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Abstract

Methods for improving spectral absorption and efficiency of phthalocyanine based or-
ganic photovoltaic devices were investigated. New structures including simple tandem
architectures and a novel heteromorphic phthalocyanine (MPc) device were investi-
gated and characterized. The addition of an interlayer of MPc was shown to improve
efficiencies of solution based bulk heterojunction devices due to improved open circuit
voltage (V,.) and spectral absorption. Solvent treatment has been shown to be an
effective method for extending absorption characteristics of trivalent and tetravalent
phthalocyanine based solar cells into the near infrared due to polymorphic conver-
sion. Heteromorphic devices incorporating two distinct polymorphs of the same MPc
resulted in optimal device characteristics while retaining relative simplicity in fab-
rication techniques. In this configuration, short circuit current density (Js.) was
enhanced considerably while V. retained an intermediary voltage between both the
control and fully treated devices. Improved spectral response at longer wavelengths
had a direct impact on Jg in solvent treated devices and was a key factor in im-
proved device efficiency. Characterization of new device structures was performed
using current-voltage (I-V) measurements, external quantum efficiency (EQE) and a

Scanning Electron Microscope (SEM).
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BCP
ClAlPc
ClGaPc
ClInPc
CuPc
DI

Bathocuproine

Chloroaluminum Phthalocyanine
Chlorogallium Phthalocyanine
Chloroindium Phthalocyanine
Copper Phthalocyanine
Deionized

Electron Blocking Layer
External Quantum Efficiency
Fill Factor

Metal-free Phthalocyanine
Highest Occupied Molecular Orbital
Current-Voltage
Indium-Tin-Oxide

Current Density-Voltage

Short Circuit Current

Short Circuit Current Density

Lowest Unoccupied Molecular Orbital
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MEH-PPV Poly(2-methoxy-5-(2"-ethylhexyloxy)-1,4-phenylvinylene)

MgPc Magnesium Phthalocyanine

MPc Metal Phthalocyanine

0D Optical Density

OFET Organic Field Effect Transistor

OPV Organic Photovoltaics

P3HT Poly(3-hexylthiophene)

PCBM [6,6]-Phenyl-Cg;-Butyric Acid Methyl Ester
PCE Power Conversion Efficiency

PEDOT:PSS Poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonic acid)
PIN p-i-n (p-type, intrinsic, n-type)

PQT-12 Poly (3,3 -didodecyl quaterthiophene)

PV Photovoltaic

SEM Scanning Electron Microscope

THF Tetrahydrofuran

TiOPc Titanyl Phthalocyanine

TOF Time-of-Flight

TOF-SIMS Time-of-Flight Secondary lon Mass Specroscopy
VOPc Vanadyl Phthalocyanine

Noe Open Circuit Voltage

XRCC Xerox Research Centre of Canada

XRD X-ray Diffraction

ZmPc Zinc Phthalocyanine
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Chapter 1

Introduction

1.1 Photovoltaic Devices

The potential for solar cell technology in today’s industry is quite pronounced.
Photovoltaics (PV) can cleanly convert light into usable energy without any moving
parts or noise. Modules may be placed almost anywhere and can be installed relatively
simply in any scale. Efficiencies of photovoltaic devices have been increasing steadily
since their discovery in the 1950s and today are increasingly used as a method of
economic energy production. Research in this field has and will continue to enhance

this technology.

1.1.1 The I-V Curve

The equivalent circuit of an ideal solar cell can be described as a current source
connected in parallel with a rectifying diode, as in Figure 1.1 [1]. Correspondingly,

the Current-Voltage (I-V) curve is described by the Shockley solar cell equation:
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Figure 1.1: Equivalent circuit of an ideal solar cell (solid lines). Non-ideal components
are also shown (dotted lines).

qV

[ = L, — Ih(exp*s™ — 1 1.1
I

where ¢ is the electron charge (¢ > 0), V is the voltage across the cell, ks is the
Boltzman constant and T is the absolute temperature. I is the reverse saturation
current and 7, is directly related to the incident photon flux on the solar cell. If the
electrodes are short-circuited via a metal contact, then the current flowing through
the system is a function of optically generated charge, and is known as the short
circuit current (/). In the ideal case, the short circuit current would be equal to the

photogenerated current:

Isr(i(leal) = Iph (12)

The open circuit voltage (V,.) in a solar cell is the potential difference generated

between the opposite electrodes when there is no external load applied to the cell and
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the circuit is ‘open’. Optically generated charges build up, creating an electric field
until an equilibrium point is reached where the rate of charge generation is equal to

the rate of recombination within the cell.

I‘IT,BT I ph

Voci(ea Fa—— 1 = 1.3
(ideal) =~ 11(+]0) (1.3)

—
@
o

..
3
£

Current

Maximum Power Rectangle

Voltage

Power

Voltage Vm Vo

Figure 1.2: (a) I-V curve of a typical solar cell and b) power generated by the cell
with the maximum power point identified.
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The maximum power point, seen in Figure 1.2 occurs where the product of current
and voltage is highest [1]. This is the point where maximum energy can be extracted
from the cell under illumination. Another associated parameter used to define the
shape of the I-V curve is the fill factor (FF). This term given in percentage describes
the squareness of the I-V curve. The higher the FF the more square the I-V shape
and the higher the maximum power point. The FF is given by the equation:

p— ]771 ‘/”1 PIHGJT

= (1.4)

BF = =
]S("/()(i ]SC‘/O('

In practice, cell characteristics and [-V curve shape differ from ideality. The
equivalent circuit must be modified to include several new components as seen by
dotted lines in Figure 1.1. Both the series resistance (R;) and shunt resistance (Rg,)
degrade the fill factor of the cell, and the direct impact on I-V characteristics can
be seen in Figure 1.3 [1]. The shunt resistance originates from leakage around the
cell through grain boundaries or dislocations and can be very complex to model or
control [2]. Under most practical operating conditions however shunt resistance has
minimal impact. The series resistance on the other hand can have a drastic impact on
cell characteristics. Ry directly depends on the contact between the metal electrodes
and the active layer, and also on the morphology and film quality of the active layer
itself. High series resistance can dramatically reduce the fill factor of the cell, leading
to significantly poorer power conversion efficiency (PCE). As can be seen, optimal
series resistances should be as low as possible, while the shunt resistance should
approach infinity. With poor R, and R, the shape of solar cell I-V curve approaches

that of a resistor and becomes a straight line through the origin.
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Figure 1.3: The effect of parasitic resistances on I-V characteristics.

The characteristic equation is now modified to include these components:

a(V+IRs) V ]Rs
I = [ph - [d - ]sh = [ph — [0((6){1) kT - 1)) - +—

1.5
Rsh ( )

[-V characterization can provide useful insight into the charge generation and
transport capabilities of a fabricated cell. Understanding changes in the shape of the
[-V curve is a necessary tool for revising and optimizing cell design. I-V measurements

also allow accurate comparisons between the properties of individual cells.
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1.1.2 EQE and Spectral Response

The External Quantum Efficiency (EQE) of a solar cell is the percentage of elec-
trons in the external circuit produced by an incident photon flux at a given wave-
length. For a particular photon energy the EQE is found by measuring the short

circuit current generated at that specific photon energy and is given as:

: L) |
FQE() = 2953 (1.6)

where ¢ is the electron charge, A is the illuminated cell area in m?, and I(\)

.
is the photon flux at a particular wavelength in photons/m?s. In most cases the
EQE is measured over a range of wavelengths and the spectral response is plotted
to understand the light absorption and charge generation across a broad spectrum.
When taken over a wide enough range, the total current generated will approach the

Js measured under full illumination. This can be expressed as:

| - (1/ EQE\)®(N) dA (1.7)
A wide)

where ®()\) is the photon flux in photons/s-eV.

1.2 Organic Photovoltaic Concepts

Organic Photovoltaics (OPV) is a relatively new field of research involving the
generation of energy using thin films of organic molecules. There are many aspects of
this technology that make it an attractive field of study. Unlike their inorganic coun-

terparts, organic thin films are semitransparent and can be deposited onto flexible
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substrates. The possibility for lightweight and economical production is very attrac-
tive, as these devices have the potential to be produced in large scale using established
printing techniques. Efficiencies, though still generally below the economical level for
commercial products, have been steadily increasing due to continued research and

new findings [3-5].

1.2.1 Semi-Crystalline Materials

Crystalline inorganic semiconductors form a three dimensional lattice structure
allowing bonding and antibonding orbitals to form a continuous conduction band
and valence band throughout the entire crystal [6]. The electronic properties of or-
ganic semiconductors however are fundamentally different and due to weaker orbital
interaction the Highest Occupied Molecular Orbitals (HOMOs) and Lowest Unoccu-
pied Molecular Orbitals (LUMOs) do not interact strongly to form continuous bands.
Consequently excited states in organic materials are localized and proceed via hop-
ping rather than diffusion within a band [6]. Mobilities of charge carriers in organic
materials are generally lower than inorganic semiconductors and the mechanism of
charge separation in organics requires more attention due to lower dielectric con-
stants [6]. The formation of excited states in organic semiconductors almost always
results in a bound electron-hole pair, known as an exciton [1]. This so-called 7 to 7*
transition describes the promotion of a pi bond electron to that of an antibonding
orbital and the energy difference matches the HOMO-LUMO gap. Excitons are gen-
erally considered to be localized, with an average diffusion distance on the nanometer
scale [6]. Inorganic semiconductors however do not create these localized states since

photoexcitation leads directly to charge separation because thermal energy (k7') in
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conjunction with the natural bias of the device is strong enough to dissociate excitons
into free charges [7]. A variety of device structures described below have been used

overcome the challenge of localized excitons in OPV materials.

1.2.2 Single Layer Devices

ITO
Glass

s

Figure 1.4: Single layer organic PV device structure.

