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ABSTRACT

Molecular dipole modification of metal oxides has become popular to improve the perfor-

mance of organic photovoltaic devices through charge transport level matching to the bulk

heterojunction species. Properly tuning the work function of a device interlayer can increase

charge collection from the active layer, ultimately raising the efficiency of the device.

Here a novel type of molecule is introduced for modulating the work function of charge

transport layers in organic photovoltaics: the conjugated phosphonic acid. Due to its longer

and double-bonded linkage, as well as its multi-dentate attachment, this type of molecule

is shown to shift the work functions of ZnO and ITO through ranges of 2 eV. The vast

dipolar aromatic groups possible in conjugated phosphonic acids allow for either increasing

or decreasing the work function of the substrate incrementally. This facilitates the energy

matching with the Fermi level of a photovoltaic material necessary to achieve maximum

efficiency of that solar cell.

The effectiveness of conjugated phosphonic acids is also demonstrated in an operational

organic bulk heterojunction solar cell. A self-assembled monolayer of conjugated phosphonic

acid on the electron transport layer of an inverted device is shown to significantly increase the

power conversion efficiency of that cell, even compared to its non-conjugated counterpart.

The improvement to device performance was largely due to an increase in the short circuit

current, with minor boosts to the open circuit voltage and fill factor.

Direct measurements of potential distributions inside phosphonic acid modified and un-

modified cells are also given. Beneficial modification of the electron transport layer interface

is shown to extend the electric field within the active layer. The electric field is thought to

aid in carrier separation and extraction from the bulk heterojunction, which correlates with

improved short circuit current.
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Additionally, the technique for measuring potential distributions within operational solar

cells, cross-sectional scanning Kelvin probe microscopy (X-SKPM), is tested in ambient and

inert conditions. X-SKPM of organic photovoltaics in air reveals oxygen p-doping of the bulk

heterojunction, as well as sensitivity to surface contamination of oxide interlayers, while

inert conditions facilitate a reliable measurement of the potential distribution in organic

photovoltaics.
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CHAPTER 1

GENERAL INTRODUCTION

Organic photovoltaics have shown promise for producing modules of low cost and reason-

able efficiency. However, improving power conversion efficiency of these devices is necessary

for them to remain relevant in the solar cell market. One method for improving charge

extraction from the device is interfacial transport energy level matching through contact

modification. This thesis explores the use of small dipolar molecules to modulate the work

function of transparent conducting oxides to improve device performance.

While the effect of work function modification on device characteristics is a very active

area of study, the internal mechanisms for device improvement are not well understood.

Therefore, direct examination of internal device operation would not only explain the root of

device improvement with contact modification, but also inform other methods for increasing

solar cell performance.

Cross-sectional scanning Kelvin probe microscopy (X-SKPM) provides a direct look at

the potential distribution within a device under operating conditions. This is a relatively

new technique that until now has not been well validated; published results give conflicting

pictures of the electric potential within organic bulk heterojunction devices. Comparisons of

devices measured with this technique in ambient and inert environments will prove reliability

of the technique. Then, X-SKPM inspection of molecular dipole modified devices will reveal

the origins of improvements to device characteristics through the potential distribution across

the solar cell structure.

1.1 Thesis Organization

This thesis examines the use of conjugated phosphonic acids for modifying the work

function of transparent conducting oxides and improving performance of organic bulk het-

erojunction solar cells. In addition to device fabrication and materials characterization, the
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impact on solar cell operation is correlated with X-SKPM, which provides direct measure-

ment of the potential distribution of operating devices.

The current chapter provides background information on the basic operation of organic

bulk heterojunction devices, as well as the theory of improvement to these devices by molec-

ular dipole modification of transport layer materials. Also provided in the introduction is

current theory on organic photovoltaic device behavior in the context of electric potential

distribution, and detailed descriptions of the experimental methods used in this work.

Chapter 2 gives Kelvin probe and corresponding device data for phosphonic acid modified

zinc oxide. Decreasing the work function of zinc oxide correlates with improved device

characteristics, and novel conjugated phosphonic acids are shown to outperform their non-

conjugated counterparts. The binding characteristics of these molecules are also examined

by Fourier-transform infrared spectroscopy.

Chapter 3 proves the wide range of effective work functions achievable for both zinc oxide

and indium tin oxide through modification with a variety of conjugated phosphonic acids.

Modeling reveals that changing the head group yields a different net dipole moment of the

molecule, allowing for corresponding modulation of the work function of these oxides over a

range of 2 eV as measured by Kelvin probe.

Chapter 4 examines the potential distributions within organic photovoltaic devices using

X-SKPM. Comprehensive measurements in both ambient and inert conditions and compar-

ison with corresponding current-voltage characteristics reval the effects of air and applied

bias on operating organic solar cells. Then, X-SKPM is used to examine the potential dis-

tribution in inverted devices incorporating phosphonic acid modified ZnO electron transport

layers. Device performance is shown to correlate with extension of the electric field across

the active layer, indicating that the work function of the electron transport layer influences

the space charge density within the active layer.

Finally, Chaper 5 discusses the impacts of this work on organic photovoltaics research,

as well as larger conclusions for interfacial engineering in other types of solar cells and

2



electronics. Future topics of research prompted by this work are also suggested in this

chapter.

1.2 Organic Solar Cell Operation

Light is absorbed by an organic semiconductor material as determined by its band gap,

the range of energies between the highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) (similar to the valence and conduction bands in a

classical semiconductor). An organic polymer can absorb the portion of the solar spectrum

with energy greater than its band gap, though the absorption coefficient is reduced with

increasing band gap. When a photon is absorbed, it can excite an electron, forming an

electron-hole pair called an exciton, which is bound by the Coulomb force.

In order for energy to be harvested from this solar cell, the exciton must be separated

into free charges. This separation occurs at the interface of the polymer electron donor and

a second semiconductor material, an electron acceptor. Organic fullerenes, spheres of sixty

or seventy-one carbon atoms, fulfill the role of electron acceptor in this work. As seen in

Figure 1.1, the polymer:fullerene band structure allows for charges to separate by electrons

transferring to the LUMO level of the ICBA fullerene while the holes reside in the HOMO

level of the P3HT polymer.

E
n

e
rg

y
 (

e
V

)

P3HT

ICBA

-3.0

-5.0

-3.74

-5.7

Figure 1.1: P3HT and ICBA band structures
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Because exciton separation can only occur where polymer and fullerene meet, and because

excitons diffuse only a few nanometers before recombining, it is advantageous to have a

large interface between the electron donor and acceptor materials. The bulk heterojunction

(BHJ) was introduced to increase the polymer/fullerene interface over traditional bilayer

devices. Slow-drying of P3HT:ICBA dichlorobenzene solutions produces optimal domain

sizes for balancing the surface area between species for exciton separation with the domain

size needed for charges to reach the electrodes. Figure 1.2 shows the mixed domains in a

BHJ active layer, as well as the P3HT and ICBA chemical structures.

Bulk Heterojunction P3HT ICBA

Figure 1.2: Bulk heterojunction device and P3HT and ICBA chemical structures

The picture of band structure in organic materials has been expanded by the integer

charge transfer (ICT) model, which describes interfaces with very little hybridization of π-

electrons. The lack of hybridization implies that electron transfer occurs via tunneling, a

characteristically discrete charge transfer process. In the ICT model, π-conjugated systems

experience both geometric and electronic relaxation in the form of polarons, due to the

addition or reduction of charge. This leads to states within the formerly forbidden region

between the HOMO and LUMO levels of the system, called ICT states, analagous to quasi-

Fermi levels. The positive ICT state (EICT+) is the energy to remove an electron from the

material, while the negative ICT state (EICT-) is the energy gained when an electron is added,

both processes creating fully relaxed states.[1]

The BHJ band structure also determines the theoretical maximum device characteristics,

depicted in the current density-voltage (J-V) graph for a solar cell in Figure 1.3. The

theoretical open circuit voltage (VOC) of an active layer is proportional to the difference in
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the ICT states of the BHJ. Some have theorized that this difference builds an internal field

that drives charge carrier drift in the active layer. The short circuit current density (JSC)

originates from charge generation and extraction, hence the band gap of this material plays

a key role. The fill factor (FF) is the ratio of the maximum power density output of the

device to the product of its VOC and JSC, and is largely related to exciton recombination.

The power conversion efficiency (PCE) is calculated as the maximum power density output

of the device divided by the incident light intensity.

5%

ensity!

!efficiency!

(VPmax,%JPmax)%

(VOC,%0)%

(0,%JSC)%

I dV∫

J
Pmax

J

P
max

E A

Pmax%

Figure 1.3: Current-voltage curve for a solar cell depicting device characteristics. The fill
factor is the maximum power density (darker rectangle) divided by the product of the VOC

and JSC (lighter rectangle).

1.3 Contact Interfaces and Interlayers

New organic BHJ constituents, usually polymers[2–4] and fullerenes[5] but also small

molecules,[6] are constantly being formulated and synthesized to improve organic photo-

voltaic (OPV) device characteristics such as VOC and PCE. As these novel active layer

materials are introduced, the need for interface engineering of charge transport layers be-

comes ever greater to realize the best possible devices incorporating these materials. The
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energy band diagram of the basic inverted architecture device used in this work is given in

Figure 1.4. The use of an electron transport layer (ETL) and hole transport layer (HTL)

between the BHJ and electrodes significantly improves device performance by increasing

charge extraction efficiency from the active layer over metal/organic interfaces.

E
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e
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y
 (
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V

)
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-4.3
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HTL

ZnO
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ITO

-4.7
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P3HT

-3.0

-5.0

Donor

ICBA

-3.74

-5.7
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Figure 1.4: Energy band diagram for an inverted architecture device. HOMO and LUMO
levels of the BHJ and interlayer materials are shown, and Fermi levels are given as dotted
lines.

The interface between a semiconductor and a metal results in a Schottky barrier, defined

by the Schottky-Mott rule as the difference in work function of the metal to the electron

affinity or ionization energy of the semiconductor. However, metal-induced gap states in

the semiconductor can pin to the Fermi-level of the metal, so the Schottky barrier height

may vary from this estimate. If the Fermi level of the metal lies within the band gap of

the semiconductor, the barrier is large, and the metal/semiconductor interface is a rectifying

Schottky junction, which exhibits diode behavior due to the injection barrier. In a solar

cell following the Schottky-Mott model, Schottky junctions result in VOC determined by the

difference in work functions (∆φ) of the electrodes, significantly lower than the maximum
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possible VOC. Similarly, the metal-insulator-metal (MIM) model often used for OPV and

shown in Figure 1.5 describes a barrier for charges crossing a non-Ohmic contact resulting

from a contact Fermi level within the band gap, which also reduces the VOC of the de-

vice. Charge transport interlayers can drastically improve the VOC of a device by making

Ohmic contacts, or non-rectifying (linear) junctions that eliminate the injection barrier at

the interface by pinning of the Fermi levels of electrodes to ICT states.[1, 7, 8] However,

the doping level in the semiconductor also plays a major role in determining whether the

metal/semiconductor interface behaves as an Ohmic or Schottky junction.

