of In*, Al*, Ti*, and Li* were
divided by 100 for practical reason. The vertical layer sequence represented by each
feature element was noted on the top of the related figures. Peak positions of Li were
indicated by the vertical arrows. The color bars on the top of each figure represent regions
cut at fifth of maximum intensity of the related cations.

The depth profiles of electropositive ions (cations) in these devices are shown in Figure
5-43. The profiles were broadened by the sputtering ions, as indicated by the seriously
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overlapping profiles. Nevertheless, it is possible to identify positions of layers with
related cations: ITO (In*), PEDOT:PSS (S*), CuPc (Cu*), C60 (C* ahead of Cu*), LiF (Li* and
F*), Al (Al*) and Ti (Ti*).

In the AI-OSC, Li diffused into the PEDOT:PSS layer, whereas F was hard to be detected,
except a trace amount detected in the aluminum layer. The diffusion of Li was
presumably a consequence of the reaction of LiF with Al, during which Li atoms were
formed. 4 The dissociated Li atoms diffuse in the organic layers, *°! and further reacted
with PSS in the PEDOT:PSS layer. The dissociation and diffusion of LiF may cause the
reduction of Voc of 0OSCs. ["7]

On the contrary, Li and F were found to be located at the same position in the Ti-OSC and
AITi-OSC. One possible explanation is that LiF did not react with Ti, and the strong ionic
bonding of LiF made it difficult for LiF to diffuse through the electrically neutral organic
films.

5.9.2.2. TOF-SIMS anions

Al-OSC

Ti-OSC

AITi-OSC

Al Ti F C Cu S In Si (0]

Figure 5-44 Three-dimensional distributions of anions in the Al-OSC (upper), in the Ti-OSC
(middle) and in the AITi-OSC (bottom).

We also detected the distribution of electronegative ions (anions) sputtered from these
devices at different locations. The results are shown in Figure 5-44. The related feature
anions of different layers were Al (Al"), Ti (Ti"), LiF (F), Ceo (C ahead of Cu’), CuPc (Cu),
PEDOT:PSS (S°) and ITO (In’). The sputtered area on the Ti-OSC had a large pinhole, as
indicated by the collectively tilted distributions of anions at the right-side edge. Another
interesting indication from the 3-D element distributions is that oxygen was
extraordinarily rich in the Ti layer of the Ti-OSC. It suggests that the oxygen resistance of
titanium layer was too low to protect the inner organic layers.
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Depth profiles of anions in the AlI-OSC and in the AITi-OSC are shown in Figure 5-45. The
aluminum in the AI-OSC intermixes with the Ceo layer, whereas the intermixing of Al and
Ceo in the AITi-OSC is not significant. Consequently, we inferred that in the presence of
titanium, the interdiffusion of aluminum and Cso is much reduced. It notes that titanium
was found to be an effective diffusion blocker between aluminum and silicon in
integrated circuit. 171 The self-diffusion of aluminum in Ti (a-form) is a vacancy-
controlled diffusion and negligible at room temperature. [1>°

Although titanium itself seemed to have diffused into the organic layer, the subsequently
oxidized titanium does not block charge (electron) transport in devices. It notes that ETLs
like CrOx have also been reported to stop the interdiffusion of aluminum into the organic
layers during deposition. 188!

Al-OSC
210 Al
[72]
= o)
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100 l,” 1 ) ' Sl
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—S =T
1 ! ! ! _CU_ _O_
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Figure 5-45 Depth profiles of anions sputtered from two devices: Al-OSC (top) and AlTi-
OSC (bottom). Intensities of In, Al', and Ti- were multiplied by 100 for practical reason. The
color bars on the top of each figure represent regions cut at fifth of maximum intensities
of the related anions. Edges of Al and Cgo bars were indicated with the vertical arrows.