The first organic PV devices were based on a single layer sandwiched between
two metal electrodes of differing work functions as in Figure 1.4 [7]. An energy level
diagram is shown in Figure 1.5 indicates the formation of a photoexcited state upon
light absorption [6]. An electron is promoted to the LUMO, and a hole is left behind
in the HOMO. Opposing charges are then collected at the corresponding electrodes
due to the asymmetry of the metal work functions (®). The effective band gap (E,)
is determined by the particular semiconductor chosen. These PV devices have very
limited efficiencies (well below 0.1%) due to a number of reasons. The preferential
creation of excitons in organic materials is due to their comparatively low dielectric

constants (ca. 2-4) and the fact that weak intermolecular forces keep excited states
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Eq
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Figure 1.5: Energy level diagram for a single layer organic PV device. Light is
absorbed, promoting an electron (e”) to the LUMO leaving a hole (h™) behind in
the HOMO. Electrons are subsequently collected at the Al interface while holes are
collected at the ITO electrode.

localized [7]. The asymmetrical work function of the metal electrodes is not sufficient
to separate excitons in single layer devices and the low diffusion lengths of excitons in
organic materials reduces the number reaching the electrodes where they can dissoci-
ate [7]. The typical diffusion lengths of about 10 nm in organic materials is generally
much shorter than the device thickness and so a large number of photogenerated
excitons recombine within the active layer before reaching an interface. Generated
current in single layer OPVs is therefore severely limited by the availability of mech-
anisms for charge separation [7]. New structures and concepts in OPV research have

since overcome this hurdle and are descried in the following sections.
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1.2.3 Heterojunction Devices

Tang first proposed a novel device architecture in 1986 when he brought two dif-
ferent organic semiconducting materials into contact, creating an active bilayer inter-
face [3]. This concept utilized two organic materials with differing electron affinities
and ionization potentials, resulting in a strong field at the interface where exciton
dissociation was favoured. This new structure overcame the serious limitations in-
herent in single layer devices. The interface of the two-layer system now became
primarily responsible for the photogeneration of charge, instead of the much less
efficient electrode-organic interface. Upon dissociation of excitons, holes are prefer-
entially collected by the high work function ITO anode and electrodes are collected
by the low work function metal cathode. Efficiencies can reach several percent using

this donor/acceptor heterojunction structure shown in Figure 1.6. Excitons created

Class

2

Figure 1.6: Bilayer organic PV device structure.

within the diffusion distance from the interface can be separated much more efficiently
than at an organic/metal interface. This interaction can be represented by Figure 1.7

showing photon absorption in the donor followed by exciton dissociation and charge

10
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HOMO
HOMO
Donor Acceptor

Figure 1.7: Bilayer organic PV device energy level diagram.

transfer at the interface. Electrons are donated to the acceptor material and charge

collection occurs at each respective electrode [6].

1.2.4 The Bulk Heterojunction

T
Glass

e

Figure 1.8: Bulk-heterojunction device structure.

Since typical exciton diffusion lengths in organic materials are in the range of 10
nm, light harvesting in bilayer cells is limited to the region close to the interface. On

the other hand, for more or less complete absorption of light, organic film thicknesses

11
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should be around 100 nm [6]. This challenge can be overcome by blending the donor
and acceptor either in solution or by co-evaporating the materials together during
fabrication. This concept shown in Figure 1.8 creates a bulk heterojunction with
extremely high interfacial area for improved charge separation. The optimal situation
is a bicontinuous network of donor and acceptor material, allowing for optimal charge
separation and collection. If the layer is designed such that the average distance to
any interface in the film is less than the diffusion length, exciton decay processes are
reduced considerably. This is because wherever an exciton is generated, it will be
able to reach an interface and separate into free charges before it recombines [7]. The
effective result is that charge generation can now occur throughout the active layer
and is not limited to the region near the bilayer interface. Due to miscibility issues in
solution, spin coating of films is typically performed at elevated temperatures using
low boiling point solvents so that equilibrium is never reached. The highest single

junction cell efficiencies are obtained using the bulk heterojunction principle [5,8,9].

1.3 Materials & Devices

1.3.1 Solid-State Organics: Conjugated Polymers

Traditionally, plastics have been thought of as insulators and were not generally
considered electrically active materials. Since the discovery of useful electrical prop-
erties in doped conjugated polymers in the 1970s, research has developed an array of
polymeric materials that can be tuned for use in a variety of optoelectronic applica-

tions [6,10]. Use of solution processable polymers in PV is attractive for a number of

12



M.A.Sc. Thesis - Nathan M. Bamsey McMaster - Engineering Physics

reasons, including inexpensive processing and high throughput using printing tech-
nologies [10]. These materials are also semitransparent and devices can be lightweight
due to the low density materials used and the need for only thin films. Semiconduct-
ing polymers can combine the optoelectronic properties of traditional semiconductors

with the attractive physical properties and processing capabilities of plastics [7].

Conjugated polymers all share a backbone of sp>-hybridized carbon atoms where
the electrons in the p, orbital of each atom along the chain form 7 bonds with
neighbouring p. electrons [11]. Dimerization (due to Peierls distortion) creates an
alternating single and double bond structure along the chain, allowing for delocalized
7 electrons within the molecule [12]. Photoexcitation promotes electrons to the anti-

bonding 7 band (7*) and allows for charge donation to an acceptor molecule [12,13].

Organic semiconductors differ somewhat from their inorganic counterparts. The
exciton binding energy in conjugated polymers is considerably higher (~ 0.4 eV),
than in traditional semiconductors and photoexcited electrons and holes are bound
by their Coulombic attraction [11]. Exciton effects become dominant at room tem-
perature and the result is Frenkel-like excitons [7]. Exciton diffusion distances (Lp)
between 5 nm and 20 nm have been found for these bound pairs [7]. Since coupling
between neighbouring molecules in organic materials is low, excitations are local-
ized and there is limited band to band transition [7]. In addition, organic materials
have dielectric constants around three whereas inorganic semiconductors sit at around

ten [7]. Fortunately, the high optical absorption coefficients of these materials requires

only thin films. Still, without a charge separation site, the majority of excitons will

13
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recombine. This explains the limited efficiencies in single layer polymeric solar cells
as there are no efficient sites for charge dissociation. The fact that there is very lim-
ited charge separation without the presence of an effective electron acceptor prevents
efficiencies of single layer cells from reaching 0.1%. Since most conjugated polymers
are p-type, the use of an acceptor (n-type) molecule, often [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM) is used to ensure efficient charge separation and collection.

See Section 1.3.2 for a detailed description of this material.

a) b)

Ci2Has

B [
/ \ ,//J/\ //\\ = - /\‘ S \ -
ShUST TT,
/
C12H25

Figure 1.9: Chemical structure of a) P3HT and b) PQT-12.

One of the most commonly used conjugated polymers is poly(3-hexylthiophene)
(P3HT) shown in Figure 1.9 a). P3HT is soluble in a number of organic solvents,
and bulk heterojunction OPVs integrating this material as well as an acceptor have
reached efficiencies as high as 5.2% [5]. Annealing is a necessary processing step
during cell fabrication and is used to improve crystallinity in bulk heterojunction cells
incorporating PCBM [14]. Poly(3,3™-didodecyl quaterthiophene) (PQT-12) shown

in Figure 1.9 b) is another conjugated polymer that has been less commonly used in

14
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1.2
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Figure 1.10: Spectral absorption of P3HT and PQT-12.

OPVs [15,16]. PQT-12 has been successfully used in Organic Field Effect Transistors
(OFETs) and has demonstrated considerable stability in oxygen [17,18]. PQT-12 also
has similar hole mobility and absorption characteristics to P3HT [18]. The absorption

curves of both P3HT and PQT-12 are shown in Figure 1.10.

Investigating the solar spectrum shown in Figure 1.11 one can see that the majority
of solar irradiance is concentrated below 2000 nm [19]. Solar irradiance and total
photon flux are both adequate representations of the solar spectrum however since
in most models PV devices essentially convert a single photon into a single electron,
total photon flux may best represent the energy available for conversion into current

under ideal conditions [19]. This approach results in a distinct red-shifting of the
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Figure 1.11: Solar irradiance (red) and number of photons (black) versus wavelength.

solar spectrum maximum and from this perspective it is more important to harvest
longer-wavelength photons in PV devices. It should be noted that although the lower
energy photons can limit the voltage difference in the device, there is still potential
for greater total current generated. Due to this interplay in excitonic solar cells,
the optimal band gap is still not clear. In any case it is clear that finding suitable
low band gap materials which can extend absorption beyond 650 nm is important to

improve spectral overlap and the overall efficiencies of OPVs.

1.3.2 [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)

Optimization of solution-processed OPVs requires the use of an acceptor (n-type)
material. Often, a soluble substituted Cgo derivative (PCBM) can be integrated into

solution with the donor material creating a bulk heterojunction [20]. Unsubstituted
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Figure 1.12: Molecular structure of a) Cgg and b) PCBM.

Cgo has limited solubility and must be vacuum deposited in order to be integrated
into OPVs. The two varieties of fullerenes often used (shown in Figure 1.12) are
electrically similar once integrated into PV cells. Fullerenes are considered optimal
acceptor materials for a variety of reasons: (1) they have a high electron affinity due to
the low lying LUMO level (2) each Cg has the ability to accept multiple electrons and
(3) the electron transfer to the Cgo/PCBM phase is ultra-fast (<200 fs) versus other
competing relaxation processes in conjugated polymers, leading to a charge transfer
quantum efficiency near unity [10,20]. In addition, the charge separated state in bulk
heterojunctions involving these materials is metastable, allowing efficient collection of
the photoexcited charges at the electrodes [12]. Fullerenes are typically treated only
as acceptor molecules as they have limited energy absorption matching with the solar
spectrum, seen by the absorption spectra of PCBM in Figure 1.13. Within the peak
absorption range of Cgy and PCBM, solar irradiance is low and so these materials

contribute only minimally to charge generation. When creating bulk heterojunction
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Figure 1.13: Absorption spectrum of PCBM.

devices incorporating P3HT:PCBM, a ratio near 1:1 appears to be optimal [5,20].

1.3.3 Solid State Organics: Small-Molecule Materials
1.3.3.1 Origin and Structure of Phthalocyanines

Metallophthalocyanines (MPcs) are a class of organic small molecules, consisting of
a planar ring structure of four isoindole units connected via aza nitrogen [21,22]. The
central position is occupied by two hydrogen atoms in metal-free phthalocyanine and
can also be occupied by a variety of metals, metal halides or metal hydroxides [21].
The MPc structure was verified, and the X-ray single-crystal structures of several ph-
thalocyanines were reported by Robertson and co-workers [21,23-26]. The structure
is shown in Figure 1.14, with M indicating the central metal atom, or two hydrogen

atoms in case of the metal-free [21]. The simplest structures are monovalent (HyPc),
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Figure 1.14: Metal Phthalocyanine (MPc) structure. M indicates the central atom(s).

or divalent (CuPc, MgPc, ZnPc) [21]. Trivalent metals form metal halides or hydrox-
ides; for example CI1AIPc, ClInPc and ClGaPc [21]. Tetravalent metals can also exist
in the ring structure in the form of metal oxides, dihalides or dihydroxides as is the
case for TiOPc, VOPc [21]. The size of the central atom directly affects the length
and angle of the bonds in the surrounding ring structure. The corresponding cavity
size depends on the ionic size of the metal atom, and if it is large enough, may situate
slightly out of plane of the molecule [27]. This doming effect is present in tin and

lead phthalocyanines.

Phthalocyanine crystals exist in a variety of polymorphs. The planar and nearly
square molecular shape arrange in long columnar stacks [28]. Variations occur in the
angle between the main axis and molecular axis, as well as how neighboring stacks are
arranged relative to one another [29]. The variable molecular stacking arrangements
lead to slightly different optical and electrical properties in the bulk material. An

example of two different polymorphs of copper phthalocyanine (CuPc) is shown in
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Figure 1.15: Molecular arrangements of two polymorphs of CuPc: a-CuPc and (-
CuPec.

Figure 1.15 [21]. Thermodynamically, S-CuPc is the most stable polymorph however
vacuum deposition at room temperature yields metastable a-phase phthalocyanine
[21,22]. Upon thermal annealing, transformation into the A-phase can be induced
[22,28]. Annealing yields phase changes in other phthalocyanines in a similar manner

130].