Figure 1.5: Band diagram of a metal-insulator-metal device with vacuum levels (top) and
Fermi levels (bottom) aligned for a) non-Ohmic and (b) Ohmic M1 contact. φb is the
injection barrier height for electrons at the non-Ohmic contact, and ∆Vb is the voltage loss
at the Ohmic contact. Reprinted from [9] with the permission of AIP Publishing.

In addition to Ohmicity of the interface, several other factors contribute to a charge

transport material’s effect on device performance, including charge transfer efficiency and

selectivity, surface energy, conductivity, and chemical stability. Specifically for solar applica-

tions, it is also advantageous for these materials to have high transparency in the absorbing

wavelengths of the cell, be mechanically robust, and show ease of thin film formation. In

showing good metrics in all of these areas, transparent conducting metal oxides (TCOs) are
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a common type of charge transport material in the current state of the art.

In both standard and inverted architecture OPVs, indium tin oxide (ITO) is the most

frequently used transparent electrode, due to its very good stability, durability, conductiv-

ity, and transparency in the relevant wavelengths. However, ITO’s work function, usually

reported around 4.2 to 4.7 eV, falls between the ICT states of common BHJs, meaning that

its Fermi level cannot be pinned to these states, and consequently Ohmic behavior cannot

occur for a BHJ/ITO interface.[10, 11] This effect is depicted in Figure 1.6. When the work

function of the substrate is greater than the positive ICT state of the organic semiconductor

(a), electrons spontaneously flow from the ICT state into the substrate, creating a dipole

across the substrate/organic and consequently a charge transfer-induced shift in the vacuum

level at the interface such that the substrate Fermi level is pinned to the positive ICT state

of the organic. Conversely, if the work function of the substrate is less than the negative

ICT state of the organic (c), a similar process occurs with electrons flowing from substrate

to organic and pinning the substrate Fermi level to the negative ICT state. If the Fermi

level of the substrate lies between the positive and negative ICT states of the organic (b),

no pinning occurs. In addition to its unfavorable Fermi level position, ITO also suffers from

inconsistent conductivity. Therefore, ITO can be used as either a cathode or anode, but

requires a buffer layer for reasonable performance with current active layer materials.

Zinc oxide (ZnO) is an n-type, electron selective material with high conductivity and

optical transmittance, making it a frequent choice as an electron transport layer between ITO

and the BHJ in inverted organic solar cells. Solution-processing of ZnO using a zinc acetate

sol-gel was introduced to improve cost and scalability of devices, and successfully resulted in

robust and environmentally stable films with good crystallinity.[12–14] The size of crystalline

domains, and hence the electronic properties of the material, were further increased by

high temperature annealing (300 °C), though this hinders future high-throughput reel-to-reel

manufacturing of these devices. More recently, the use of a diethyl zinc precursor allowed

for low-temperature annealing (120 °C) and was shown to increase long-term device stability
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Figure 1.6: Pinning of the Fermi-level of a surface to the BHJ integer charge transfer (ICT)
states when a) φSUB>EICT+: Fermi-level pinning to EICT+, b) EICT-<φSUB<EICT+: no pin-
ning, c) φSUB<EICT-: Fermi-level pinning to EICT-. Reprinted with permission from [1].
Copyright 2009 Wiley-VCH.

versus zinc acetate.[15]

Although ZnO shows promise as an electron transport layer, there is a natural barrier

for electron extraction from common fullerene electron acceptors into ZnO. This energetic

barrier is the result of the electron affinity of the oxide being significantly smaller than

that of the fullerene as shown in Figure 1.7. Changing the work function of the electron

transport layer relative to that of the BHJ may decrease the electron extraction barrier,

thereby increasing PCE, VOC, FF, and JSC of the device.

1.4 Work Function Modification of Transparent Conducting Oxides

In order to permanently modify the work function of a material, one must modify the

material itself. Work function adjustment is viable by a few methods, most notably sub-

stitutional doping and surface modification. ITO was developed through tin substitutional

doping of indium oxide, though the optimization of optical transmittance and carrier con-
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Figure 1.7: Electron extraction barrier of 0.4 eV between the electron affinity of PC71BM
and the conduction band minimum (CBM) of ZnO. Reproduced in part with permission
from [16]. Copyright 2014 Wiley-VCH.

centration severely limits the allowed percentages of tin,[17] meaning that doping is not a

viable strategy for greatly changing the work function of ITO. Doping of other transpar-

ent conducting oxides, especially ZnO, has been somewhat successful in shifting the work

function of the oxide, as well as improving conductivity and transparency. Aluminum and

other group-XIII dopants have been used to move the Fermi level of the oxide toward the

conduction band,[18] with gallium earning the most attention as it results in minimal lattice

distortion and less oxidation than aluminum.[19] Alternatively, the work function of ZnO

can be increased up to 250 meV by substitution of magnesium into the lattice.[20] Doping

can therefore be used to tune the work function by varying concentration, though the change

is limited as issues of opacity and charge transfer arise at higher dopant concentrations.

Conveniently, surface modification is also an effective method of improving the TCO/BHJ

relationship. The goal of surface modification is to form a dipole layer at the surface in order

to tune the work function and/or surface energy without affecting the bulk properties of the

oxide. This has been demonstrated, for example, through plasma treatments of the surface,
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which can change surface stoichiometry and/or defect structure. Another approach, and the

one discussed in detail here, introduces a self-assembled monolayer (SAM) of molecules on the

TCO surface. On ZnO and ITO, this method has been used with a variety of small molecules,

as well as fullerenes and polymers. Fullerene derivatives have been successful in reducing

recombination at the electron transport layer/BHJ interface and decreasing contact resis-

tance through improved electronic coupling and alignment.[21–25] Thin films of polymers,

while not SAMs, are even more frequently used as anode modifiers, especially PEDOT:PSS

on ITO. PEDOT:PSS is a high work function material with sufficient transparency that

increases the work function of ITO and thereby improves hole collection. However the high

acidity and hygroscopic nature of the material lead to rapid device degradation.[26] With

similar function, PFTE (Teflon) has been cited as another possible polymer for modifying

the ITO surface.[27]

Meanwhile, SAMs of small molecules can be used to directly shift the work function

of a TCO relative to the ICT levels of the bulk heterojunction by forming an interfacial

dipole layer on the oxide surface, without affecting the bulk properties of the underlying

oxide. The change in work function is actually a change in the vacuum level of the oxide

resulting from the perpendicular component of the total interfacial dipole moment. The total

dipole moment at the interface is dominated by the intrinsic dipole of the molecule, but the

bond dipole resulting from charge redistribution at the attachment site also contributes

significantly. In the negative-to-positive pointing dipole convention, if the total interfacial

dipole moment points away from the oxide, the work function of the oxide is decreased.

Alternatively, if the dipole moment points toward the oxide, the work function increases

as a result of modification, as shown in Figure 1.8. The intrinsic dipole moment of the

molecule depends on its chemical structure, especially placement of electron donating and

withdrawing groups. The bond dipole depends on the attachment group of the molecule: an

acidic group protonates the oxide, resulting in a bond dipole pointing toward the surface,

while a basic group yields a bond dipole pointing away from the oxide. The surface coverage
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and orientation of these molecules also play very influential roles in determining the strength

of the total dipole moment, and hence the change in work function.

Figure 1.8: Energy level diagram of a metal oxide/BHJ interface with dipolar surface modi-
fiers. The magnitude and direction of the dipole determine the change in vacuum level for the
oxide. ELC is the electrostatic potential shift to charges crossing the interface. Reproduced
in part from [28] with permission of The Royal Society of Chemistry.

Extensive work has been done to investigate small molecule modification of ZnO for the

purpose of improving organic device performance. A wide range of molecules has been em-

ployed for various purposes, with largely successful results. One of the simplest molecules

studied on ZnO is pyridine, which reduced the work function of ZnO by 2.9 eV through

cooperation of the intrinsic and bond dipoles.[29] AFM and XPS studies of functionalized

alkenes on ZnO show good packing and coverage, while inducing a small field in the under-

lying oxide.[30] Succinic acids deposited on ZnO have been shown to tune the height of the

Schottky barrier at the ZnO/metal interface, with ZnO showing a greater response to dipole

modification than GaAs.[31] ZnO/metal interface modification was further studied with car-

boxylic acids in standard architecture OPVs, where the dipolar molecules were successful

in raising/lowering the work function of ZnO to create Ohmic contact between ZnO and

high work function metals.[32, 33] At the interface in ZnO/P3HT bilayer devices, silane and

thiol molecules with the same alkyl chains were shown to increase and decrease the work

function of ZnO, respectively, and resulted in modulation of the VOC of the device.[34] Mixed

monolayers of triethoxysilanes with opposing dipoles were shown to tune the work function

of modified ZnO, which produced a corresponding trend in the VOC of inverted BHJ solar
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cells.[35] In the same device structure, various dipolar benzoic acids on ZnO raise and lower

both the VOC and JSC of the solar cell.[36]

In addition to improving charge transport and energy level alignment in organic devices,

small molecule modification affects the surface energy of the modified oxide, which can

determine the morphology of the subsequently deposited BHJ. In standard architecture

devices, the distribution of BHJ species has been shown to be slightly fullerene rich near the

PEDOT:PSS HTL.[37–39] In inverted devices, surface energy of ZnO was shown to change

linearly with the surface coverage of alkylsilanes, while work function was stable through the

range. By tuning the surface energy for optimal BHJ morphology, the JSC and PCE of the

device were increased.[40] Similarly, benzoic acid modified ZnO with higher surface energy

caused smaller fullerene aggregates in the adjacent BHJ, which led to increased JSC and FF

in devices.[36] Alkanethiols and silanes were also shown to improve π-stacking of the P3HT

on modified ZnO in bilayer devices, leading to an increase in JSC.[41]

Compared to the modifiers listed above, phosphonic acids (PAs) have become the fron-

trunners in small molecule modification of ZnO. Phosphonic acids bind to ZnO via multi-

dentate attachment, with tridentate binding being most energetically favorable.[42–44] Mul-

tidentate attachment, shown in Figure 1.9, provides PAs with a distinct advantage over

molecules with fewer ligaments, as they form more robust SAMs on ZnO. Compared to thi-

ols, PAs form less uniform layers on ZnO, but withstand rinsing and also cause less etching of

the oxide surface.[45] Phosphonic acids also have greater thermal stability and preferentially

bind to ZnO when directly compared with thiols.[46] In addition to the issue of carboxylic

acids actively etching ZnO,[47] dually functionalized carboxyl alkyl phosphonic acids were

shown to preferentially bind to ZnO via the phosphonic acid group with increasing alkyl

chain length.[48]

Phosphonic acids are also effective in tuning the work function of ZnO through a range of

over 1eV by using various aromatic groups to change the molecular dipole moment.[16, 43, 49]

The modulation of the work function of ZnO at the BHJ interface was exploited in increasing
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Figure 1.9: Bidentate and tridentate attachment of phosphonic acids to zinc sites on ZnO.

the VOC and PCE of an inverted solar cell.[15, 16] Furthermore, PA modification of ZnO in

the inverted BHJ device increases long-term stability by passivating interstitial Zn defects

on the oxide surface.[15] Phosphonic acids bind quickly to ZnO, enabling spin-coating or

even spray coating to further minimize etching effects.[50] A possible disadvantage for PAs

on ZnO is that the acidic nature of the attachment group leads to a bond dipole pointing

toward the oxide and increasing the work function. This is undesirable in inverted BHJ

devices where the work function of ZnO must be lowered, so it is necessary to have a strong

aromatic group with a dipole moment pointing away from the surface that is sufficiently large

to overcome the bond dipole moment. However the fast multidentate attachment along with

minimal etching, increased device stability, and work function tunability still make PAs one

of the best choices for modifying ZnO.