5.9.3. Sustained oxygen scavenger

Sensitivities of TOF-SIMS to different ions are varied. Generally, it is impossible to
guantitatively analyze the content of an element merely using TOF-SIMS. However, it is
possible to compare the intensities of one type of ion among different samples with
some reference points where the content of this specific ion is invariant among these
samples. Here we chose the outer surfaces of aluminum as the oxygen reference
between the AI-OSC and AITi-OSC. The degrees of oxidization of both surfaces should be
identical, as they had been exposed in air under the same conditions for the same
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period. Based on this postulate, we normalized the intensities of O in both devices to the
peak oxygen intensities nearby the aluminum surfaces. The contents of aluminum in
both devices were normalized in the same way.

To compare the vertical locations of peak intensities of O in both devices, we further
realigned the sputter time axes with two reference points, one is the initial peak position
of O and the other is the edge of the ITO layer. The realigned and normalized data are
shown in Figure 5-46. The O intensities in ITO layers in both devices were at the same
level, insuring the reliability of such data treatments.

Al Ti  Organic ITO
ALO,Al ALO,TIO, ordbnic  ITO
1.2 ‘ ‘ ‘ ‘
AI-OSC|AITi-OSC
o O a O
> 1—a |—a
2os s Ti
£ b
B 06
NP
© d
£ 0.41%
o &
Z
0.2

00200 300 400 500
Sputtering time /s
Figure 5-46 Distributions of oxygen and metal elements in the AI-OSC and in the AlTi-OSC.
Both axes were realigned as explained in the text for the sake of quantitative comparison.
The layer stacking according to deposition sequence and the actual layer stacking
according to the tested anions are shown on the top.

According to Figure 5-46, three findings are inferred. First, oxygen in the AI-OSC is less
than that in the AITi-OSC. Second, peak position of oxygen in the AITi-OSC locates in the
aluminum layer. Third, titanium in the AlTi-OSC diffuses into organic layers.

The first and the second findings suggest that the aluminum layer, although located
farther from the organic layers than the titanium layer, was preferentially oxidized by
oxygen effused from the organic side. In normal cases, oxygen prefers to oxidize
aluminum in a titanium-aluminum system. 2>* The aluminum layer functioned as some
kind of sacrificial anode, [*%8 sustaining the oxygen scavenging of titanium. The total
reaction occurring at this metal interface was perhaps like that shown in scheme 5-2,
with the titanium being partially oxidized to TiOx. Such a reaction can also be inferred
from the fact that aluminum tends to reduce TiO, during deposition in vacuum. (16 As g
consequence, the partially oxidized Ti could continue to scavenge oxygen. More
importantly, the bilayer system gets passivated during this process.

.
Ti + Al — TiO, + Al O, 5-2
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The third finding that the titanium mainly existed in the organic layers is presumably a
consequence of the diffusion of titanium into organic layers during or after deposition.
However, there is still another possibility that the titanium was sputtered into the organic
layers during sputtering. In either case, the titanium layer acted as a preferential
interdiffusion layer upon organic layers, ensuring that the intermixing between aluminum
and organic layers was sufficiently suppressed.

The distributions of oxygen shown in Figure 5-46 also suggest that a metal oxides layer
comprising Al;03 and TiOx was formed at the cathode interface of the AlTi-OSC. It notes
that this oxides layer was probably composed of binary metal oxides, instead of ternary
metal oxides (AlTiyO,). *°¢1 The evolution of energy bands in a LiF-AlTi-OSC is proposed
in Figure 5-47. The formed metal oxides layer was dense (Al,O3) and semiconducting
(TiOx), thereby dramatically slowing down further intrusion of air into organic layers,
meanwhile not blocking the transport of electrons through this interface. As mentioned
before, interdiffusion at this interface is suppressed as a consequence of the formation

of A|203. [109]
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Figure 5—47 Proposed diagram showing evolution of energy levels in AITi-OSCs when
exposed to air. White columns represent band gaps. A dense, semiconducting oxide layer
is formed at the interface of the cathode.

Actually, it has been known that aluminum acts as a sacrificial anode in the corrosion
process of a bimetallic system of aluminum and another metal like titanium or chromium.
(1691 This feature suggests that aluminum-chromium cathodes, which protect inverted
0SCs in vacuum, 371 might also protect conventional OSCs in air. However, the efficiency
might be slightly compromised due to the mismatch between the work function of
chromium and the electron affinity of fullerene. Besides, the stability might also be
compromised due to the appreciable interdiffusion between chromium and aluminum at
room temperature. (179 Related studies will help us to understand the stabilization
mechanisms in OSCs deeper.