Within crystals of phthalocyanines, molecules are oriented such that prism sur-
faces are parallel to the longitudinal stacking axis [29]. The outer edges of the crys-

tals therefore typically consist of hydrogen atoms, with the basal planes contained
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within [29]. As a whole, the crystal surface is largely non-polar, lending to minimal
interaction with surrounding medium. This impacts the dispersibility of the pigment,
particularly stabilization and surface wetting [29]. Typically these compounds display
very limited hydrophilicity, and it is therefore of little surprise that they flocculate and
have limited solubility in most organic solvents [29]. Stabilization against flocculation
can be accomplished by introducing polar groups to the structure of the molecule [29)].
MPcs are thermally stable and so can be sublimed without decomposition, allowing
the preparation of thin films via vacuum evaporation [22]. CuPc shows good heat
stability and since it does not melt, can be sublimed at approximately 550°C under

ambient pressure [29)].

Commercially, MPcs are used worldwide as an organic pigment. CuPc constitutes
the vast majority of the market [29]. Dyes are produced by chemically modifying the
outer hydrogen and adding solubilizing groups to the outer rings [29]. These dyes are

used in particular areas of the textile and paper industry [29].

1.3.3.2 Optical Characteristics

Spectral data of many MPcs have been studied in solution and in the vapour
phase [21]. Two key absorption bands; the Q-band (600-700 nm) and the Soret band
(~300-400 nm) in the near-UV are important for phthalocyanines [21]. The strong
Q-band absorption in the red region of the visible spectrum accounts for the blue
colour of this class of materials [31]. Electrically, the central metal has a small effect
on the activation energies of conduction [32]. Journals have published investigations

indicating effects of central metal atom substitutions on optical properties [31]. Solid
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state absorption properties appear to be affected by the central metal, crystal struc-
ture and particle size, giving MPes various optical absorption characteristics and a
range of colours from dark blue to green [21]. Molecular orbital calculations show that
the visible Q-band absorption results from the 7 — 7% transition [21]. This arises
from the delocalization of the phthalocyanine ring system when the outer benzene

ring transfers charge to the inner macrocyclic ring [21].
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Figure 1.16: Thin film a-MPc absorption spectra.

In solid state, the various polymorphs of each MPc display slightly different ab-

sorption curves [21]. Absorption spectra of sublimed MPc films have been investigated
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and compared as seen in Figure 1.16 [28,30,33]. Thin-film a-phase Zn, Co, Ni, Cu,
VO and metal-free phthalocyanine absorption spectra have been investigated and

compared [30]. The films were deposited onto substrates at 150 °C and pressures

below 3 x 10~° Torr.

1.3.3.3 PV Characteristics

The conjugated structure of phthalocyanine molecules lead to useful electronic
properties. MPes have shown promise as electron donors (p-type) in photovoltaic
devices [3,34-38]. Using small organic molecules such as MPcs in photovoltaics has
several potential advantages. These molecules have considerable structural stability,
and advantageous colour fastness, and with proper integration phthalocyanines could
improve device lifetimes [29]. The other advantage is the variety of optical absorption
characteristics that phthalocyanines possess. The strong absorption of most MPcs in
the near IR can also improve overall spectral coverage of photovoltaic devices [37].
Absorption curves of PSHT and Cgp drop off considerably around 650 nm so capturing
wavelengths above those absorbed by P3HT and Cg, by using MPcs could better

match device absorption to the solar spectrum [39].

Device architectures typically consist of thin evaporated films of pure or mixed
layers containing MPcs and other semiconducting materials. Device structures can
also utilize a charge separating heterojunction at the interface of two films of materials
(p,n) as seen in Figure 1.17 [40]. Bathocuproine (BCP) and Poly(3.4-ethylenedioxythio-
phene) poly(styrenesulfonate) (PEDOT:PSS) are described in more detail in Sec-

tion 1.5.1. Bulk heterojunctions are formed by co-evaporating MPcs concurrently
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Figure 1.17: Structure and energy levels of an MPc bilayer PV device.

with an n-type acceptor molecule [40]. Cgo is one of the most commonly used n-
type materials with suitable electronic properties [34]. Bulk heterojunctions offer the
advantage of an extremely large interfacial surface area, allowing improved charge

separation and collection, resulting in more efficient device performance [6].

MPcs have also been integrated into solution-based photovoltaic devices [37]. In
this case the phthalocyanine molecule is typically modified to allow for much greater
solubility in organic solvents, and is then spin coated [37,39]. Figure 1.18 shows the

absorption of a spun polymer, dye, and metal-free phthalocyanine film compared to
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Figure 1.18: Absorption characteristics of a spun film of MEH-PPV, Coumarin 343,
metal-free phthalocyanine (HyPc), and Cgy compared with the solar spectrum. The

inset indicates the absorption of MEH-PPV /Cgq

only.

the solar spectrum. The AMI1.5 best represents the solar spectrum at ground level

and can be compared to material absorption spectra for optimal matching. The peaks

centered at 670 nm and 700 nm are due to metal-free phthalocyanine (HyPc) [37].

Unfortunately MPcs have limited to no solubility in most organic solvents, making

the integration of these materials into solution based processing non-trivial. As seen

in Figure 1.18, light absorption within the range of HyPc is still very limited, and

this is a typical problem confronted when attempting to dissolve unsubstituted MPcs
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in solution. Specific milling and grinding techniques have been developed to aid
suspension in various solvents however, obtaining particle sizes below 1 pm is difficult

and so electronic properties generally suffer [41].

1.4 Current Challenges

1.4.1 Spectral Overlap

A challenge currently limiting the efficiencies of conjugated polymers is their spec-
tral absorption. While inorganic semiconductors have broad absorption properties,
organic materials have sharper and more narrow absorption characteristics. For ex-
ample, P3HT absorbs strongly only within about a 200 nm range and the same is true
for most MPcs and other organics. P3HT has a band gap of 1.9 eV (650 nm) giving
it a maximum ability to harvest only 22.4% of incident photons under full illumina-
tion [19]. This limit can be slightly improved in a bulk heterojunction, due to the
absorption contribution of the acceptor molecule, however this is typically not high
and most models do not treat the acceptor as a strong contributor to total current

generation [19].

1.5 Methods for Device Enhancement

1.5.1 Buffer Layers

The addition of ultrathin interlayers between the acceptor material and the top
contact has been shown to be advantageous [42,43]. Although these layers do not ab-

sorb within the visible range or contribute to charge generation, devices incorporating
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such films show higher efficiencies [44].

A common buffer material used in small molecule OPV cells is 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline also known as bathocuproine (BCP). BCP, a wide band
gap material is an effective exciton blocking layer (EBL) and device improvement has
been attributed to improved exciton harvesting in the active layer [44]. As an EBL
the layer restricts exciton diffusion and subsequent quenching at the Al electrode
[44]. BCP also acts as a diffusion barrier against Al atoms into the acceptor layer,
slowing the creation of recombination sites [44]. BCP is thought to be important
during the deposition of the metal contact where it acts as a thin protective barrier
against acceptor layer damage during metal deposition [43]. It appears that BCP film
thicknesses under approximately 10 nm do not affect the charge collection rate and
an optimal thickness between 8-10 nm has been reported [43]. Unfortunately, BCP is
known to crystallize rather quickly under the presence of moisture, leading to device

degradation. The search for an optimal EBL layer is still underway [42,45].

LiF is another material studied for use as an interlayer in organic photovoltaics.
Bulk heterojunction polymer/fullerene solar cells show increases in V,. and FF with
the insertion of an ultrathin (1.5 nm) layer of LiF [46]. Although there are a number
of ideas as to the basis for improvement, it appears as though the layer forms a dipole
moment across the junction due to orientation of the LiF molecules or associated
chemical reactions within the film. This dipole effectively shifts the vacuum level
offset and modifies the work function of the metal contact [46]. The result is improved

charge transfer across the interface and greater PCE [46].

27



M.A.Sc. Thesis - Nathan M. Bamsey McMaster - Engineering Physics

This section has currently only focused only on modification of the top elec-
trode however improving contact between the ITO anode and the active layer has
also successfully improved cell performance [47,48], Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) or PEDOT:PSS is a doped transparent conducting polymer
that is commonly used as a buffer layer in solution-processed OPV. Thin layers of
PEDOT:PSS deposited on I'TO exhibit several beneficial effects. Improved device per-
formance has been attributed to better selectivity of the electrode, reduced roughness
at both the electrode and active layer interface and higher photovoltage via surface
enrichment of PSS components [47]. Macroscopically the buffer layer improves J.
and FF considerably in complete devices. Other interlayers such as vanadium oxide
(V505) and molybdenum oxide (MoOs3) can effectively substitute PEDOT:PSS as a

buffer layer [48].

Direct ITO modification is a straightforward method of improving device perfor-
mance and this procedure can be combined with other interlayers for further improve-
ment [49]. UV-ozone treatment and plasma cleaning have been shown to remove any
lingering contaminants on the I'TO surface remaining after the cleaning procedure.
As well, the work function of the electrode also improves [49,50]. Treatment for opti-
mal durations increases the current density in the device, whereas treatment beyond
approximately 10 minutes is thought to increase the surface oxygen contaminants

such as (0?7, OH, organic oxygens and H,O) [49].
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1.5.2 Series Tandem Structures

A successful method for improving device performance and spectral absorption is
with series tandem structures [51]. Essentially, tandem structures consist of stacked
active layers, each tuned to a region of the spectrum, and separated by a semitrans-

parent interlayer. An example of this concept can be seen in Figure 1.19 where a

‘ Buffer Layer

ITO

Glass

s

Figure 1.19: Series tandem structure.

P3HT/PCBM bulk heterojunction is the primary cell and a CuPc/Cgy bulk hetero-
junction is the back cell [52]. Spectral absorption is broadened and voltage is improved
considerably in organic series tandem structures. This technology has already been
used in niche applications such as space or concentrator cells using inorganic semicon-
ductors [51]. The presence of successful commercial products and record efficiencies
shows that this is a viable approach for improving efficiencies. Series tandem struc-

tures have also been used in organic PV research with success [52-55]. In OPV the
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highest cell efficiencies have been obtained using series tandem structures. It should
be noted that current must be carefully controlled in each layer because J. is limited

by the first or second active layer in the series cell [53].

With careful current matching, V,. can be enhanced considerably, a property that
is typically low in OPVs. When making series tandem cells, fabrication procedures
can become quite complex, especially in the case of solution-processed cells. The large
number of sequentially deposited films can easily become damaged during upper layer
deposition, ruining devices. The intercellular layer also causes some energy losses due

to light reflection and absorption within the cell.