While phosphonic acid modification of TCOs has become a model system for solar cell

improvement, the way in which device characteristics are affected has not been made clear.

Often when a change in VOC is expected, the JSC is also affected. Since charge extraction

efficiency directly impacts the JSC, the electric field in the device is suspected to change

with interlayer dipole modification. Therefore measuring the potential distribution within

phosphonic acid modified solar cells would better our understanding of the mechanism behind

device improvement in these devices.
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1.5 Potential Distribution in Organic Photovoltaics

Previous attempts have been made to measure the electric potential distribution in OPV

devices, which is not trivially calculated due to the BHJ structure of the active layer. It is

important to pursue study of the electric field distribution in organic solar cells as this may

influence the charge collection and hence photocurrent of the device. A few models have

been suggested to represent the band structure of OPV devices, including MIM, expanded

p-n junction, and Schottky models.[51, 52] The use of interlayers increases the complexity

of the system, but potential mapping of OPV device cross-sections has still been aimed at

determining the proper system for describing the energy levels. The primary difference in

these models is the location of the electric field. In the MIM model, the BHJ is considered

as a single material with uniform electric field resulting from the work function difference

between the electrodes. The expanded p-n junction treats the interface of the two active

layer species (the donor and acceptor making up the BHJ) as a depletion layer. In an evenly

doped BHJ, this is equivalent to a uniform electric field in the active layer, as for the MIM

model. The Schottky junction model treats the BHJ as an evenly doped semiconductor that

in contact with a metal electrode forms a Schottky barrier. Therefore the Schottky model is

associated with a large field-free region in the active layer, with the contact layer interfaces

hosting the electric field. The electric field has been cited as critically important to charge

carrier extraction due to the limitations on carrier mobility and lifetime,[52–54] however

some suggest that the internal field has very little impact on device operation.[55]

Electric field distribution has been studied in a handful of organic solar cell structures, but

common methods extract the field profile indirectly.[56] Calculating the potential distribution

in an organic bulk heterojunction device from such measurements is fundamentally difficult

due to the mixed electron donating and accepting groups in the active layer (compared to a

bilayer device). Studies using time-of-flight measurements,[57] light intensity photocurrent

measurements,[58, 59] nonlinear optical microscopy,[56] and impedance spectroscopy[60, 61]

have speculated on the electric field distribution in organic bulk heterojunction devices,
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with most concluding Schottky diode behavior and diffusion-dominated charge transport in

the device. With the exception of the optical microscopy, these measurements are indirect

and require interpretation to achieve this result. Nonlinear optical microscopy requires lat-

eral device architecture for transmission, which does not reflect normal device structure or

operation.

Alternatively, the potential distribution across the operational device structure can be di-

rectly measured via cross-sectional scanning Kelvin probe microscopy (X-SKPM). X-SKPM

measurements may be performed on a device that is in short circuit condition, or that is

biased at some voltage. Short circuit conditions allow for measurement of the local vacuum

level shifts across a device, which grants direct comparison of work functions for each of the

layers. Few studies have used SKPM in unbiased conditions to map the topography and

work function of polymer:fullerene films in the dark and under illumination.[62–65] Biased

conditions on a device cross-section reflect device operation, and by subtracting the short

circuit condition from the biased conditions, only direct effects of the applied bias may be

seen.[66] This method has been used to identify charge transport barriers from potential

drops in the device cross-section.

Saive et al. identify the X-SKPM measured distribution of relative potential in a de-

vice as primarily affected by vertical species separation within the BHJ, and by charge

injection/extraction barriers at the electrodes.[66] Some X-SKPM studies have seen a large

potential drop at the cathode of OPV BHJ devices. A theory is that a p-n junction forms

between the p-type BHJ and a small layer of the BHJ at the cathode interface, which is

n-doped by electron injection from the ETL. This potential drop near the cathode, along

with the near-zero field through the majority of the BHJ, may indicate that BHJ devices

primarily exhibit expanded p-n junction behavior.[51, 52, 67] However, potential drops at

the interfaces of transport layers and the BHJ have also been attributed to charge transport

barriers between these materials.[66]
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X-SKPM presents is not without limitations, as the exposure of a device cross-section

may cause unintentional doping or defects on the exposed surface. Although a few studies

of X-SKPM on OPV devices have already been published and sample preparation has been

well documented,[68] no previous reports have validated the technique on these materials in

air. Because both sample cleaving and measurement have been commonly performed in air,

it is necessary to prove the reliability of this measurement technique on the device surface

in ambient conditions. These issues are further discussed below.

1.6 Experimental Techniques

The experimental techniques used in this work focus on identifying the effectiveness of

conjugated phosphonic acids for increasing organic solar cell efficiency. Electronic conse-

quences and attachment of conjugated phosphonic acids on TCOs are measured, and the

applied potential distribution within device structures is mapped. In addition to fabricating

and directly measuring the diode characteristics of devices, these methods aim to reveal the

underlying mechanisms for improving device performance.

1.6.1 Solar Cell Processing and Characterization

Device processing is a major part of determining whether surface treatments are successful

in improving the efficiency of organic electronics. While we have other methods of measuring

the direct effect of molecular dipoles on the work function of modified oxides, these do not

always indicate if a device will be successful, as other factors such as surface energy and film

quality play major roles in the performance of organic photovoltaics.

Fabrication techniques for organic photovoltaic devices in this thesis include spin-casting,

annealing, and thermal evaporation, which will take place in ambient, nitrogen, and high

vacuum conditions as required for optimal performance. Spin-casting is employed due to its

quick and consistent results in depositing oxides, molecular monolayers, and bulk heterojunc-

tion active layers from solutions of various types and viscosities. The spin speed is optimized

based on the wetting properties of the solution and the desired thickness of the resulting
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layer. This method may be performed in either air or nitrogen environments, furthering the

variety of layers that may be applied in this way. Thermal evaporation is also advantageous

for organic device processing, as it allows for deposition of oxides and metals in high vacuum

conditions on top of other device layers. The use of this procedure prevents damage to the

existing device structure, while providing reliable application of several different electrode

materials.

Organic photovoltaics are processable in two architectures, namely standard and in-

verted. In a standard architecture device, light is passed through the hole-collecting contact

materials, usually ITO and PEDOT:PSS, to reach the active layer. However, it is the

electron-collecting contact materials, ITO and ZnO in this study, on the illuminated side

of the inverted device. The work in this thesis includes both architectures to demonstrate

how the potential distribution changes as a result of different transport materials, and the

inverted device will be modified with phosphonic acids. Each device structure will contain a

bulk heterojunction active layer, consisting of a polymer fullerene blend. The bulk hetero-

junction that will be used is P3HT:ICBA, a well-known system with relatively high device

efficiency, depending on the contacts.

As this study will focus on the interaction of the bulk heterojunction with the charge

transfer materials, the processing and quality of the oxides used for these layers are of

particular importance. Indium tin oxide is commonly used as a hole transport layer in

standard architecture devices, as well as a cathode in inverted devices. The ITO used here

has been purchased patterned on glass slides. Zinc oxide, an electron transport layer in

inverted devices, is deposited from a solution of diethyl zinc in tetrahydrofuran and then

annealed in air to grow the oxide. This procedure produces thin, high quality, robust films

that are easily modified. Molybdenum oxide is thermally evaporated onto active layers to

act as a transport layer, and aluminum and silver are also applied as electrodes via thermal

evaporation.

18



In order to compare the effects of various modifiers in organic photovoltaics, the devices

must be measured accurately. A home-built solar simulator in a nitrogen environment is

employed for this purpose. In this system, devices are masked to eliminate current bleed from

outside the device area. Additionally, devices may be light-soaked and measured both with

and without illumination. By sweeping the applied bias, the system allows for examination

of the diode characteristics of each device such as open circuit voltage, short circuit current,

fill factor, power conversion efficiency, shunt resistance, and series resistance. An additional

solar simulator system in air provides the capability to measure partial devices after cleaving

and exposure of the cross-section.

1.6.2 Kelvin Probe

A Kelvin probe measures the contact potential difference (CPD) between a probe and

sample, operating on the basic principle of capacitance. The CPD is the difference in work

function between the probe and sample. Placing the tip and sample in electrical contact

forces their Fermi levels into alignment, so the CPD is equal to the change in vacuum level.

This difference results in a force between the tip and sample, which can be negated by ap-

plying a voltage to the probe equal to the CPD. The CPD provides a relative work function

measurement, so a known and stable reference must be used in order to determine the abso-

lute work function of a sample. In this work we are concerned with relative work functions

whereby measuring both modified and unmodified substrates, the effect of a molecular dipole

may be determined from the difference in their CPDs. The surface-sensitivity of the mea-

surement is convenient for the work presented here, as phosphonic acids don’t change the

bulk work function of a material, but Kelvin probe can still measure the change in effective

work function of the modified oxides.

Kelvin probe measurements have been performed with a KPTechnology SKP/SVP/LE

450 system. The sample surface is grounded, while voltage is applied at the Kelvin probe

tip during measurement. It is crucial for the sample to be conductive, or to be deposited

on a conductive substrate to avoid charging effects due to poor grounding during measure-
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ment. However, the Kelvin probe has been shown to be reliable as compared to ultraviolet

photoelectron spectroscopy measurements of work function.

1.6.3 Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy uses infrared radiation transmitted through a

sample to determine which bonds are present in a sample. A range of infrared frequencies are

collected simultaneously, and the transmitted sample signal is resolved by Fourier transform.

The sample spectrum is compared with a background spectrum, usually from a blank or

unmodified substrate. Here FTIR is employed to determine how phosphonic acids attach to

the zinc oxide surface to determine whether the linkage inside the molecule affects binding

characteristics.