To summarize, aluminum and titanium form a special interface where aluminum
enhances the resistance of titanium to oxygen, whereas titanium possibly enhances the
corrosion resistance of aluminum to water. A graph illustrating these mechanisms is
shown in Figure 5-48.
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Figure 5-48 Sketch of the possible protection scenario illustrating the proposed
stabilization mechanisms in the Ti-Al bilayer-cathode devices based on experimental
results.

5.10. Summary

In this Chapter, the stability of small-molecular organic solar cells with different cathodes
was discussed, including AI-OSCs with aluminum cathodes, Ti-OSCs with titanium
cathodes, and AITi-OSCs with aluminum-titanium bilayer cathodes. A half-shelf-life of a
year has been achieved in the AITi-OSCs. Effects of different buffer layers on the
performance and stability of fabricated devices were also discussed. The stabilization
mechanisms of the AlTi bilayer cathode were finally investigated.

We first discussed the performance and stability of unencapsulated AI-OSCs with
different buffer layers stored on the shelf. Prora. of a PEDOT:PSS-AI-OSC was less than
100 J cm™ within its lifetime, whereas that of a Mo0Os-Al-OSC was higher but still less
than 200 J cm™ within its lifetime. This means that MoOs improves the stability of Al-
OSCs in air. Different ETLs including LiF, BCP and TiOx were used to fabricate Al-OSCs. It
notes that two nanometers of TiOx prepared by oxidizing metal titanium in air did not
improve the stability of fabricated Al-OSCs.

We then discussed the performance of unencapsulated Ti-OSCs with HTLs of PEDOT:PSS
and ETLs of LiF. These devices degraded more slowly than AI-OSCs in air. One interesting
feature phenomenon is that the Ti-OSCs did not permanently completely degrade over
at least seven months. Instead, they were stabilized at a fluctuating state with about 20%
of their initial performances in air. Prora. of the Ti-OSC was 741 J cm™? within 6.5 months.

The main topic of this chapter is AlTi-OSCs. The initial performance and shelf stability of
these devices with different buffer layers were discussed. When PEDOT:PSS was used as
the HTL, for devices without an ETL, or with an ETL of LiF (or BCP), ProraLs were 1.6 kJ cm’
2 within the initial 4.5 months, 4.9 kJ cm2 within the initial 9 months (5.7 kJ cm2 within
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the initial 4.5 months), respectively. For a device with an ETL of BCP and an HTL of MoOs,
ProtaL was 2.7 kJ cm™ within the initial 4 months.

We also optimized the deposition rate and thickness of the titanium layer in AlTi-OSCs.
We found that an AITi-OSC with 4 nm titanium deposited at 0.1 nm s performed the
best, both efficiently and durably in air.

To check the stability of these AITi-OSCs in different envrionments, we carried out two
accelerated degradation tests, including a weathering test and another over-humidity
test. Under the weathering test, the stability of an air-exposed AlTi-OSC was found to be
comparable to that of an encapsulated one. Performances of both cells decreased during
the continuous irradiation but would be almost totally recovered in the following idle
period. This suggests the self-encapsulation feature of AITi-OSCs.

We finally examined the stabilization mechanisms of the AlTi bilayer cathodes with both
surface observations and elemental depth analysis. We found that the ultrathin titanium
layer could annihilate pinholes that were generally observed on either Al-OSCs or Ti-
0OSCs. By comparing the elemental depth profiles in devices with different cathodes, we
proposed that the titanium layer not only blocked the interdiffusion between the
cathode (including the ETL) and the organic layers, but also improved the resistance of
the cathode to both oxidization and corrosion by forming a special sacrificing structure in
which aluminum acted as a preferentially oxidized anode, sustaining the oxygen
scavenging of the beneath titanium in air, while titanium acted as a corrosion barrier of
aluminum.