1.5.3 Parallel Tandem Structures

ITO

Glass

-

Figure 1.20: Schematic of a simple parallel tandem structure.
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Another interesting approach for enhanced light collection and charge gener-
ation is a parallel tandem structure [56,57]. This approach is a more simplified
alternative to the series tandem structure and employs a subcell in conjunction with
a bulk heterojunction layer without the use of a recombination layer between the
two, as in Figure 1.20 [56]. The lack of an interlayer reduces the complexity and the
amount of light lost due to reflection or absorption by the semitransparent connect-
ing architecture. Zhang proposed a parallel tandem structure in which PCBM in a
bulk heterojunction was also in contact with a CuPc subcell via a bilayer heterojunc-
tion [56]. The end result is photoexcitation and charge creation contributions from
both subcells and a wider spectral coverage. Jq. was found to be additive in the par-
allel cell. The short circuit current was almost equal to the sum of currents from both
a standalone bilayer and bulk heterojunction added together. The efficiency of the
combined tandem cell was in fact approximately equal to the combined performance

of each standalone subcell.

There are several challenges to achieving efficient parallel tandem structures. Cur-
rent generated by each subcell should be approximately equal so as to prevent ac-
cumulation of photogenerated charges [58]. This entails careful control of each layer
thickness. Energy level matching is quite important in this type of structure as well,
and ensuring a cascade of available energy levels is important for proper charge col-
lection. The absorption characteristics of each layer also needs to be considered, and
only materials with complementary absorption profiles should be matched. In ad-
dition, during the fabrication process, upper layers need to be deposited in such a

manner that they do not destroy or damage underlying layers. MPcs are generally
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a good choice because they do not dissolve readily in many organic solvents. This

prevents them from washing away during the spinning of upper layers.

1.6 Scope of Research

Using materials expertise at Xerox Research Centre of Canada (XRCC), this re-
search aims to integrate near-IR sensitive materials such as phthalocyanines into new
device structures for improved performance and to provide better spectral matching,
while retaining the simplicity and elegance necessary for scale-up to larger surfaces
and increased production. Expertise in materials synthesis, purification, deposition
and characterization at XRCC has been utilized to develop novel structures and
devices used to capture greater energy from the sun by way of semiconducting or-
ganic materials. Fabrication via solution processing, vacuum deposition and hybrids
thereof have been used to attain optimal device structures. Control of MPc thin film
properties has been reported in literature and the use of these characteristics from the
perspective of photoactivity, mobility, absorption characteristics and charge transport

are utilized to the fullest potential in order to attain the greatest efficiency gains.
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Chapter 2

Lab Equipment Description

2.1 Vacuum Fabrication

2.1.1 Train Sublimation

For optimal OPV device properties, material purity must be as high as possible [33].
Many of the active layer materials used, such as MPcs and Cgg are not pure in their
purchased or synthesized forms. Small amounts of impurities can lead to difficulties
during the deposition process and a drastic reduction in overall device performance.
Impure material can degass considerably during deposition, affecting the vacuum,
and can erratically eject large amounts of material from the source boat, ruining film
quality [33]. Train sublimed MPcs have shown increased photoactivity and improved
PV performance following train sublimation [33]. It is important for MPcs to be
singly or doubly sublimed in a train sublimation tube before being used in OPV

device fabrication.
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Figure 2.1: Schematic of the train sublimation system

The train sublimation system consists of a long heater tube containing three heat-
ing elements connected to thermocouples which control the temperature within each
region along the tube. A schematic of the system can be seen in Figure 2.1 [33].
Unpurified material is placed into a long glass tube and the tube is then placed in-
side the furnace. A slight vacuum is maintained on the system and monitored by a
pressure gauge. Ny gas flow is then initiated and maintained throughout the process
and is used to transport sublimed material along the tube where it can deposit on
the tube surface in a cooler zone. The high temperature zone is maintained at a
level near the sublimation point of the material for the duration of the process, and

decreases approximately linearly along the length of the tube. In the case of MPcs
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this is around 550 °C and for Cgp about 570 °C. Sublimation is allowed to proceed for

over 12 hrs and upon completion the tube is slowly cooled and the material collected.
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Figure 2.2: Temperature distribution and typical deposition zones following the sub-
limation process.

There are a five distinct zones of deposited material along the tube after subli-
mation as seen in Figure 2.2 [33]. The leftmost region consists of residue left behind
from the starting unpurified material. This is typically a black fluffy ash-like powder

of low density. Purified MPc forms two zones, a light coloured amorphous material
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adjacent to the high temperature zone and, followed by a sharp transition, a larger
region of dark crystalline material. In the case of Cgo purification, the high tempera-
ture amorphous zone does not appear to be present. Further along the tube several
sharp zones of impurities are typically found and these regions are generally yellow or
brownish in colour and contain more volatile materials with a lower sublimation tem-
perature. The amount of these materials deposited depends heavily on the quality of
the starting material and the material supplier. Further, the system contains a liquid
nitrogen cooled cold-trap to capture any remaining impurities that pass through the
tube undeposited, preventing volatiles from damaging the mechanical vacuum pump.
The volatile impurities are likely the cause of outgassing and unstable deposition rates

when unpurified material is used in the vacuum chamber during device fabrication.

The material harvested and used in device fabrication is the darker crystalline
deposit with adequate quantity for use in a variety of experiments. The high tem-
perature material is only present in very limited quantities and was collected but not

studied in detail.

Train sublimed materials show improvement in a range of attributes. Purified
materials show better deposition behaviour and rarely puff material from the boat
into the chamber. Puffing describes the ejection of large amounts of unsublimed
material from the heated boat into the chamber and usually results in unusable films
for devices. This was especially a concern with MgPc and ZnPc¢ where this behaviour
is more common. Outgassing is also considerably reduced by train sublimation, saving

time and ensuring deposition under low vacuum. Ultimately, train sublimation results
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in improved OPV device characteristics [59)].

2.1.2 Vacuum Chamber
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Figure 2.3: Schematic layout of the thermal evaporation chamber.

A vacuum chamber equipped with a CTI-Cryogenics Cryo-Torr cryopump was
used for thermal deposition of the majority of thin films. Only the Al layer in

solution-processed devices was deposited by a different evaporation system described
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in Section 2.2.3 A diagram of the chamber layout can be seen in Figure 2.3. The
vacuum chamber housed eight boats with four sources allowing complete fabrication
of evaporated cells without breaking vacuum. A movable mask could be controlled
from outside the chamber, giving complete control over device structure during de-
position. Chamber pressure was monitored using a Granville-Phillips Micro-Ion Plus
and all evaporations occurred at pressures below 5.4 x 107 Pa. Film thickness was
monitored with quartz crystal oscillators, measuring changes in the oscillating fre-
quency of the crystal as thickness of deposited material increased. Each monitor had
a measured correction factor associated with the geometry of the vacuum chamber
and accounted for material density. Deposition was controlled by an Inficon IC/5 De-
position Controller. A shutter precisely controlled the exposure time of the substrate
to the heated material and allowed for film deposition only during periods of steady

film deposition rates.

Since the thermal evaporator contained multiple sources, simultaneous evapora-
tion of two materials could be controlled. Multiple boats could be heated together
to a controlled deposition rate and the shutter then opened. Each source was moni-
tored by its own quartz crystal, allowing individual control of deposition rates of both

materials.

In the case of organic materials, especially MPcs that have not been thoroughly
purified, there may be significant outgassing during initial heating. Outgassing raises
the pressure in the chamber considerably which therefore must be allowed to fall

before material deposition onto the substrate. Multiple purification runs in the train
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sublimation tube reduced the likelihood of outgassing and puffing however there was
always a small chance of sudden material ejection during any deposition. Puffing was
more likely when the boat was initially packed with new material or when near the

very end of material in the boat, when small amounts of char could also be present.

2.2 Solution Processing

2.2.1 Glovebox

Active layers of solution-processed solar cells were spun within a glovebox. The
glovebox provided an inert environment to perform spinning and annealing activities
during cell fabrication since oxygen and humidity are known to speed the degradation
of organic PV cells. Desiccant was used to keep humidity levels below 1.0% measured
with a Omega OM-PLTH Temperature and Humidity data logger during fabrication,
and nitrogen was continually flushed through the glovebox to reduce oxygen levels
below 0.5% measured with an MSA Altair Oy Pro during spinning. The glovebox
also housed a hotplate, allowing controlled annealing during fabrication. Annealing
was typically used after deposition of the initial PEDOT:PSS layer to bake off any

remaining water, and after cathode deposition in the case of cells containing P3HT.

2.2.2 Spin Coater

PEDOT:PSS layers were spun using a Specialty Coating Systems Spincoater Model
P6700 Series in a fumehood. PEDOT:PSS was not deposited inside the glovebox
because the polymer is typically dissolved in water and would lead to contamina-

tion of the glovebox with water vapour. Exposure to oxygen during and following
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PEDOT:PSS deposition appears to have a negligible effect on the initial layer and

subsequent device performance.

A Specialty Coating Systems G3-8 Spincoat was used to spin the active layer of

PV cells and was located inside the glovebox.

2.2.3 Bell-Jar Evaporator

An Edwards Coating System E306A bell-jar evaporator was used to deposit the
cathode during solution-processed cell fabrication. A vacuum of 2 x 107 Pa was
reached before deposition of the metal layer. This evaporator only had a single source
however due to the smaller chamber size, pump-down times were much shorter and
reduced the time needed to complete the devices following active layer deposition.

This is important when considering the fast decay times of OPV devices.

2.3 Characterization

2.3.1 J-V Measurements

Completed devices were placed in an in-house designed sample holder. The sample
holder used a circular shadow mask with an active area of 7Tmm? on each device.
Devices were illuminated through the I'TO electrode and electrical contact was made
with pressure contacts. The sample holder allowed the connection of a gas line, and
was used to flush nitrogen into the holder while measurements were taken. This

reduced the rate of degradation by keeping the cell in an inert environment.
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An Oriel 96000 solar simulator with an AM1.5G spectral filter was used to simulate
the solar spectrum, and was calibrated to 100 mW /em? using a Newport 818-UV /CM
detector and Newport 1830-C optical power meter. 1-V characteristics were measured

using a Keithley 238 source-measure unit. A computer collected the output I-V data.

Spectral filters were also placed between the Xenon arc lamp and the device to
measure [-V curves of particular segments of the solar spectrum. Several MPcs have
sensitivity extending into the infrared, so filters allowing only long wavelengths be-
yond 650 nm through were used for partial spectral analysis, in conjunction with full
spectral data. Cut-off filters allowed measurement of current generated at all wave-
lengths above or below certain wavelengths. Filters such as 11650 (permitting only
wavelengths longer than 650 nm) and 11700 (only wavelengths above 700 nm) were
often used to determine proof of concept in new structures and to decide if further
analysis using EQE measurements should be performed on a particular device. The

following section describes the EQE setup and measurement procedure.

2.3.2 External Quantum Efficiency

EQE measurements were taken using a calibrated Photon Technology International
monochromator. Calibration was performed using a Newport 818-UV/CM detector
and Newport 1830-C optical power meter by measuring power at each wavelength. A
Keithley 6485 picoammeter measured short circuit current as a function of wavelength
in the PV device. The measured current from the device was compared to the incident

photons at each wavelength to generate a response curve across a given range.
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2.3.3 UV-vis Measurements

Optical absorption spectra were measured using a Cary 5000 UV-vis-NIR Spec-
trometer by Varian. The baseline absorption of the substrate was subtracted from all
measured curves presented in this document. In most cases UV-visible curves have
been normalized to aid comparison of absorption characteristics and eliminate any

variability in film thickness.