The frequencies of peaks returned in a background-corrected absorption spectrum are

matched with known vibrational and stretching modes of molecular and surface bonds. Many

compounds oscillate at unique frequencies, corresponding to absorption of a very small and

consistent fraction of the infrared spectrum. The amplitude, width, and position of the

absorption peaks can change as a result of the concentration, orientation, and strength of

the bonds. In this work, absorption information is used to determine the attachment and

orientation of phosphonic acids on ZnO.

The FTIR spectroscopy in this work was performed on a Thermo Scientific Nicolet 6700

FT-IR Spectrometer with liquid nitrogen cooled Hg-Cd-Te detector and KBr beam splitter.

Transmission measurements were taken for samples on polished silicon wafers, with ZnO and

modifiers deposited on one side of the wafer. The background transmission measurement

was of ZnO on silicon without the modifier. The measurement environment was purged

with nitrogen to reduce water and carbon dioxide, which also absorb infrared wavelengths.

This technique will allow us to not only confirm the attachment of ZnO modifiers, but also

estimate surface coverage and identify binding characteristics of these molecules.
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1.6.4 Atomic Force Microscopy (AFM)

AFM uses a macroscopic cantilever with a tiny tip that extends toward the sample. The

van der Waals interaction of the tip with the sample causes deflection of the cantilever, which

is measured by a laser and position-sensitive photodiode. In contact mode, the movement of

the AFM tip contours the surface of the sample. A less destructive method is tapping mode,

in which the cantilever is driven with an alternating current (AC) voltage at its resonant

frequency to oscillate the tip perpendicular to the sample surface, and a feedback loop is

used to maintain constant amplitude of the tip oscillation while contouring the sample. This

method is ideal for performing AFM on soft organic materials such as bulk heterojunction

solar cells to reduce sample destruction.

1.6.5 Cross-Sectional Scanning Kelvin Probe Microscopy (X-SKPM)

Scanning Kelvin probe microscopy is an advanced AFM technique that measures the

local CPD between a conducting AFM tip and a sample surface. In this specific setup,

tapping mode AFM is used to image both surface topography and potential simultaneously.

In addition to the AC voltage required for tapping mode, the cantilever is driven with a a

second AC modulation, as well as a direct current (DC) voltage to match the local CPD of the

tip and sample. This causes a capacitive force between the tip and sample with constant,

ω, and 2ω components, where ω is the modulating frequency. When the DC voltage is

equal to the CPD, the force of oscillation at frequency ω is zero (while the force at 2ω is

nonzero). Therefore by adjusting the DC voltage to eliminate cantilever oscillation at the

driving frequency, the CPD is determined from the DC input. This allows for simultaneous

mapping of the CPD and topography of a sample.

SKPM measurements of topography and potential are the convolution of tip and sample

features. In order to use this method for mapping the potential distribution in a device, we

must break our samples to expose the cross-section and scan across the layers of the solar

cell. A diagram of the setup is shown in Figure 1.10. The tip used in X-SKPM may be
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large compared to some features in the sample, so the interaction of the two includes large

areas of both. Topographically this results in smoothing or sharpening of sample features,

while the CPD measurement may be an average of the local area. Also, the interaction of

the cantilever with the sample consistently results in a measured CPD lower than the actual

value. Due to these factors, the lateral resolution of SKPM is approximately 30-50 nm, while

the electronic resolution is around 30 mV. X-SKPM is employed to map the cross-sectional

topography, phase, and CPD of organic solar cells.

Figure 1.10: Diagram of cross-sectional scanning Kelvin probe microscopy of a photovoltaic
device. Adapted with permission from [69]. Copyright 2015 American Chemical Society.

The method used to cleave, mount, and wire the device cross-section allows for an ap-

plied bias across the device structure during cross-sectional imaging. Under short circuit

conditions, the CPD map of a device shows the change in work function across the device

structure. Applying bias across the device changes the CPD across the device. At the point

at which bias is applied, the CPD should change by the applied voltage. At the point at

which the device is grounded, the CPD should be the same as for the short circuit case.

Intermediate points should show CPD changing between these values. The shape of the

CPD across the device has several implications about device performance, including charge

injection and extraction barriers, doping, and surface effects. The latter is of particular
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concern since X-SKPM is performed on an exposed device cross-section, and may not truly

reflect bulk device operation. For example, X-SKPM measurements of device cross-sections

at applied bias do not show the full applied voltage difference in the CPDs of the electrodes.

Therefore surface defects and cantilever convolution are suspected as major players in CPD

mapping of device cross-sections.

One way to ensure accuracy of potential mapping is to measure the CPD at various

biases, including +0.0 V (short circuit), so that the potential images at nonzero bias may

be corrected by subtracting the zero bias potential.[66] This relative potential is useful for

determining if a CPD feature is topographic and how the device responds to only applied

bias (less work function changes). The electric potential may also be differentiated to obtain

the electric field through the device.

Device cleaving, mounting, and wiring were performed in a nitrogen-purged glovebox.

This was followed by initial X-SKPM measurements in nitrogen (As Fabricated) and subse-

quent testing in air. The device was then annealed in nitrogen and re-measured in this system

(Annealed), followed by testing in air. Next, X-SKPM was performed in air (Ambient), and

the device was tested afterward. The device was measured a final time in the nitrogen X-

SKPM system (Post-Ambient), and again tested in air. By this systematic methodology, we

investigate the effect of air exposure, interlayer materials, and transparent conductive oxide

modifiers on the work function, electric potential, and electric field distribution across an

active device. X-SKPM is conducted on a Veeco 5000 AFM housed in nitrogen, as well as a

Park Instrument XE-70 AFM in air.
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CHAPTER 2

CONJUGATED PHOSPHONIC ACID MODIFIED ZINC OXIDE ELECTRON

TRANSPORT LAYERS FOR IMPROVED PERFORMANCE IN ORGANIC SOLAR

CELLS

Reproduced with permission from ACS Applied Materials and Interfaces, 2014, 6 (21), pp

19229–19234. Copyright 2014 American Chemical Society.

Jennifer L. Braid1,2, Unsal Koldemir 3, Alan Sellinger 2,3, Reuben T. Collins1, Thomas E.

Furtak 1, Dana C. Olson2
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Abstract: Phosphonic acid modification of zinc oxide (ZnO) electron transport layers in

inverted P3HT:ICBA solar cells was studied to determine the effect of conjugated linkages be-

tween the aromatic and phosphonic acid attachment groups. For example, zinc oxide treated

with 2,6-difluorophenylvinylphosphonic acid, having a conjugated vinyl group connecting the

aromatic moiety to the phosphonic acid group, showed a 0.78 eV decrease in the effective work

function versus un-modified ZnO, while non-conjugated 2,6-difluorophenylethylphosphonic

acid resulted in a 0.57 eV decrease, as measured by Kelvin probe. This resulted in an average

power conversion efficiency of 5.89% for conjugated 2,6-difluorophenyvinylphosphonic acid

modified solar cells, an improvement over un-modified (5.24%) and non-conjugated phos-

phonic acid modified devices (5.64%), indicating the importance of the conjugated linkage.
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2.1 Introduction

Organic photovoltaics are a viable source of scalable, renewable energy due to their

potentially low cost, lightweight, low temperature, and high throughput manufacturing.

Single junction power conversion efficiencies have recently reached 9.2% for polymer:fullerene

cells,[70] with tandem polymer device efficiency having already surpassed 10%.[71] These bulk

heterojunction cells can be prepared by two architectures, namely traditional and inverted.

The traditional architecture in an organic solar cell generally uses PEDOT:PSS as a hole

transport layer with a transparent electrode, indium tin oxide (ITO), that collects the holes.

Inverted devices, on the other hand, use an electron transport layer, such as ZnO, thereby

employing ITO to collect electrons. As such, the inverted device architecture avoids stability

problems associated with both the PEDOT:PSS/ITO interface, as well as diffusion of water

and oxygen into the low work function anode, usually Al or Ca/Al for traditional devices.[12]

Thus, inverted devices have led to increased device stability and performance and therefore

longer lifetimes, especially with the introduction of ZnO as a charge-selective interlayer.[14,

26]

As an electron transport layer, ZnO has been commonly used due to its electron selec-

tivity, ease of thin film formation by a variety of deposition methods, high electron mobility,

good transparency, earth abundance, and low cost.[16, 35, 36, 43, 44, 50] It is worth noting

that any mismatch between the Fermi level of ZnO and the electron transport level of the

active layer may result in energy loss during charge extraction.[16, 72] Due to this energy

loss, quasi-Fermi level matching between the active layer and the charge transport layers has

become an important attribute in maximizing efficiency in organic hybrid photovoltaics. Ad-

justing the alignment of the effective work function of charge transport layers to the charge

transport levels of the active layer has been shown to influence the efficiency of charge ex-

traction and the open circuit voltage of bulk heterojunction solar cells,[16, 35, 36, 72–75] as

well as charge injection in organic light emitting diodes.[1, 76–78]
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In this context, a molecular dipolar surface modifier may be used to alter the alignment

of the effective work function of ZnO relative to the lowest unoccupied molecular orbital

(LUMO) of the electron acceptor material at the BHJ interface, without changing the in-

trinsic Fermi level or carrier density of the bulk oxide. Better energy alignment at the

interface reduces the energy lost during electron extraction/injection, increasing the open

circuit voltage, the built-in field, and thereby the fill factor of the device.[16, 35, 36, 72, 79]

The relationship between the work function of the contact and open circuit voltage has also

been shown on ITO in standard architecture devices.[74, 75]

Changes in the effective work function of a surface modified with a molecular dipole

can result from the change in vacuum level and the bond dipole created by the surface

bond.[49, 74, 80–82] The change in the vacuum level across the monolayer itself is defined

to be proportional to the component of the molecular dipole moment perpendicular to the

surface. Therefore, the influence of a molecular dipolar surface modifier on effective work

function is divided into two contributions: (i) the dipole of the molecular monolayer along

the surface normal, and (ii) the interfacial dipole created by charge redistribution due to

the surface bond. As molecular dipolar surface modifiers, benzylphosphonic acids have

shown promise; effectively increasing or decreasing the work function of various transparent

conductive oxides, including ITO,[50, 74, 75, 77, 79, 81, 83, 84] GZO,[49] and ZnO,[16, 50]

by up to 1 eV depending on the orientation and strength of the molecular dipole. Recently,

benzylphosphonic acids with various head groups, and therefore different dipole moments,

have been used to alter the work function of the modified oxide by shifting the vacuum level

of the oxide (i), while the bond dipole (ii) remains relatively constant.[16, 74, 75, 79, 83]

Orthodifluorobenzylphosphonic acid (oF2BPA), which has been investigated previously,[16,

43, 49, 74, 75, 79, 81, 83, 85] decreases the work function of zinc oxide, and is shown to in-

crease the open circuit voltage in inverted architecture devices.[16] In this study, we introduce

two small polar phosphonic acids with the same attachment and head groups as oF2BPA,

but different linkages connecting the two moieties (Figure 2.1). Specifically, we utilize a
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conjugated trans double bond as a linker between the aromatic ring and the phosphonic

acid group in 2,6-orthodifluorophenylvinylphosphonic acid (oF2PVPA), and compare it with

the non-conjugated orthodifluorophenylethylphosphonic acid (oF2PEPA), having a saturated

ethyl linkage. These molecules, having similar lengths and molecular dipole moments should

therefore have similar effects on the vacuum level of ZnO. However, the different linkages

may allow for variation in the bond dipole through direct conjugation with the acid binding

group.