Contents discussed in this chapter provided us with an effective and economical
approach to prevent the degradation of the extensively studied aluminum-based OSCs.
Zero degradation of organic photovoltaic devices exposed to air over at least 3 months
can be realized by this means. The in-air long shelf lives of AlTi-OSCs were explained on
the basis of some of the superb properties of the Ti-Al interface: (1) pinhole elimination,
(2) interdiffusion blocker, and (3) sustainable oxygen scavenging. The Ti-Al bilayer
cathode improved the stability of OSCs in air to a new level, and may find potential
applications in other air-sensitive aluminum-containing semiconductor

devices.[Manual chapter break]
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Chapter 6. Conclusions

The aim of this work is the investigation of the stability of small-molecular organic solar
cells based on CuPc and Cgo. We have mainly discussed the following issues:

e Light-induced degradation of organic solar cells
o Modelling of the light-induced degradation of organic solar cells
e Aluminum-titanium bilayer cathode for stabilizing organic solar cells in air.

In chapter 2, we discussed materials, methods and characterization techniques used in
this study. During our optimization processes we found that, for devices with cathodes
fabricated in the bell-shape chamber, twice pre-annealing was indispensable to
achieving a relatively high initial performances.

We found that among devices fabricated in one single batch, those stored in a dark box
degraded relatively slowly than those stored under fluorescent lamps. The observed
various degradation patterns summarized in Table 4 in Chapter 3 evidenced at least
three processes in the photo-induced degradation of OSCs:

e Light independent extrinsic degradation;
e Light dependent reversible degradation;
e Short-wavelength light caused irreversible degradation.

We built several models to explain the various degradation curves of OSCs. One of the
simplest but versatile models is based on the accelerated lateral diffusion of oxygen in
the fullerene layer under light irradiation. When oxygen is considered as the major cause
of the extrinsic degradation, intruding paths of oxygen from the aluminum layer should
include not only microscopic pinholes, but also wide grain-boundaries. According to
simulations, the light irradiation from fluorescent lamps increases the diffusion
coefficient of oxygen in fullerene at least seven times.

To eliminate the intrusion of air from the cathode layer, we replaced the aluminum
cathode with a novel titanium-aluminum bilayer cathode. Shelf lives of these bilayer-
cathode devices are improved by at least three orders of magnitude compared to those
of single-layer-cathode devices. Performances of these bilayer-cathode devices under
weathering tests or in a high-humid ambience (RH > 90%) have also been probed. Both
encapsulated and unencapsulated devices showed recoverable degradation under
continuous irradiation. Finally, we probed the stabilization mechanisms behind the
superior shelf stability of these bilayer-cathode devices. Based on investigations of
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surface morphology and elemental depth profiles in different devices, we proposed the
following stabilization roles played by the bilayer cathode:

e The titanium layer eliminates the microscopic pinholes in the cathode;

e The titanium layer hinders the interdiffusion of LiF and aluminum to organic
layers;

e The aluminum layer improves the oxygen resistance of titanium, and the
aluminum gets passivated in this process.

Besides, the titanium layer probably improves the water resistance of aluminum.

To conclude, we have studied the mechanisms and dynamics of the extrinsic degradation
of small-molecular organic solar cells from various perspectives. To overcome the
degradation, we have designed a bilayer cathode, which improves the shelf life of an
unencapsulated OSC by at least three orders of magnitude. These findings will hopefully
advance the understanding and development of organic solar cells.
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Supporting figure 1 Spectra difference between the simulated solar light from AM 1.5G.
(Source: operation manual of HAL-C100 solar simulator)
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Supporting figure 2 Optical diagram of the Xe light source. The image of the Xe lamp

formed by lens 1 was adjusted to the focus point of lens 2. Two IR-cutoff filters were used.
The spectra are shown in Figure 2-21.
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Supporting figure 3 Performance of an OSC-E experiencing a short period of continuous

strong light irradiation (gray patch). The slight recovery zoomed in the inset resembles a
simulation (blue curve on the right of Figure 4—-4).
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