2.3.4 Profilometer

Film thicknesses were measured using a Digital Instruments Dektak 6M Pro-
grammable Surface Profilometer. A small needle head was used to determine elevation
along a straight line through samples. For each thickness value, several measurements

were taken and an average thickness was determined.
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Chapter 3

Experimental

3.1 Conducting Substrate Etching

50 mm x 50 mm Indium-Tin-Oxide (ITO) coated aluminosilicate glass slides were
purchased from Delta Technologies and used in device fabrication. ITO slides were
etched in-house to create patterned conducting areas on the glass. Two ground pads
and ten fingers were etched on the surface, separated by insulating glass as seen in

Figure 3.1.

Etching was performed using a procedure developed in-house. The procedure
consisted of spinning AZ-1518 positive photoresist at 2500 rpm for 60 s onto a cleaned
ITO substrate, followed by soft baking and then UV exposure through a mask. The
mask pattern matched the final pattern seen in Figure 3.1. The photoresist was then
developed in the MR-314 developer and rinsed, followed by hard baking in an oven.

The ITO was etched in a mixture of hydrochloric (HC1) and nitric (HNOj3) acid to
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Figure 3.1: Etched indium-tin-oxide (ITO) conducting surface on glass

pattern the substrate. The final step consisted of removing any remaining photoresist
using acetone. Etched ITO slides were used for both solution-processed and vacuum

coated devices.

3.2 Substrate Cleaning Procedure

The cleaning procedure for etched I'TO slides consisted of a series of steps designed
in house. The importance of an exceptionally clean substrate is tantamount in device
fabrication, and can be the grounds for the disparity between a shorted device and
one with optimal photovoltaic performance. Dust can hinder cell performance by
disrupting film quality and by causing physical shunts through the thickness of the
device. Other organic materials can reduce device performance by affecting the work

function of the electrode or preventing optimal contact between the initial layers
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and the ITO [49]. The nature of the nanometer thicknesses of films required utmost
cleanliness of substrates. Since fabrication was in a traditional lab setting, dust
was managed as best as possible by transporting substrates inverted, and keeping
them constantly covered when the conducting side faced upwards. The preliminary
ITO cleaning procedure differs only slightly between solution-processed and vacuum
deposition. Solution-processed cells included an additional step involving plasma
cleaning of the ITO surface before spinning the first film. The cleaning procedure

employed is as follows:

1. Place the etched ITO slides in a soap solution (4 mL Extran for each 200 mL
of DI water) and soak for at least one hour. The slide is ready for the next step

when water wets the surface well and does not bead.
2. Scrub the slides using a kimwipe and the soap solution.

3. Run hot water over the surface for several minutes to remove all soap solution.

Any remaining soap will ruin the device.

4. Rinse the slides sequentially with DI water, methanol, and then isopropanol.

ot

Suspend the slide above boiling isopropanol for 15 minutes in a beaker.

6. Move the covered slides to an oven to dry completely at temperatures above

140 C for 20 minutes.
7. UV-ozone clean the slides for 10 minutes.

8. (Solution processing) Plasma clean the surface before spin coating the first layer.
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3.3 Improved Spectral Coverage with Integration

of MPc

3.3.1 PIN Diode (Top MPc)
3.3.1.1 Justification

Solution-processed P3HT and PCBM bulk heterojunction solar cells have strong
optical absorption from 300 nm to 650 nm. Above 650 nm, absorption is negligible
and since a large portion of solar energy resides above this, it would be advantageous
to find a means of absorption and charge generation within this region. Since MPcs
typically have strong absorption peaks in the near-IR region of visible light, incorpo-
rating them into organic photovoltaic devices could potentially broaden absorption

and improve PCE.

Ideally, integrating MPcs directly into solution-processed fabrication would be
simplest; creating an active layer bulk heterojunction of P3HT, PCBM and MPec.
Unfortunately dispersing MPcs into solution is not elementary and all cells we have
fabricated using this approach had poor photovoltaic response. MPcs have only lim-
ited solubility in a few organic solvents, and are generally only soluble to meaningful
levels in acids [41]. Grinding and milling methods have been developed to attain
small particle size and temporary dispersions in some solvents however milling times
as long as several days may be required. Damage to any co-dissolved conjugated
polymer materials during this processing is a concern, as well as the likelihood of

contamination from the metal or glass bead milling material. MPcs typically form
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long crystals consisting of columnar packing of a stack of phthalocyanine particles,
and all central metal atoms aligned. This leaves the edges quite unreactive, as only
C-H bonds appear at the periphery of the molecular ring system in a phthalocyanine
molecule [21,29]. Some success in dissolving MPcs has been made with modification
to the phthalocyanine ring systems, allowing for direct use in solution-processing,
however current generated at higher wavelengths is quite low using this technique, so

finding an improved method is warranted [39,60].

3.3.1.2 Structure

A novel p-i-n (PIN) structure provides an alternative to molecular modification of
the MPc, and does not require the development of a specific procedure for dispersing
each MPc moiety in liquid solvent. Each MPc has unique dissolution requirements,

making it necessary to have a different procedure for suspending each species.

The respective p-i-n layers are deposited sequentially and form the p-transport
layer, intrinsic layer and n-transport layers. In traditional PIN devices the p and
n layers are created using doped wide band gap materials, with only the intrinsic
layer absorbing visible light. The interface at each opposing side of the intrinsic layer
acts as a filter, only allowing the correct type of charge carriers to leave. This is
accomplished by careful energy level matching, achieving the correct bias. Figure 3.2
shows the general structure and energy level positioning of a PIN cell. In the case of
this study, unlike in other organic PIN structures, the p and n wide-gap layers have
been left undoped [61-63]. In organics doping has been achieved by co-evaporating

other materials with the p and n type layers to improve conductivity and reduce

47



M.A.Sc. Thesis - Nathan M. Bamsey McMaster - Engineering Physics

p, i . N
ﬂ i
Nﬁ
...... i--J.. -----.-:.:.".':-.-lz(
\ E'
I : 7.?\'\
ITO o
a b i 'h[‘.\‘,

Figure 3.2: a) General PIN-type solar cell structure. The intrinsic region is located
between p and n type materials. b) Energy diagram of a general PIN-type solar cell
with a bulk heterojunction intrinsic region.

ohmic losses in the device, however this is not within the scope of this study [61].

In this study the 7 photoactive layer is actually a hybrid structure consisting of
an MPc:Cgy mixture in a 1:1 ratio, sandwiched between the p and n type materials.
The p material used is P3HT whereas the n material is Cgg. This structure essen-
tially couples an MPc:Cg bulk heterojunction with P3HT. The device architecture
is depicted in Figure 3.3 and following PEDOT:PSS and P3HT spinning, entails the
evaporation of an MPc:Cgg layer on top. A thin layer of Cgg is then vacuum deposited

prior to the aluminum cathode.

It should be expected that there will be strong absorption by the P3HT film
and some by Cg film as they both have absorption characteristics within the visible
spectrum. Integrating an MPc layer improves total coverage because the spectra

is complementary to the other two materials. Figure 3.4 indicates the absorption
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Figure 3.3: PIN-type device structure.

profiles of the two strongly absorbing materials in their pristine state. The interface
between the PSHT and MPc:Cgp allows for charge separation of excitons formed in

the P3HT film.

Energy levels of the device structure should match in order to attain optimal cell
characteristics. An energy diagram for the device is shown in Figure 3.5. Suitable
energy level matching suppresses minority charge carriers with energy barriers and
creates a cascade of available energies, allowing charges to travel to their respective
electrodes. There is a suitable range of HOMOs and LUMOs that the intrinsic layer
material can have, given the other two. The HOMO and LUMO of Cgg are 6.1 eV and
4.5 eV and for P3HT, they are 5.2 eV and 3.5 eV respectively. The energy diagram in
Figure 3.5 below depicts these two windows of allowed energy levels for the material.

The HOMO must lie between 6.1 eV and 5.2 eV while the LUMO must lie between 4.5
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Figure 3.4: Absorption profiles of materials used in the PIN-type solar cell.

eV and 3.5 eV. Fortunately MPcs typically have HOMOs and LUMOs close to these
values. A table indicating energy levels for a variety of MPcs is shown in Table 3.1.
Note that there is some error in the measurement of HOMO and LUMO parameters

and this can be as high as several tenths of an eV.

The device was fabricated by spin coating PEDOT:PSS in a ratio of 3:2 with
water onto the ITO coated slide at 1000 rpm. This resulted in films approximately
30 nm thick, and was followed by annealing on a hotplate in the glovebox at 120°C.
After annealing of the PEDOT:PSS, a layer of PSHT was spun on top at 1000 rpm
from a 20 mg/ml solution in (1,2)dichlorobenzene. The sample was then transferred
to a vacuum evaporator and put under a vacuum of 5x10™% Pa before deposition

of the final layers. A 20 nm (1:1) layer of HyPc:Cgy was deposited, then 20 nm of
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Figure 3.5: Energy diagram for the proposed PIN-type structure.

Ceo, followed by a 50 nm Al cathode. The device was then annealed at 140°C for
10 minutes before testing. Literature indicates that the HOMO and LUMO of HyPc
should fall within the allowed energy levels of the structure incorporating P3HT and

Céo-

3.3.1.3 Experimental Results

Devices were illuminated with 100 mW/cm? simulated sunlight through the ITO
electrode, using an Oriel 96000 solar simulator with an AM1.5G spectral filter. The
active device area was 7 mm? defined by a shadow mask. Input power was monitored
with a Newport 818-UV/CM detector and Newport 1830-C optical power meter. A

Keithley 238 source-measure unit collected output data.

J-V response curves of devices with structure shown in Figure 3.3 using HyPc

in the MPc:Cgg layer were measured under full illumination and a power conversion
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Table 3.1: Energy Levels of Various MPcs.

MPc HOMO | LUMO | Reference
HsPe 5.2 3.5 [64,65]
CuPc 5.3 3.6 [66]
/mPc 5.2-5.3 3.3-3.8 [67,68]
MgPc 5.4 3.9 [69]
ClAIPc 5.0 - [64]
ClGaPc N i

ClInPc 5.1 3.5 [70]
TiOPc 5.7 4.0 [71,72]
VOPc 5.6 4.2-4.7 [73,74]

* denotes no data

efficiency (PCE) of 0.76% was reached, as seen in Figure 3.6. Compared to a baseline
P3HT:PCBM cell with PCE of 2.08%, the efficiency is lower. The V. of the baseline
cell is 0.57 V and the Jg. is 8.1 mA /em? whereas for the HyPc cell the V,, and J,. are
0.39 V and 3.2 mA /em? respectively. The FF however did improve, going from 45.4%
in the baseline cell to 61.7% in the HoPc PIN cell. Devices with a simple P3HT /Cgq

bilayer heterojunction showed no noticeable photovoltaic behaviour.