Figure 2.1: Two phosphonic acids used in this study: orthodifluorophenylethylphosphonic
acid (oF2PEPA), and orthodifluorophenylvinylphosphonic acid (oF2PVPA).

A double bond between two carbon atoms allows for delocalization of the associated

π-electrons of the aromatic ring into the phosphonic acid attachment group, potentially fa-

cilitating a change in the molecular dipole as well as improved charge transport between

the molecule and the oxide. We hypothesized that the introduction of the conjugated dou-

ble bond would increase the electron charge redistribution at the interface, increase the

bond dipole, and accentuate the shift in work function. Our results show the conjugated

oF2PVPA does outperform the non-conjugated analogue, oF2PEPA, in modification of the

effective work function of zinc oxide by 0.21 mV. The conjugated linkage led not only to

an improvement in work function, but also to increased open circuit voltage, short circuit

current, and power conversion efficiency (PCE) of devices compared to the non-conjugated

modifier. Overall the PCE was increased by over 12% versus the un-modified ZnO inter-

face (5.89 vs. 5.24%). Infrared spectroscopic characterization of these phosphonic acids on

ZnO indicates that they bind in a bidentate and/or tridentate fashion, with similar surface
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coverage.

2.2 Results and Discussion

Synthesis of oF2PEPA, oF2PVPA. The conjugated orthodifluorophenylvinylphosphonic

acid (oF2PVPA) and non- conjugated orthodifluorophenylethylphosphonic acid (oF2PEPA)

were synthesized as shown in Figure 2.2, with all synthetic details outlined in the Experi-

mental Methods section. Preparation of oF2PVPA was achieved via Heck coupling between

2,6-difluoroiodobenzene (1) and diethyl vinylphosph- onate using Herrmann’s palladacycle

in 66% yield. As Heck coupling is more prevalent for styrenyl and acrylate based systems,

performing this on vinylphosphonates is not very common and required careful experimen-

tal optimization. The intermediate vinyl bridged compound (2) was used to prepare both

the oF2PVPA and oF2PEPA. The oF2PVPA was prepared via deprotection of the vinyl

bridged phosphonic ester using a combination of trimethylsilyl bromide/potassium iodide

(TMSBr/KI) in acetonitrile (ACN). In the case of oF2PEPA, the vinyl group was hydro-

genated using triethyl silane (TES) as a hydrogen source over Pd/C catalyst under mild con-

ditions to afford the ester precursor (3) in 67% yield. The desired oF2PVPA and oF2PEPA

phosphonic acid products were obtained in 48 and 42% yield, respectively.

Figure 2.2: Synthetic Preparation of the Conjugated Orthodifluorophenylvinylphosphonic
Acid (oF2PVPA) and Nonconjugated Orthodifluorophenylethylphosphonic acid (oF2PEPA)
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Binding Characteristics on Zinc Oxide. The oF2PVPA and oF2PEPA are spin-cast via

ethanol solutions onto zinc oxide that had been deposited from a dilute solution of diethyl

zinc in a toluene/tetrahydrofuran solvent mixture. After spin-casting, the films are annealed

at 120 °C and rinsed with ethanol to ensure monolayer or sub-monolayer coverage of the

respective phosphonic acids. Next, we performed Fourier-transform infrared spectroscopy

(FTIR) to identify the vibrational fingerprints of these molecules bonded to zinc oxide,

which allows us to verify attachment as well as compare the surface coverage and binding

configurations of these modifiers.

As may be seen in Figure 2.3, the region of 900-1300 cm-1 contains several characteristic

vibrations of the P=O and P-O-(H) terminations. Due to similar feature sizes across the

FTIR spectra, we infer that the surface coverage is roughly equal for both molecules. The

peaks at ˜1000 and 1070 cm-1 for both oF2PEPA and oF2PVPA, shown in region A, are

associated with symmetric and asymmetric P-O stretching in PO3
2-, respectively.[86, 87]

This indicates fully deprotonated phosphonic acids, bonded to Zn sites with both P-O-

(H) ligaments. The lack of features at 925 and 940 cm-1, normally attributed to P-O-H

stretching,[88] points to few or no unattached P-O-H ligaments. Also absent is a large band

centered at 1230 cm-1, which would signify unbound P=O terminations.[44] Instead, we find

smaller features in 1130-1300 cm-1, labeled region B. Peaks in this region could represent

ν(PO2
-) stretching vibrations associated with one bound and one free P-O-H ligament,[87]

though we should also see free P-O-H signatures at 925 and 940 cm-1 with this mode.

Therefore we suspect that the peaks between 1130 and 1300 cm-1 are P-O-Zn and P=O-

Zn vibrations, expected between 1160 and 1230 cm-1.[87] Since these modes are known to

shift with electron affinity, we credit the variation in peak position to the change in linkage

between these molecules, because of delocalization of the π-electrons of the aromatic ring.

Specifically, we suspect the pair of peaks in the oF2PEPA spectrum at 1140 and 1160 cm-1

is shifted to higher energies (1200 and 1225 cm-1) for oF2PVPA due to the conjugation.

However some of the features in region B could belong to unbound P=O ligaments,[48] shifted
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by P-O-(H) terminations binding to Zn sites and different linkages within the phosphonic

acids, suggesting the possibility of some unbound P=O terminations. We conclude that both

oF2PVPA and oF2PEPA bind to ZnO via multidentate attachment, most likely a mixture

of bidentate and tridentate configurations.

Figure 2.3: FTIR spectra for oF2PEPA and oF2PVPA bonded to ZnO. Region A, 990-1100
cm-1, contains stretching modes of PO32-. Region B, 1125-1300 cm-1, shows P-O-Zn and
P=O-Zn vibrations, and may exhibit free P=O signatures for both molecules.

Work Function Modification and Device Results. After confirming the attachment of

these phosphonic acids on zinc oxide, work function measurements of treated and untreated

zinc oxide were performed with a Kelvin probe setup at ambient conditions to determine

the extent of change in work function as shown in Table 2.1. We observed a large shift in

the effective work function of zinc oxide when modified with each phosphonic acid, with

conjugated oF2PVPA decreasing the work function by 0.78 eV, a 0.21 eV greater change

versus the similarly sized oF2PEPA. We attribute the enhanced shift in work function for

zinc oxide modified with oF2PVPA over oF2PEPA to better charge delocalization between

oF2PVPA and ZnO via the π-electrons of the conjugated linkage.

Changing the linkage within our phosphonic acid would have some effect on the intrinsic

dipole moment of the molecule, but it may also alter the bond dipole created at the phospho-

nic acid/oxide interface. We see a larger change in the work function of ZnO modified with

oF2PVPA versus oF2PEPA, which lacks conjugation in its linkage. The conjugation likely
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improves the change in work function in two ways: (i) a larger molecular dipole moment,

and (ii) a larger bond dipole contribution, both resulting from the delocalized π-electrons in

the aromatic ring having better communication with the bonding phosphonic acid through

the vinyl linkage.

Finally, inverted architecture devices were fabricated on ITO-patterned glass substrates.

The ZnO electron transport layer was deposited from the diethyl zinc solution, onto which

phosphonic acid modifiers were spin-cast. These films were then annealed at 120 °C to

promote binding, and rinsed with ethanol to remove unbound species and promote mono-

layer coverage of phosphonic acids. P3HT:ICBA bulk heterojunction active layers were

subsequently spin-cast and slow-dried, followed by thermal evaporation of the MoO3 hole

transport layer and the Ag cathode. The solar cell device parameters are summarized in

Table 2.1, and J-V curves are presented in Figure 2.4. At first glance, we observe a system-

atic increase in the open circuit voltage, due to the decrease in effective work function for

oF2PEPA and oF2PVPA-modified ZnO. The sub-unity relation between change in VOC and

work function shift has been previously attributed to Fermi-level pinning as the oxide work

function approaches the LUMO level of the BHJ.[1, 9, 35, 89]

The short circuit current was also improved for oF2PVPA versus the control device and

non-conjugated oF2PEPA. This agrees with the prediction of improved energy level alignment

at the BHJ/ETL interface and a resulting increase in the electron transfer rate. The boost

in fill factor from 69.1% for the unmodified device to 71.7% for oF2PEPA and 71.6% for

oF2PVPA is the result of reduced recombination associated with the change in effective

work function of the ZnO contact and a corresponding increase in the electric field across

the active layer. Additionally, the shunt resistance (RSH) is improved with modification by

both oF2PEPA and oF2PVPA, signifying that these modifiers may inhibit leakage current

in reverse bias. Since low RSH can result in a decrease in VOC, the effect of these modifiers

on leakage current may also be contributing to the improved open circuit voltage of the

PA-modified devices. However, the modifiers also increase the series resistance (RSE) of the
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device, which may explain why fill factor did not further improve for the oF2PVPA-modified

device.±

Figure 2.4: Average J-V characteristics for PA modified ZnO devices under illumination.
The inset shows average J-V characteristics in the dark on a semi-log scale. (Corresponding
parameters in Table 2.1)

2.3 Conclusions

Zinc oxide modified with 2,6-difluorophenylvinylphosphonic acid (oF2PVPA) measured

with Kelvin probe showed a 0.78 eV decrease in the effective work function compared to

unmodified ZnO, while non-conjugated 2,6-difluorophenylethylphosphonic acid (oF2PEPA)

decreased the effective work function of ZnO by only 0.57 eV. Inverted P3HT:ICBA so-

lar cells modified with the conjugated oF2PVPA improved both open circuit voltage and

power conversion efficiency over oF2PEPA, and showed a 40 mV boost in open circuit volt-

age and increased power conversion efficiency over unmodified solar cells. Through FTIR

characterization, the attachment of these molecules was found to be predominantly biden-

tate/tridentate to ZnO, and the conjugated linkage is shown to affect binding energy. That

this conjugated linkage dramatically accentuates the effect of the molecule on the work func-
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Table 2.1: Work function of PA modified ZnO and corresponding average device results

∆φ (eV) VOC (V) JSC (mA/cm2) FF (%) PCE (%) RSH (kΩ) RSE (Ω)

ZnO - 0.74±0.01 10.19±0.13 69.1±0.8 5.24±0.05 158±2 18.7±0.1
oF2PEPA 0.57±0.01 0.76±0.01 10.35±0.14 71.7±0.2 5.64±0.09 369±7 17.7±0.1
oF2PVPA 0.78±0.01 0.78±0.01 10.55±0.12 71.6±0.3 5.89±0.04 344±4 20.3±0.3
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tion of the modified surface shows it to be an interesting approach in improving quasi-Fermi

level alignment in organic photovoltaics. An important finding was that the open circuit

voltage of modified devices was shifted by a much smaller, but dependent amount to the

change in work function, as is common in this type of device. Furthermore, the simple

synthesis of conjugated molecules from commercially available precursors makes this type of

linkage extremely viable for continued study with other types dipolar molecules on various

contact surfaces for use in organic hybrid electronics.

2.4 Experimental Methods

Synthesis of oF2PVPA, oF2PEPA. Diethyl (E)-(2,6- difluorostyryl)phosphonate (oF2PVPA):[90]

A 100 mL Schlenk flask was charged with the aromatic halide (1 equiv.), diethyl vinyl phos-

phonate (1 equiv.) Herrmann’s catalyst (2 mol %) potassium carbonate (1 equiv.) and

20 mL of anhydrous dimethylformamide. The reaction mixture was heated to 110 °C for

24 h under argon. After cooling to room temperature, water (100 mL) was added and the

mixture was stirred for 30 min. The organic layers were extracted with dichloromethane

(100 mL) three times and dried over magnesium sulfate. Then, the solvent was evaporated

under vacuum resulting in the yellow oil crude product. The product was obtained after

purification by column chromatography eluting with petroleum ether: ethyl acetate (1:1).

Start with 1g (4.16 mmol) of 1,3-difluoro-2- iodobenzene. The product was obtained 0.76

g (66%) of a yellow oil. 1H NMR (500 MHz, CDCl3): δ = 7.48-7.57 (dd, 1H, J = 20 Hz),

7.24-7.31 (m, 1H), 6.88-6.92 (m, 2H), 6.59 (t, 1H, J = 20 Hz), 4.12 (t, 4H, J = 10 Hz),

1.31-1.35 (m, 6H). 13C NMR (125 MHz, CDCl3) δ = 162.53, 160.56, 134.81, 131.20, 129.19,

120.70, 111.99, 111.78, 62.02, 16.43.

Diethyl (2,6-Difluorophenethyl)phosphonate (oF2PEPE):[91] A 100 mL oven-dried Schlenk

flask was charged with diethyl (E)-(2,6- difluorostyryl)phosphonate (0.9 g, 3.25 mmol), 10%

Pd/C (0.11 mg), anhydrous THF (15 mL) and anhydrous ethanol (2 mL). To this mix-

ture, triethylsilane (3.78 g, 5.22 mL, 32.5 mmol) was added dropwise. After bubbling was

quenched, the reaction was heated to 40 °C for 4 h. After cooling to room temperature,

34



solvents were evaporated under vacuum. The resulting crude was suspended in DCM (50

mL) and filtered through a plug of Celite. After evaporating the volatiles, the product was

obtained 0.6 g (67%) of a colorless oil. 1H NMR (500 MHz, CDCl3): δ = 7.02-7.13 (m, 1H),

6.75-6.80 (m, 2H), 4.00-4.07 (m, 4H), 2.85-2.89 (m, 2H), 1.92-1.98 (m, 2H), 1.21-1.27 (m,

3H) 13C NMR (125 MHz, CDCl3) δ = 162,34, 160.38, 128.04, 116.73, 111.27, 111.06, 61.71,

61.65, 25.90, 24.79, 16.41, 16.36.

General Reaction Protocol for the Synthesis of Vinylphosphonic Acids:[81] A 100 mL

two neck flask equipped with a condenser and a stir bar was charged with the phosphonic

ester (1 equiv.), potassium iodide (3 equiv.), and 20 mL of anhydrous acetonitrile. The

mixture was cooled to 0 °C and then bromotrimethylsilane (3 equiv) was added dropwise.

Ice-water bath was removed and the reaction mixture was heated to 55 °C for 6 h under

argon forming pink color with white precipitates. Next, the reaction mixture was cooled

down to room temperature and the volatiles were removed under vacuo yielding a brown

solid. Then, 50 mL of methanol:water (1:1) solution was added and the reaction mixture was

stirred at room temperature overnight. After cooling to room temperature, the solvents were

evaporated under vacuum yielding crude product as brown solid. The respective products

were obtained by recrystallization as white powders.

(E)-(2,6-difluorostyryl)phosphonic acid (oF2PVPA): Start with 0.74 g (2.83 mmol) di-

ethyl (E)-(2,6-difluorostyryl)phosphonate. The product was obtained 0.30 g (48%) of a

white powder after recrystallization from acetonitrile. 1H NMR (500 MHz, DMSO-d6): δ

= 7.43-7.51 (m, 1H), 7.15-7.23 (m, 3H), 6.57 (t, 1H, J = 15 Hz). 13C NMR (125 MHz,

DMSO-d6) δ = 161.58, 159.57, 131.41, 129.00, 128.62, 127.58, 112.41, 112.21.

(2,6-Difluorophenethyl)phosphonic Acid (oF2PEPA). Start with 0.6 g (2.16 mmol) diethyl

(2,6-difluorophenethyl)phosphonate. The product was obtained 0.20 g (42%) of a white

powder after recrystallization from acetonitrile: 1H NMR (500 MHz, DMSO-d6): δ = 7.27-

7.33 (m, 1H), 7.02-7.09 (m, 2H), 3.99 (s, br, -POOH), 2.78-2.83 (m, 2H), 1.69-1.76 (m, 2H)

13C NMR (125 MHz, DMSO-d6) δ = 161.86, 159.91, 128.71, 117.24, 111.81, 111.61, 27.41,
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16.32.

Fourier-Transform Infrared Spectroscopy. Polished silicon wafers (525 µm thick) are cut

into 1” squares, which are then cleaned and prepared with ZnO and PA films using the

same procedure for glass/ITO substrates for devices, including the subsequent rinse and

annealing steps. FTIR spectroscopy was completed using a Thermo Scientific Nicolet 6700

FT-IR Spectrometer with a liquid nitrogen cooled Hg-Cd-Te detector and KBr beam splitter.

Normal-incidence transmission measurements were completed for thin films of PAs on ZnO

on Si.

Kelvin Probe Measurements. Glass/ITO substrates are cleaned and prepared with ZnO

and PA films as for devices, including the subsequent rinse and annealing steps. A KPTech-

nology SKP/SVP/LE 450 system is utilized for Kelvin probe measurements of the work

function and calibrated with Al and Au reference samples in air. All work function measure-

ments are then calculated as change from the ZnO control.

Device Fabrication. Devices were fabricated on 1” x 1” glass substrates with patterned

ITO (Thin Film Devices), with better than 84% optical transparency and sheet resistance

of approximately 10 Ω/sq. The substrates are cleaned by sonicating first in acetone, then

isopropanol, for 15 minutes each. Next, they are treated with a Jelight Company, Inc. Model

42 UV-O3 cleaner for 15 minutes and used immediately afterward. Zinc oxide is deposited

from a solution prepared in an inert environment from a 1.1M diethyl zinc precursor (Sigma

Aldrich) in toluene mixed (1:2 by volume) with anhydrous tetrahydrofuran (Sigma Aldrich).

The zinc oxide film is spin-cast in air at 6000 rpm for 60 s, followed by annealing in air at

120 °C for 10 minutes. 10 mM ethanol solutions of oF2PEPA and oF2PVPA are prepared

and spin-cast in air at 2000 rpm for 60s. The samples are then annealed in air at 120 °C for

10 minutes, rinsed with ethanol, blown dry with nitrogen, and annealed again at 120 °C for 5

minutes. The active layer solution is prepared with equal weights of P3HT (BASF) and ICBA

(Plextronics), for total solids of 34 mg/mL in 1,2-dichlorobenzene. The solution is stirred

overnight at 60 °C. The bulk heterojunction is spin-cast in an inert (N2) environment at 800
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rpm for 30 seconds. The samples are allowed to dry for several hours in covered petri dishes,

and then annealed at 155 °C for 10 minutes in the nitrogen environment. Molybdenum oxide

(Strem Chemicals) is thermally evaporated at a rate of 0.1 Å/s, followed by the Ag cathode

at 0.5 Å/s, with base pressure below 1E-7 Torr.

Device Characterization. Devices were tested using a solar simulator with a quartz halo-

gen lamp (1.1 spectral mismatch factor as compared with the solar spectrum for PCDTBT:PC71BM)

in an inert (N2) environment. A 0.06 cm2 aperture was used to avoid edge effects. A volt-

age bias was applied via the ITO and Ag electrodes and the resulting current density was

measured. Series resistance was measured at 1.2 V applied bias.
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CHAPTER 3

MOLECULAR DESIGN FOR TUNING WORK FUNCTIONS OF TRANSPARENT

CONDUCTING ELECTRODES

Reproduced with permission from The Journal of Physical Chemistry Letters, 2015, 6 (12),
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Abstract: In this perspective, we provide a brief background on the use of aromatic

phosphonic acid modifiers for tuning work functions of transparent conducting oxides, e.g.,

zinc oxide (ZnO) and indium tin oxide (ITO). We then introduce our preliminary results in

this area using conjugated phosphonic acid molecules, having a substantially larger range of

dipole moments than their un-conjugated analogues, leading to the tuning of ZnO and ITO

electrodes over a 2 eV range as derived from Kelvin probe measurements. We have found

that these work function changes are directly correlated to the magnitude and the direction of

the computationally derived molecular dipole of the conjugated phosphonic acids, leading to

the predictive power of computation to drive the synthesis of new and improved phosphonic

acid ligands.
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3.1 Introduction

The need for transparent conducting electrodes has increased proportionally to the grow-

ing development of consumer electronics such as flat panel displays,[92–96] solar cells,[12,

70, 71, 97, 98] lasers,[99–102] sensors,[103–106] and UV LEDs[107–110] to name a few. Fre-

quently, transparent conducting oxides (TCOs) are chosen to allow not only light transmis-

sion but also charge injection to and from the active layer of the device. As such, indium

tin oxide (ITO) and zinc oxide (ZnO) have been benchmark materials due to their high

optical transmittance and conductivity. However, conductivity and transparency are not

the only criteria for contacts in high performance devices, as the alignment of energy lev-

els between the electrodes and active materials is another crucial factor in obtaining high

efficiency.[16, 73, 74, 111] By correctly tuning the effective work function of a given oxide,

the charge transfer barrier at the oxide interface may be greatly reduced. Additionally, this

interface requires comparable surface energies between the electrode and the active material

to prevent delamination, improve film quality, promote enhanced contact, and limit other

defects that lead to device instability.[112–115]