Poor performance is most likely due to the P3HT layer being too thick. Photo-
generated excitons can only dissociate into free charges when they are created within
the average diffusion length from the heterojunction. Organic materials tend to have
low mobilities, leading to diffusion lengths on the order of tens of nanometers [7]. In
the P3HT layer there is very limited dissociation far from interface with MPc:Cgp.
Since the spun layer is approximately 40 nm, any photogenerated species greater than
the diffusion length away from the interface will recombine and cannot contribute to

overall current. This region, being the first which incident light impinges on, will
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Figure 3.6: J-V response curve for a PIN-type photovoltaic cell incorporating HyPc.

also absorb light and reduce the available photon energy to subsequent layers where

charge could have been generated, further reducing cell performance.

This structure shows that a pure P3HT layer can contribute to charge generation

and cell efficiency when an MPc is connected via a heterojunction. Device optimiza-

tion including a reduction of the thickness of the P3HT could improve cell efficiency,

bringing properties closer to that of a baseline PSHT:PCBM bulk-heterojunction.

3.3.1.4 Future Work

This structure likely suffered from the pristine P3HT film being too thick since the

layer thickness was much greater than the PSHT diffusion length. This likely led to

higher recombination rates, causing a reduction in J4.. Reducing P3HT layer thickness



M.A.Sc. Thesis - Nathan M. Bamsey McMaster - Engineering Physics

could improve device efficiency considerably. This can be achieved by spinning a lower
concentration of P3HT, or by increasing spinning speed during deposition. Another
avenue for further study is to test a variety of MPcs in the place of the HoPc. The
number of MPcs available offers the possibility of discovering a material superior to

that of the HyPc.

Further, annealing tests can be performed to determine if annealing before MPc
deposition can lead to improved device performance. This would eliminate exposure
of the MPc film to high temperatures, potentially reducing the chance of affecting
film properties due to interactions with other layers. In some cases, when annealing
completed devices with MPc layers already evaporated, the formation of large regions
of a new phase could be observed under an optical microscope. This new phase and

its effect on device properties could also be further studied.

3.3.2 Bottom MPc Tandem with PQT-12

3.3.2.1 Justification

a) b) +

-— PQT-12/PCBM
.— MPc
~—— PEDOT:PSS

-——PQT-12/PCBM
-—PEDOT:PSS

Figure 3.7: Device structure of a) the multilayer cell with MPc and b) the control
cell.
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Spectral coverage improvement has been attempted in a number of ways, in-
cluding the use of low band gap polymers, tandem cells, and small molecules [37,39,
53,56,75-80]. Designing tandem structures by stacking has been shown to be effective
at enhancing spectral coverage [53,56]. Combining or stacking multiple materials of
complementary absorption profiles can improve characteristics of organic PV devices
without the need for an intercellular connection layer [56]. MPcs are a group of small
molecules with Q-band absorption in the red to near-IR ranges, complementing the
absorption of PQT-12 and PCBM. Solvent damage can occur to underlying layers
when spin coating multiple solution-processed films, so this must be accounted for
when selecting an appropriate processing method. Furthermore, design of effective
multilayered cells involves careful control of layer thickness to match the short cir-
cuit current density (Jg.) of each subcell, preventing accumulation of photogenerated
charges [58]. In this study we investigated the integration of a variety of different
MPec films into a PQT-12/PCBM bulk-heterojunction cell for improved performance

and spectral coverage.

3.3.2.2 Structure

The device structure is shown in Figure 3.7, indicating both the multilayer cell
and the control cell. Devices were prepared on patterned indium tin oxide (ITO)
(~15 Q/ O) coated aluminosilicate glass, 50 mm x 50 mm substrates. Water solu-
ble poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonic acid) (PEDOT:PSS) was
spun onto cleaned substrates at 1000 rpm to form a ~ 30 nm layer. The sample

was annealed at 120°C for 20 minutes in a low Oy (<2.0%) low humidity (<1.0%)
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glovebox. Substrates were then transferred to a cryopump equipped thermal evapo-
rator and a vacuum of 5x10™* Pa was reached before MPc deposition. Quartz crystal
monitors were used to control layer thickness. A 16 nm layer of MPc was deposited
and a range of central moieties (M) were examined. Monovalent (metal-free Hy),
divalent (Cu), trivalent (Al-Cl, Ga-Cl, In-Cl) and tetravalent (Ti=0, V=0) MPcs
were used, resulting in seven samples of the same structure but different MPc layer.
Each sample also contained a control cell with no MPc. Following evaporation of
MPc layers, devices were transferred back to the glovebox where a 20 mg/ml at 15
wt% PQT-12, 85 wt% PCBM solution dissolved in (1,2)dichlorobenzene was spun at
1000 rpm for 60 s, forming a layer approximately 50 nm thick [15]. The aluminum

cathode was evaporated at a pressure below 2x 1073 Pa.

J-V curves were measured by illuminating the devices through the ITO electrode
with 100 mW /em? simulated sunlight using an Oriel 96000 solar simulator with an
AM1.5G spectral filter. Input power was monitored with a Newport 818-UV/CM
detector and Newport 1830-C optical power meter. A Keithley 238 source-measure
unit and PC collected output data. Active device areas were 7 mm? defined by a
shadow mask. EQE measurements were acquired using a calibrated monochromator
(Photon Technology International) and a picoammeter (Keithley 6485) measuring

short circuit current as a function of incident light wavelength.

The J-V characteristics for the seven MPcs are shown in Figure 3.8. Current
densities were calculated by dividing the current by the active area. In all cases

the V,. of samples incorporating an MPc layer show improvement over the control.
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Figure 3.8: J-V response curves of devices incorporating various MPcs.

The increase in V,. can be attributed to improved energy level positioning, as the

lower HOMO of the MPc increases the energy level difference from the LUMO of the

PCBM [81]. The highest V. is attained in the trivalent and tetravalent MPcs. The

Jse shows improvement in the CuPc, ClInPc, HyPc and TiOPc samples. Devices with

improved J,. have similar J-V curve shapes as the control, showing minimal decrease

in fill factor. The three MPcs with reduced cell performance (ClAIPc, ClGaPc and

VOPc) show a lower slope at the V,.. This is indicative of a higher series resistance

causing reduced performance. All MPc devices show a reduction in fill factor, and
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Table 3.2: J-V parameters for different MPc layers.

MPc | Voc(V) | JemA/cm? | FF (%) | PCE
Control 0.38 2.26 43 0.37%
HyPc 0.45 3.22 42 0.61%
CuPe 0.43 2.65 39 0.44%
ClAlPc 0.49 1.60 30 0.24%
ClGaPc 0.50 117 ol 0.30%
ClInPc 0.47 3.21 37 0.56%
VOPc 0.49 1.79 36 0.31%
TiOPc 0.52 3.80 40 0.79%

this can be explained by the additional series resistance and device thickness versus
the control cell. The higher series resistance is likely due to layer thickness being
considerably greater than the exciton diffusion length in these MPcs. Since transport
properties depend on the moiety of the MPc and MPc layer thickness has been held
constant, devices are not necessarily optimized for each MPc. There is potential for
improving cell performance by tailoring the MPc film thickness. Further investigation
of TiOPc devices has been performed to explain the superior performance obtained

in this structure.

When comparing the efficiency of the PQT-12/PCBM control cell to that of a
P3HT/PCBM cell, the efficiency of the PQT-12 based cell is noticeably lower. We
have found some potential causes for this difference, most notably the morphology
appears to be a critical factor. Optimal ratios of PQT-12:PCBM have been found
to be 15:85, well below the near 50:50 ratio typical of PSHT:PCBM [15]. Although
absorption characteristics and hole mobilities are nearly identical, PQT-12 forms

crystalline particles when in solution, making electrical connections poor when spun
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Figure 3.9: EQE of control cell and a 16 nm TiOPc interlayer tandem cell. UV-
visible absorption of pristine TiOPc, PQT-12:PCBM and TiOPc¢ device with cathode
removed.

as films [82]. We attempted to mitigate this by keeping the solution temperature
raised during the entire deposition process, including heated substrates and pipettes
however no improvement in efficiency could be gained. Also, due to the morphological
challenges with PQT-12/PCBM bulk heterojunction devices, thermal annealing of
completed devices does not improve electronic properties, but instead causes phase
separation on a micrometer scale, in effect hindering device properties [82]. The
macroscopic phase separation forms isolated regions of a single phase on a scale much
larger than the diffusion length of any photoexcited state, leading to considerably

reduced PCE.
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Further investigation of TiOPc devices has been performed to explain the su-
perior performance obtained in this structure. MPcs are known to form a variety
of polymorphs via controlled deposition, annealing, or solvent treatment [21,83-91].
Polymorphism is common in MPcs because intermolecular forces between molecules
are relatively weak, allowing for a variety of stacking orientations [21]. As can be seen
in the UV-vis absorption curves in Figure 3.9, the near-IR TiOPc absorption peak
red-shifts from 730 nm to 750 nm. The pristine TiOPc film corresponds to the typical
amorphous absorption profile of TiOPc, consisting of a (not shown) Soret band at 354
nm and a Q-band main peak at 730 nm, with a shoulder centered at 660 nm. There
is a noticeable broadening of the absorption to IR wavelengths upon the spinning of
upper layers. A shoulder appears above 850 nm in the tandem cell absorption profile

that is clearly not attributable to either the PQT-12 or PCBM.

EQE shown in Figure 3.9 gives further insight into absorption and free charge
generation at longer wavelengths. The EQE curves closely match the shape of the
absorption profile for both the control device and the device with TiOPc. The TiOPc
device shows an extension of current generation to higher wavelengths, up to 900
nm. EQE values of 16% are reached within this range, compared to the minimal
currents generated in the control sample. The additional current generated at higher
wavelengths explains the increase in Jg.. The absorption red-shift and evolution of
an IR shoulder in the tandem cell UV-vis can be attributed to a polymorph change
during contact between (1,2)dichlorobenzene and TiOPc upon spinning of the upper
PQT-12:PCBM layer. Since the upper layer is spun directly onto the MPc layer,

there is direct interaction between solvent and MPc for the period of time between
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the dropping of the solution and commencement of spinning. This contact allows
for relaxation and molecular reorientation within the MPc film. TiOPc films exposed
solely to (1,2)dichlorobenzene solvent containing no PQT-12 or PCBM showed similar
shifts in absorption spectra. Direct contact with solvent liquid has been shown to
reorient crystal structures of MPc [88,89]. Crystalline forms of TiOPc¢ should have
higher photosensitivity and improved transport properties due to a greater degree
of molecular order. At the very least, in this study partial polymorph conversion
appears to occur on the order of seconds during solvent exposure. A more complete
conversion from Phase I to Phase II TiOPc has been reported after a prolonged

exposure to chloroform [87].