Few methods have been used to modify energy levels of transparent conducting oxides

to improve their performance in devices. Especially for ZnO, doping has been explored to

shift work function, with gallium- (GZO) and aluminum- (AZO) doped oxides being the

most common. While substitutional dopants are successful in tuning the work function of

ZnO and result in increased conductivity, the range of electronic properties is limited by the

extremes of the dopant concentration.[19]

In this context, small molecule surface modifiers have been widely employed for tuning

the work function, surface energy, and wettability of transparent electrodes over a wide

span.[33, 49, 81, 83, 116–122] Of the most common TCO modifiers (silanes, carboxylic acids,

thiols, and phosphonic acids), phosphonic acids have demonstrated promise as they bind

effectively and densely via multidentate attachment to metal oxides using simple processing

conditions and cause minimal etching, whereas other molecular surface modifiers show weaker
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binding or may damage the oxide surface.[44, 123] The main advantage of phosphonic acids

as surface modifiers is that the molecular dipole normal to the surface can tune the electrode

work function in either direction as determined by the aromatic group.[82, 124] For example,

depending on the nature of the electron withdrawing or electron donating substituents of

the surface modifier, the molecular dipole can move the effective work function of the oxide

toward either higher or lower energy with respect to vacuum level. To date, benzylphosphonic

acids as surface modifiers have shown effectiveness in terms of work function shifts of 1 eV

for ITO and ZnO depending on the nature of the molecular dipole.[16, 50, 74, 77, 124] As

these molecules are applied with monolayer coverage, phosphonic acid modification does

not alter the optical or bulk electrical characteristics of the modified oxides. Furthermore,

phosphonic acids have been shown to passivate interstitial zinc defects on the surface of

solution processed ZnO, leading to greater stability.[15]

We have recently reported on the preparation of simple conjugated phosphonic acids

and the importance of the conjugated vinyl linkage between the phosphonic acid binding

site and the aromatic ring. The vinyl linkage allows for enhanced electronic communication

between the acid binding group and the “functionalized” aromatic ring by delocalization

of the π electrons, leading to increased dipoles that in turn greatly affect the electrode

work function. We have shown the significance of this conjugated linkage with respect to

a saturated bond in terms of the magnitude of the work function change in ZnO leading

to an improvement in solar cell device performance.[125] Our aim in this perspective is

to introduce how gas-phase molecular dipole calculations can lead to the design of novel

conjugated phosphonic acids that are effective in tuning the work functions of both ZnO and

ITO through a range of 2 eV. In this work, we present a series of conjugated phosphonic

acids, their quantum mechanically calculated gas phase dipoles, and the relationship between

molecular dipole and work function change of the metal oxide electrode as determined by

Kelvin probe measurements.
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3.2 Results and Discussion

Gas-Phase Dipole Computational Calculations. It has been shown in previous work that

the work function of an idealized ITO surface is shifted linearly with the gas-phase dipole

moment of the molecular modifier.[81, 126] We have performed theoretical calculations of

gas-phase dipoles on seven novel phosphonic acids (the structures are given in Figure 3.1) to

be correlated with the work function change of the electrode surfaces. Dipole moments were

calculated using the Amsterdam Density Functional Package (ADF) version 2014.01,[127,

128] with all calculations being performed spin-unpolarized in the gas phase. A conformer

search was conducted to find the lowest-energy conformation of each molecule using the

RDKit package. Initial geometry optimizations were done on all conformers within the lowest

5 kcal/mol for each conjugated phosphonic acid with a nonrelativistic all-electron double-ζ

singly polarized (DZP) basis set and the Vosko, Wilk, and Nusair parametrized local density

approximation (LDA) functional.[129] Single-point calculations were run on all geometries in

the lowest 1 kcal/mol using a triple-ζ singly polarized (TZP) basis set and the Becke-3-Lee-

Yang-Parr functional (B3LYP) with 20% Hartree-Fock exchange.[130] The dipole moments

for the lowest-energy structures are reported here. The magnitude of the dipole moment was

calculated along the phosphorus-carbon bond (henceforth the z-axis) for each molecule as this

is the approximate orientation of the ligand perpendicular to the surface. Fourier transform

infrared spectroscopy has shown that the conjugated 2FPA binds to ZnO by a combination

of bidentate and tridentate configurations, which imply the approximate phosphonic acid

orientation that we have selected for our dipole calculations.[125]

The computational normal-component dipole moments are reported in Table 3.1 and

plotted in Figure 3.2. Looking first at the very well studied (2,6-difluorobenzyl)phosphonic

acid (oF2BPA) presented the lowest dipole value of the ortho-2,6- difluoro-type phosphonic

acids at 0.97 D. The variance in dipole moment in this series of related molecules is due in

part to the conjugation and geometry of each molecule. The conjugated molecule, 2FPA, is

forced into a perpendicular orientation relative to the surface due to the restriction of the
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Figure 3.1: Chemical structures of the seven novel phosphonic acids.

double bond, as shown in Figure 3.3. The planar and conjugated configuration of 2FPA

orients and electronically connects the active 2,6-difluoro aromatic ring with the carbon-

phosphonic acid binding site, thereby increasing the magnitude of the dipole normal to the

surface (see Figure 3.4 for the gas-phase dipole vectors). While the same fluorinated aromatic

ring on nc2FPA is still normal to the surface, the ring is electronically decoupled from the

carbon-phosphonic acid binding group, thus decreasing the magnitude of the dipole in the

normal direction. For oF2BPA, not only is the linkage between the aromatic ring and binding

site unconjugated, the aromatic ring is also bent even further away from the linear geometry

at an angle of 114° from the surface. Thus, the deviation from planarity and disruption of

conjugation decreases the magnitude of the dipole perpendicular to the surface through this

series of molecules.

Further, the dipole moment values of (E)-(3-methylstyryl)- phosphonic acid (3TPA) and

(E)-styrylphosphonic acid (PPA) are lower compared to those of 2FPA but greater than

the dipoles of its phenylethyl and benzyl analogues. (E)-(4- methoxystyryl)phosphonic acid

(AnPA) has an even greater dipole moment of 3.18 D, largely due to the para-methoxy

group on the aromatic ring. Alternatively, (E)-(4-(trifluoromethyl)- styryl)phosphonic acid

(CF3PA) resulted in a molecular dipole of -1.26 D, toward the surface, due to the placement

of the electronegative trifluoromethyl group in the para position on the benzene ring. The
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Table 3.1: Average Measured Work Function Changes with Respect to Unmodified ITO and
ZnO for the Novel Conjugated Phosphonic Acids. The dipole moment is calculated along
the z-axis.

phosphonic acid ∆φITO (eV) ∆φZnO (eV) µz (Debye)

AnPA +0.63±0.08 +0.27±0.14 3.18
2FPA +0.99±0.08 +0.82±0.09 3.06
3TPA +0.40±0.07 +0.39±0.01 2.48
PPA +0.33±0.03 +0.27±0.04 2.09

nc2FPA +0.98±0.09 +0.61±0.15 1.79
oF2BPA +0.48±0.07 +0.31±0.17 0.97
CF3PA -0.80±0.15 -1.12±0.27 -1.26
2CVPA -0.32±0.02 -0.45±0.12 -1.55

Figure 3.2: Values of the magnitude of the dipole moments along the phosphorus-carbon
bond of phosphonic acids versus the work function change of modified ZnO (black squares)
and ITO (red circles) with respect to unmodified oxides. Hollow points indicate unconjugated
molecules, which have been excluded from the linear fits.
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Figure 3.3: Quantum mechanically calculated geometries of oF2BPA, nc2FPA, and 2FPA.

dicyanovinyl ligand of (E)-(4-(2,2- dicyanovinyl)styryl)phosphonic acid (2CVPA) allowed for

the most extreme negative dipole moment at -1.55 D.

Synthesis. The molecular modifiers were prepared based on the results of the molec-

ular dipole calculations above. Synthetic details for the chemical synthesis of seven novel

conjugated phosphonic acids are given in the Supporting Information, while the chemical

structures and a general outline of the synthetic methodology are shown in Figure 3.5. We

have applied an uncommon protocol of the Heck coupling of commercially available aromatic

halides with vinyldiethylphosphonate using Herrmann’s palladacycle to generate a trans con-

jugated bond between the aromatic group and the phosphonic ester. In this process, the

Heck coupling provides milder conditions with a higher tolerance to other functional groups,

as well as higher yields as compared to the Arbuzov reaction for generating benzylphospho-

nic acids. Next, conversion of the esters to the target phosphonic acids was achieved by

sequential treatment of the phosphonic esters with trimethylsilyl bromide/potassium iodide

(TMSBr/KI) and water/methanol (H2O/MeOH) at room temperature.[131] The compounds

were obtained as white solids with yields greater than 40%, and their structures were con-

firmed with NMR spectroscopy (1H and 13C).

For only the saturated nc2FPA molecule, we applied a subsequent hydrogenation proce-

dure with triethylsilane (TES) over a palladium on carbon (Pd/C) catalyst under ambient
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Figure 3.4: Gas-phase dipole vectors using the phosphorus atom as the origin for 2FPA,
nc2FPA, oF2BPA, PPA, 3TPA, AnPA, CF3PA, and 2CVPA (left to right, top to bottom).

Figure 3.5: General Synthetic Pathway for Preparing the Conjugated Phosphonic Acids
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conditions to reduce the vinyl to an ethyl bridge, forming the saturated phosphonic ester

intermediate that was then converted to the acid.[125] Additionally, a Knoevenagel conden-

sation reaction between malononitrile and the aldehyde group of (4- formylstyryl)phosphonic

acid was performed in water without any base catalyst to afford 2CVPA in a quantitative

yield.[132]

Sample Preparation. The 1 in. x 1 in. glass substrates, patterned with ITO (Thin

Film Devices) or unpatterned (Colorado Concepts), were cleaned by 15 minutes sonicating

in each acetone then isopropanol. This was followed by 15 minutes of UV-O3 cleaning in a

Jelight Company, Inc. model 42. ZnO was deposited on top of ITO from a 1.1M diethyl zinc

precursor (Sigma-Aldrich) in (1:2) toluene with anhydrous tetrahydrofuran (Sigma-Aldrich)

by spin-casting in air at 6000 rpm for 60 seconds. The ZnO samples were then annealed in

air at 120 °C for 10 minutes. 10 mM MeOH solutions of phosphonic acids were spin-cast on

the ITO/glass and ZnO/ITO/glass substrates in air at 2000 rpm for 60 seconds, followed by

annealing in air at 120 °C for 10 minutes. Finally, the samples were rinsed with methanol

and blown dry with nitrogen, and annealed again at 120 °C for 10 minutes.