A range of TiOPc thicknesses were tested using this device structure to find an op-
timal layer thickness. All other aspects of the device structure were the same, includ-
ing PEDOT:PSS film thickness and PQT-12/PCBM solution composition. TiOPc
film thickness was varied from 0 nm to 25 nm using a shadow mask on the same
substrate. This allowed for an accurate comparison between device properties, as
all other layers were deposited with identical conditions. Inter-device variability was
controlled using this method. The shadow mask defined five different thicknesses
of TiOPc¢, 0 nm, 10 nm, 15 nm, 20 nm and 25 nm, creating two devices with each
thickness. I-V curves indicating the performance of each pair of devices are shown in
Figure 3.10. Optimal TiOPc thickness appears to be between 20 nm and 25 nm. J,,.,
Ve and PCE peak near 20 nm. All three performance parameters indicate optimal
thickness lying between 20 nm and 25 nm, slightly thicker than the standardized 16

nm used in this study. This thickness is slightly more than three times the exciton
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Figure 3.10: I-V curves for a range of thicknesses of TiOPc.

diffusion length in TiOPc [92]. This thickness is similar to the optimal ranges found
in other PV structures incorporating a pristine layer of TiOPc¢ [87]. Incorporating an

optimal thickness of between 20 and 25 nm could further increase, V,. by 16%, J.

by 23% and PCE by 50%.

Figure 3.11 shows the EQE curves of different TiOPc thicknesses, indicating that

the increased Jg. is due entirely to current generated at higher wavelengths above

550 nm.
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Figure 3.11: EQE curves for a range of thicknesses of TiOPc.

measurement. There is a marked increase in EQE values at long wavelengths and
this can be attributed directly to the TiOPc. Some losses are apparent at lower
wavelengths, especially in the 16 nm device, and as such it can be expected that
there is a maximum point where gains from current generated at higher wavelengths

are offset by losses at lower wavelengths.

The importance of the PEDOT:PSS interlayer is highlighted in Figure 3.12. Jg,
V,. and FF are higher in cells containing PEDOT:PSS. Some of the improvement

in FF can be attributed to reduced series resistance, likely brought on by better
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Figure 3.12: J-V curves for devices with and without a PEDOT:PSS buffer layer.

interlayer contact and improved charge collection. The resulting PCE is increased

by a factor of four with the inclusion of the PEDOT:PSS interlayer. EQE curves

shown in Figure 3.13 indicate that PEDOT:PSS improves current generation across

the spectrum, which is important for ensuring proper integration of MPcs into OPV.

In summary, we have demonstrated V,. and performance enhancement to the

PQT-12/PCBM bulk heterojunction photovoltaic device with the introduction of

MPc interlayers to the cell. V. increases in all cases over the control, often with

a concomitant increase in J,.. In the case of TiOPc the increased PCE is attributable
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Figure 3.13: EQE curves for devices with and without a PEDOT:PSS buffer layer.

to increased absorption and current generation at wavelengths, up to 900 nm. The
addition of the 16 nm TiOPc layer has shown significant device enhancement when
included as an interlayer. PCE increases from 0.37% to 0.79% upon the addition of
the TiOPc interlayer. Both the V,. and J,. increase while the FF remains intact.
The TiOPc absorption profile and EQE indicate a polymorph transformation due to
solvent contact during the spinning process. A partial conversion from amorphous to

crystalline is likely also attributable to some gains in cell performance.
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3.4 Heteromorphic ClInPc PV Devices

3.4.1 Preliminary Solvent Treatment Investigation for TiOPc

and ClInPc

Up to this point, all polymorphic conversion has been performed by spinning
solvent onto the surface of the MPc during deposition of upper layers of solution-
processed material. This does not allow careful control of the solvent annealing pro-
cess. Since exposure is via liquid contact during the spinning process, only specific
solvents capable of dispersing the polymer and PCBM can be used. Also, each appli-
cable solvent used in the spin coating process requires specific spinning parameters
and solution temperature, making repeatability and side-by-side comparison between
different solvents difficult. Direct liquid contact can also lead to MPc film damage
and the formation of pinholes in the layer. Spinning directly with solvent also pre-
vented an as-deposited film from being used as a baseline in any experiments. There
was no feasible way to deposit the PQT-12/PCBM film without exposing the MPc
layer to solvent. For these reasons a method of solvent annealing was needed that did

not use solution processing.

Previous studies have investigated the use of vapour annealing as a means of
repeatable film conversion [85-89,93-95]. In the following study, solvent treatment
was performed in a small chamber evacuated using a mechanical pump while liquid
solvent was placed in a petri dish inside the chamber. The chamber was then allowed
to reach equilibrium with the vapour pressure of the solvent at room temperature.

Excess solvent was used so that some liquid phase always remained in the dish for
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the duration of the annealing process. The vacuum reduced the impact of water
vapour and oxygen on cell characteristics and the chamber was also covered to reduce
the amount of light entering. The remaining layers of the device were then vacuum

deposited so as to prevent any additional polymorphic conversion from occurring.

Initial solvent tests were performed on TiOPc films as there was the most in-
formation describing solvent treatment and characterization of this MPc [85-92,96].
Solvent treatment of TiOPc films with chloroform led to a distinct shift in the ab-
sorption spectra of the film, red-shifting the main peak from 720 nm to 830 nm, and
broadening the entire absorption profile. This matched the literature well for Phase

IT [88,92]. Figure 3.14 shows the UV-vis spectra of an untreated and treated film.

1.2

-——— As-deposited TiOPc
1.0 4 ——— Chloroform Treated TiOPc

0.8 |

0.6

0.4

Absorption Coefficent

0.2

0.0 T T
400 600 800 1000

Wavelength (nm)

Figure 3.14: TiOPc thin film absorption spectra of as-deposited and chloroform
treated films.
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As can be seen, above 900 nm there is still measurable photon absorption in the film.

Devices were fabricated using chloroform treated films on patterned ITO (~15 €/ )

Glass l/

Figure 3.15: TiOPc¢/Cgy vacuum deposited device structure.

coated aluminosilicate glass, 50 mm x 50 mm substrates. Films were deposited in
a cryopump equipped thermal evaporator and a vacuum of 5 x 1074 Pa was drawn
before deposition. The device structure shown in Figure 3.15 consisted of 18 nm of
TiOPc, followed by 30 nm of Cgp, 10 nm of BCP and a 50 nm aluminum cathode.
The initial TiOPc layer was either 1) untreated, as-deposited film, or 2) fully treated
with chloroform for up to several hours. Solvent treatment was performed after initial
TiOPc layer deposition. Slides were removed from vacuum and placed in the solvent
treatment chamber for treatment. Following treatment, the slide was moved back

into the vacuum chamber, and the remaining layers were then deposited.

J-V response curves shown in Figure 3.16 were measured using an Oriel solar
simulator, illuminating the device through the ITO electrode with 100 mW /m? simu-
lated sunlight. A Newport 818-UV/CM detector and Newport 1830-C optical power

meter monitored input power. A Keithley 238 source-measure unit and PC collected

68



M.A.Sc. Thesis - Nathan M. Bamsey McMaster - Engineering Physics

10

O As-deposited TiOPc
6| O  Chloroform Treated TiOPc o

Current Density (mA/cmz)

-10 1 " L s L s 1
0.0 0.2 0.4 0.6

Applied Voltage (V)

Figure 3.16: J-V response curves for as-deposited and chloroform annealed
TiOPc/Cgp PV devices.

output data. A shadow mask defined the active device areas as 7 mm?

Table 3.3: Device parameters for as-deposited and treated TiOPc device

Structure n(%) | Voc | Jsc | FF
18 nm TiOPc 0.31 | 0.48 | 2.09 | 31%
18 nm TiOPc Chloroform Treated | 2.06 | 0.54 | 6.75 | 56%

Device characteristics of both the control and solvent treated samples are shown
in Table 3.3. There is a clear improvement in efficiency brought upon by the sol-
vent treatment of the TiOPc film. V., J4, and FF are all higher in solvent treated
devices, leading to a PCE of 2.06%, versus 0.31% in untreated devices of the same
structure. The over three-fold improvement in Jg. is due to improved charge transport

and current generation at higher wavelengths, seen in the EQE curves in Figure 3.17.
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Figure 3.17: Effect of chloroform solvent treatment on the spectral response of
TiOPc/Cgp devices.

This trend matches the improvements seen in literature [87]. Solvent treatment with
methanol and (1,2)dichlorobenzene was also tested using the same device structure
however device characteristics were poor and showed no improvements in cell prop-

erties.

ClInPc is another MPc known to readily undergo polymorphic change when ex-
posed to solvent [94,97]. Films of this material have been shown to rearrange when
exposed to CHyCly, and tetrahydrofuran (THF), broadening and redshifting the ab-
sorption spectra in a similar manner to TiOPc. This MPc is also attractive because

it has one of the highest V,. values of any MPc [98]. Solvent treatment of ClInPc
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films with a number of solvents, including chloroform, chlorobenzene and THF pro-
duced similar shifts in the absorption profile. The absorption band edge becomes
strongly absorbing and extends beyond 850 nm. The as-deposited ClInPc peak and
shoulder are at 724 nm and 658 nm respectively. There is also a weak absorption
shoulder in the 800 to 820 nm range, indicating the presence of some infrared active
polymorph [94]. Upon exposure to solvent, the 800 nm peak forms at the expense of
the 724 nm peak [94]. The 658 nm shoulder remains strongly absorbing and becomes

a peak at the expense of the 724 nm maximum. Figure 3.18 depicts the spectrum of

25
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Figure 3.18: Optical absorption spectra of ClInPc thin film: (blue) as-deposited and
(red) following exposure to THEF.

ClInPc after exposure to THF for 20 minutes. Although many solvents tested pro-
duce the characteristic shift in the ClInPc absorption spectrum, fabrication of devices

using the treated films were not necessarily as successful. Only one tested solvent,
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THF. reliably produced devices with enhanced photovoltaic characteristics. Some
explanation should be given as to the reasoning behind the importance of solvent
selection. Improper choice of solvent could potentially lead to excess film damage,
causing pin-holes in the film and shorts in completed devices. The process of swelling
and relaxation during polymorphic conversion of MPcs is not completely understood.
The following section describes the investigation pertaining to the use of THF an-

nealing for enhanced device characteristics.

3.4.2 Heteromorphic Study Using ClInPc

Figure 3.19: ClInPc molecular structure.

ClInPe, shown in Figure 3.19 is of particular interest in organic PV because
it results in one of the highest open circuit voltages (V,.) of any MPc in solar cells
[98,99]. Improving short circuit current (J,.) without compromising V. in ClInPc
based PV devices could offer an advantage over the more commonly studied CuPc
in many solar cell applications. CllnPc shows clear broadening of Q-band absorption
when exposed to solvent vapour [94]. THEF has been shown to be a very effective

solvent for phase transformation in trivalent MPecs and conversion can occur almost
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instantly [94]. In this study we investigated the impact of solvent annealing on the
performance of ClInPc films used in PV and present a novel improved device structure

integrating a heteromorphic bilayer of ClInPc.

I () As Deposited

S

: [ — (11) Solvent Annealed

\

Glass ) _ (111) Heteromorphic

Figure 3.20: Three device structures of the evaporated CllnPc/Cgg solar cell.

The device structure is shown in Figure 3.20. All devices contained a total of
16 nm of CllnPc. Structure (I) consists of solely as-deposited ClInPc and was not
exposed to solvent, in Structure (II) the CllnPc layer is fully treated with solvent,
and Structure (III) devices were prepared by exposing an initial 10 nm of ClinPc
to solvent, followed by a 6 nm film of untreated ClInPc on top. The initial 10 nm
layer was deposited so as to be thick enough to remain a continuous film after solvent
treatment. In cases of thin MPc layers (~2 nm), films have been shown to aggregate

into isolated crystallites on the surface of ITO [87].

Preliminary XRD analysis of as-deposited and THF treated ClInPc films was
performed on coated glass substrates. Figure 3.21 shows X-ray diffraction spectra of

the treated polymorph of ClInPc. The broad and weak amorphous spectra has been
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Figure 3.21: X-ray diffraction spectra of THF treated ClInPc thin films. The as-
deposited spectra has been subtracted out.

subtracted from this plot. The THF treated ClInPc shows distinct diffraction peaks,
indicating a degree of crystallinity in the film and the formation of a new phase.
Peaks are located at 27.7°, 25.1°, 23.4° and 21.6°, and match well with previous

XRD analysis of the same phase [100, 101].

Photovoltaic devices were prepared on ITO (~15 ©/ [O) coated aluminosilicate

glass, 50 mm x 50 mm substrates. The standard substrate cleaning procedure for
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vacuum deposited devices, as described in Section 3.2 was used. Substrates were
transferred to a multiboat, multimask thermal evaporator for deposition. A vacuum
of < 4x107* Pa was reached before material evaporation commenced. Structures (II)
and (III) were removed from the vacuum chamber after initial ClInPe film deposition
and transported to an isolated chamber where they were exposed to THE vapour for
up to several hours. Structure (I) device performance was not affected by exposure
of the bare ITO to THF solvent before initial layer deposition. Following initial
ClInPc film preparation, the remaining device layers where deposited under vacuum.
All three structures consisted of a 30 nm Cgy layer, 10 nm BCP layer and a 50 nm

aluminum cathode.

Devices were illuminated through the ITO electrode with 100 mW /cm? simulated
sunlight using an Oriel 96000 solar simulator with an AM1.5G spectral filter. Input
power was monitored with a Newport 818-UV/CM detector and Newport 1830-C
optical power meter. A Keithley 238 source-measure unit and PC collected output
data. The active device area was 7 mm? defined by a shadow mask. EQE measure-
ments were performed using a calibrated monochromator from Photon Technology
International and a Keithley 6485 picoammeter, measuring short circuit current as a

function of incident wavelength.

The J-V characteristics for the three device structures are shown in Figure 3.22(a).
Current densities were calculated by dividing the current by the active area. The
efficiencies of Structure (I), (IT) and (I1T) were 1.50%, 2.14% and 2.35% respectively.

Both samples containing solvent treated CllnPc (Structure (II) and (III)) show a
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Figure 3.22: (a) J-V response curves showing the performance of devices incorpo-

rating ClInPc polymorphs. (b) EQE of CllnPc / Cgy devices. UV-vis indicates the

absorption profile of as-deposited ClInPc and THF treated films.
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slightly reduced V., however this drop is accompanied by a considerable increase
in Jg. Short circuit current increased from 4.08 mA/cm? in Structure (I) to 6.16
mA /em? in Structure (II) to 7.09 mA/cm? in Structure (III). The heteromorphic
device has the highest PCE and indicates an improvement in both V,. and J,. relative
to Structure (IT). The V,. of 0.63 V lies at an intermediary point between the V. of
Structure (I) and (II) (0.72 V and 0.59 V respectively). The increased Jg. in other
solvent treated devices has previously been attributed to improved cofacial contact

area due to surface modification of MPcs films during exposure [87].

McMaster SEl 5.0kV X30,000 WD 4.0mm 10011:

Figure 3.23: SEM image of bare ITO. Scale bar = 100 nm. Image taken by Gabriel
Devenyi.

Since vacuum deposited MPc thin films conform to the underlying structure of
the substrate, it can be assumed that the heteromorphic Structure (III) has similar
surface features as the I'TO electrode. With such a thin film, any substrate surface

roughness can easily carry through the initially deposited CllnPc layers. The ITO
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McMaster 5.0kV X50,000 WD 4.1mm 100nm

Figure 3.24: SEM image of a 10 nm film of untreated ClInPc. Scale bar = 100 nm.

Image taken by Gabriel Devenyi.

7 et LB
McMaster 5.0kV X50,000 WD41mm 100nm

Figure 3.25: SEM image of a 10 nm film of treated ClInPc. Scale bar = 100 nm.

Image taken by Gabriel Devenyi.
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Figure 3.26: SEM image of a 16 nm heteromorphic structure of ClinPc. The film
consists of a 10 nm of treated CllnPc with 6 nm of untreated ClInPe¢ deposited on

top. Scale bar = 100 nm. Image taken by Gabriel Devenyi.

surface shown in Figure 3.23 is generally not flat and under the SEM appears to be
the main determinant of the surface features of the ClinPc film. Solvent treatment
appears to only have a minimal effect on the surface roughness of films as seen by
the differences between crystallite size in Figure 3.24 and Figure 3.25. The treated
sample has slightly larger crystallites however the large ITO grain structures are
completely dominant and appear to have a much larger feature size than any texturing
due to the THF. Texturing can also be seen to carry through from the underlying 10
nm of treated ClInPc in the heteromorphic sample seen in Figure 3.26 however the
ITO features are still obvious even with 16 nm of total film thickness. It is more likely
that the main contributor to the increased efficiencies in solvent treated devices is in

fact increased absorption and current generation at longer wavelengths. The higher
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photoactivity and improved transport properties gained by increases in crystallinity
is also another likely contributor to improved device performance. The organized
stacking decreases the average distance between ClInPc molecules and allows for
stronger 7-7 interaction between molecules and therefore improved charge carrier

mobilities.

The UV-vis absorption of evaporated and solvent treated ClInPc are shown in
Figure 3.22(b). THF treated films show a distinct broadening to near-IR wavelengths
after short exposure times. EQE results indicate improved current generation of the
solvent treated samples within the Q-band absorption range of CllnPc in solvent
treated samples. Structures (II) and (III) show extended absorption spectra and
current generation beyond 850 nm. The EQE of Structure (I1I) also shows a height-
ened central peak at 725 nm, indicating a current contribution from the as-deposited
ClInPc layer. This region is typically a valley as seen in the absorption profile of THF

treated ClInPec.

Control of the polymorphic structures of MPcs have several advantages in PV
devices. Firstly, integrating a bilayer of polymorphs of the same material reduces
the number of raw materials necessary. Heteromorphic structures can also allow
for optimal compromises between desirable properties of distinct polymorphs and
lead to the fabrication of devices with a full spectrum of characteristics within the

intermediary range of the properties of single phase.
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Figure 3.27: Absorption spectra of treated and untreated TiOPc compared to the
solar spectrum.

Looking again at the solar spectrum, the importance of increased current gen-
eration at higher wavelengths can be seen in OPV. Improved current generation at
longer wavelengths is important for improved matching of solar cell absorption to the
solar spectrum. Lack of spectral overlap is a particular limitation in many organic
PV materials, as described previously in Section 1.4.1. Polymorphic conversion is
a useful method of shifting absorption to better match solar irradiance, as seen in
Figure 3.27. Supplemental current at long wavelengths into the IR will result in a
larger Jg. and therefore a greater maximum power point. Higher Jg, shifts the apex
of the I-V downwards, leading to a maximum power point that is further from the
origin, assuming the same V,. and FF. A larger J,, will then result in a higher PCE

and therefore a greater energy output from the cell.
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In summary, an improved ClInPc device structure has been fabricated and tested
incorporating a heteromorphic bilayer. Polymorphic change has been induced in
ClInPe films with solvent vapour exposure and the converted films show improved
charge generation capability, as well as broadened absorption spectra, reaching beyond
850 nm. Increased Jg. could be attributable to improved interfacial contact between
film and improved photoelectrical activity at longer wavelengths in the treated films.
PCE has increased from 1.50% in the untreated structure to 2.35% in the heteromor-
phic device Structure (II1). This dual phase bilayer has an intermediate V. allowing
optimal J-V response, superior to that of either alternative structure. Phase control
of other materials with a variety of polymorphic configurations could lead to improved

performance in other devices.

3.5 Future Work

It is well known that other MPcs undergo phase changes. Investigating the PV
behaviour of a variety of other MPcs that show solvent treatment conversions could
yield impressive results if there is conversion to a highly photoactive phase. PV
behaviour in polymorphs of VOPc, CIAIP¢, CIAICIPc, ClGaPc, MgPc, ZnPc could
be studied due to their ease of conversion [94, 100]. TiOPc is known to convert to
several different polymorphs under suitable conditions and the possibility exists to
study the various polymorphs of each MPc. Testing MPcs with a variety of other
solvents could yield a superior phase or improved surface characteristics for use in

organic photovoltaics.
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Complete characterization of polymorphic phases of MPecs can be used for im-
proved cell design and both material and phase choice in new device structures.
Converted MPcs have been shown to be highly photoactive in some cases [93,96].
Measuring time of flight (TOF) and fully characterizing molecular arrangement in

these polymorphic forms could be advantageous.

Heteromorphic devices could in theory be fabricated with any MPc, or any mate-
rials that undergo controlled phase conversion. Investigating the effects of heteromor-
phic structures in other cell designs could lead to further efficiency improvements in
other areas. Also, studies of the lifetimes of heteromorphic devices could determine
if dual phase bilayers of the same material could be used for improved stability in

organic photovoltaics.

3.6 Conclusions

Spectral coverage of OPVs can be improved by the introduction of MPcs into
device architectures. The narrow spectral absorption of most conjugated polymers
in the green-red region can be complemented by MPcs having strong light absorbing
properties in the red and near-IR. MPc sensitivity can be further enhanced and red-
shifted by polymorphic conversion, as has been verified with TiOPc and CllnPc. A
more photoactive phase with improved properties has been integrated into PV devices
for increased performance. Polymorphic conversion has been observed in a variety of
MPcs, so a number of these materials have potential as near-IR and IR absorbers in

PV. Controlled polymorphic conversion has been demonstrated in a variety of new cell
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configurations, showing improved charge generation capabilities and overall greater

PCE.

Heteromorphic structures show promise for a variety of reasons. Any number of
materials showing multiple metastable phases could be used in this type of configu-
ration, and this is especially the case for the class of MPc¢ molecules. Heteromorphic
structures can reduce the likelihood of chemical interactions within the cell due to the
need for fewer materials during fabrication. Interlayer reactions can be quite destruc-
tive in OPV, leading to shorter device lifetimes however using multiple phases of the
same material could help counter this problem. Solvent treated and heteromorphic
structures show improvement in light gathering capabilities and overall efficiency, indi-
cating the distinct advantages of these structures and fabrication techniques. Solvent
annealing has been shown to occur rapidly and controllably, and in addition there are
a multitude of polymorphic states that can be investigated within the family of MPec

materials.

Overall, light absorption and current generation have been improved using novel
tandem and heteromorphic structures. Primarily, PCE has been enhanced in a num-
ber of cell configurations, indicating that these types of structures show promise as a
means of improving efficiencies in OPV. Spectral mismatch has also been addressed

in an effort to overcome one of the major limitations of OPV technology.
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