Kelvin Probe Measurements. Kelvin probe measurements were performed at ambient

conditions on ITO and ZnO on ITO, each treated with the novel phosphonic acids in order to

investigate the work function change with respect to untreated ITO and ZnO/ITO controls.

Both patterned and unpatterned ITO substrates were used, and samples were prepared as

described above. Measurements were performed using a KPTechnology SKP/SVP/LE 450

system, calibrated with Al and Au reference samples in air. Work function measurements

have been calculated as the average change from ITO and ZnO/ITO control samples for the

two types of ITO substrates, calculated from twenty data points for each sample. Relative

work function values are given in Table 3.1.

At first glance, we observed two extremes of the ZnO work function change: a decrease

of 0.82 eV induced by 2FPA, and an increase of 1.12 eV by CF3PA, thus leading total

relative change in the work function of 1.94 eV for ZnO. Similar effects were observed for
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ITO modified with the same phosphonic acids, resulting in a total work function change in a

range of 1.79 eV. 2FPA, which resulted in the second largest calculated normal dipole moment

(only 0.12 D lower than AnPA), corresponds to the largest work function shift in the positive

direction on both ITO and ZnO. Compared to the un-conjugated nc2FPA and oF2BPA,

2FPA shows a larger decrease of the work function of ZnO as the vinyl conjugated linker

is suspected to contribute in the electronic communication between the aromatic ring and

the phosphonic acid functional group. On ITO, 2FPA again outperforms its un-conjugated

counterparts, though trivially compared to nc2FPA. This indicates that binding morphology

may vary not only between acid types and linkages, but also between oxides modified with

the same molecule. PPA and 3TPA result in intermediate work functions relative to 2FPA

due to their smaller dipole moments.

The gas-phase dipole moments of the conjugated molecules are plotted versus the average

measured change in work function for modified ITO and ZnO in Figure 3.2. Immediately

apparent is that the changes in work function of both ZnO and ITO largely correlate with

the magnitude and direction of the gas-phase dipole moments of the surface modifiers. The

linear fit data has a slope of 0.28 eV/D for ITO and 0.29 eV/D for ZnO, with R2 values

of 0.87 and 0.81, respectively. While the data generally follow this trend, the scatter from

these lines is also noteworthy.

Unconjugated oF2BPA and nc2FPA are shown in Figure 3.2 but have been omitted from

the fit as the difference in linkage results in a change in the bond dipole, and therefore, we

expect deviation from the conjugated molecular dipole versus work function trend. Still a

concern for the conjugated molecules is that the change in work function of phosphonic-

acid-modified metal oxides has been shown to vary with binding mode of the modifier.[43]

Therefore, the attachment geometry of these molecules plays a role for which we cannot ac-

count in this graph. Furthermore, the aromatic groups of the phosphonic acids can influence

the work function beyond just the dipole contribution. 2CVPA, having the largest negative

molecular dipole, increased the ZnO and ITO work functions by only 0.45 and 0.32 eV, re-
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spectively, less than half of the work function shifts produced by the smaller dipole CF3PA.

This may be caused by non-normal orientation of the dicyanovinyl ligand in 2CVPA as it

is much larger compared to CF3PA. Another possibility that would also explain why AnPA

similarly underperformed in altering the work function of ZnO and ITO compared to its cal-

culated dipole moment is the more hydrophilic nature of these ligands. As the oxide surfaces

are hydrophilic in nature, water can be easily absorbed on the surface, leading to changes in

optoelectronic properties. Having a more hydrophobic ligand containing fluoro groups and

no oxygen atoms may minimize water absorption on the surface, while hydrophilic ligands

like 2CVPA and AnPA may be less effective barriers.[33] If we remove the outlying 2CVPA

and AnPA from our fit, the slope and R2 values increase to 0.37 eV/D and 0.95 for ITO and

0.43 eV/D and 0.99 for ZnO, respectively. This indicates that the slopes shown in Figure 3.2

may be somewhat shallow.

Despite these other factors for modifying electrical properties, our results demonstrate

that the calculation of the normal incidence gas-phase dipole moment is a reasonably good

predictor of the effect of a conjugated phosphonic acid on the work function of transparent

metal oxides and allows for relevant design of dipolar modifiers through simulation. Our

rate of change in work function is not only consistent between the oxides studied here but

is also comparable to values derived from theoretical calculations and UPS measurements

of phosphonic acids on GZO[49] and ITO.[74, 81] Other studies differ more widely from our

results, with our slope being somewhat higher than that shown by Khodabakhsh et al. for

ITO modified with various chlorinated dipolar molecules[133] and somewhat lower than the

theory of phosphonic acids on ZnO.[43] The dipole moments in these previous studies were

calculated for monolayers bonded to the surface rather than for free molecules as in our

case. We suspect that any mismatch in slope from these previous findings arises from either

discrepancy in calculation of the molecular dipole moment or the difference in measurement

technique.
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As this study is limited to gas-phase dipole moments of phosphonic acids, linear offset

of our fit from the origin may be attributed to the interfacial dipole formed by charge redis-

tribution due to the surface bond. This offset is greater for ZnO than ITO, suggesting a

difference in strength of the bond dipole on these substrates. Future work including the

calculation of dipoles for ligands attached to surfaces may elucidate this variation in results.

3.3 Summary and Future Outlook

We have developed and studied conjugated phosphonic acids that are effective in tuning

the work function of ZnO and ITO over a range of nearly 2 eV. We have also shown that

our calculated gas-phase dipole moments correlate well with the experimentally measured

work function changes. We expect that the reliability of dipole moment calculations in pre-

dicting work function modification, in conjunction with our new synthetic methodology, will

lead to additional conjugated phosphonic acid groups with different electron-donating and -

withdrawing ligands. In organic photovoltaics, the development and implementation of these

materials will increase the versatility of electrode materials via work function modification,

allowing any TCO to work as a contact for a variety of active layer species. This fine-tuning

of work functions enables maximization of the open-circuit voltage of organic solar cells by

optimizing interfacial energy alignment. Additionally, these materials will benefit other or-

ganic electronic devices in a similar manner, where quasi-Fermi level matching has improved

built-in voltage and injection efficiency.

In the future, it is important to pursue modeling of these molecules on a variety of sub-

strate materials to understand the influence of interfacial dipoles on not only work function

but also other properties of the modified oxides as benzyl phosphonic acids have been shown

to alter the defect structure and surface states of ZnO. More specifically, the bonding and

orientation of these molecules on various surfaces should be studied to determine a more

accurate picture of the roles of molecular and bond dipoles in work function tuning. Fur-

thermore, simulations may shed some light on how modified TCOs interact with the active

layer and influence device characteristics such as open-circuit voltage, device stability, and
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short-circuit current. The latter is particularly interesting due to the poor conductivity of

these molecules above monolayer coverage.

Still, this methodology for production has already proven useful in anticipating the change

in the work function of TCOs as a function of the dipole of the molecular modifier. The

novel conjugated phosphonic acids presented are a marked improvement over traditional

benzyl phosphonic acids because of the larger dipole moments for conjugated molecules

using the same aromatic group, as well as enhanced electronic interaction with the TCO

via the double-bonded linkage. The simple synthesis and predictive dipole correlation make

conjugated phosphonic acid modification a straightforward approach to bettering TCOs for

use in organic electronics.
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CHAPTER 4

CROSS-SECTIONAL SCANNING KELVIN PROBE MICROSCOPY OF ORGANIC

BULK HETEROJUNCTION SOLAR CELLS

Jennifer L. Braid1,2, Nikos Kopidakis2, Reuben T. Collins1, Sanjini U. Nanayakkara2

Attributions: This manuscript was written by JLB, who also fabricated OPV devices

and measured J-V characteristics. SUN cleaved and mounted devices for X-SKPM measure-

ment. JLB and SUN performed X-SKPM in nitrogen. JLB performed X-SKPM in air, and

processed all X-SKPM data. Bobby To provided SEM images of device cross-sections.

Abstract: Cross-sectional scanning Kelvin probe microscopy (X-SKPM) has become a

valuable tool for studying the fundamental operation mechanisms of many types of solar

cells, including organic bulk heterojunction solar cells. However, more information on the

effects of device structure and measurement environment on the electric field distribution is

needed to better interpret X-SKPM results and understand device mechanics. Here we show

that oxygen p-doping of the bulk heterojunction greatly affects the potential distribution in

organic solar cells, and that organic photovoltaics are highly susceptible to surface effects

during ambient measurement. We also explore the effect of modulating the cathode work

function on the potential distribution of devices. The decrease of cathode work function is

shown to extend the electric field in the active layer, correlating with an improvement in

device short circuit current and efficiency.

4.1 Introduction

Organic photovoltaic (OPV) devices made a major leap in efficiency with the introduc-

tion of the bulk heterojunction (BHJ) active layer, in which electron donor and acceptor

materials are mixed to form a network of polymer/fullerene interfaces for efficient charge

1Department of Physics, Colorado School of Mines, Golden, Colorado, 80401, USA
2National Renewable Energy Laboratory, Golden, Colorado 80401, USA
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carrier separation and extraction. Modeling of the electric potential in a BHJ OPV device

has indicated a linear variation in potential and a constant electric field across the active

layer, generally following metal-insulator-metal (MIM) device behavior.[53, 134, 135] In the

MIM model, the linear potential sweeps photogenerated charge carriers out of the device to

be collected at the contacts, though the Schottky model and other theories suggest charge

extraction by diffusion rather than field induced drift.[55]

Until recently, indirect methods such as time-of-flight measurements[57] and light in-

tensity varying photocurrent measurements[58, 59] have been used to determine the spatial

extent of the electric potential in BHJ OPV devices. Many of these studies, including

impedance spectroscopy,[60, 61] have been taken as evidence for a large field-free region

within the active layer, leading to the conclusion that the electric field is isolated at the

contact interfaces which exhibit Schottky barrier behavior. In this view, charge transport in

the BHJ is dominated by diffusion, rather than drift. However, all of these methods require

model-dependent interpretation of the data to extract a potential distribution, rather than

direct observation.

Cross-sectional scanning Kelvin probe microscopy (X-SKPM) offers direct measurement

of the potential distribution within the device structure. This tapping mode atomic force

microscope (AFM) technique is sensitive to topography and differences in local work function

across the sample, allowing both to be mapped in registry and providing a contact potential

difference map of the device cross-section. The few prior X-SKPM studies of BHJ OPVs

that have been reported are not in complete agreement on the potential distribution across

BHJ devices.

Standard architecture devices, illuminated through the device anode, have shown non-

linear potential across the BHJ under X-SKPM investigation.[51, 52, 54, 66, 67] Specifically,

all of these studies reveal two regions of slope in potential: a near-zero field region through

the bulk of the BHJ, and a sharp increase in potential in a small region near the cathode.

This is indicative of Schottky junction behavior at the BHJ/cathode interface, rather than
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the expected MIM or expanded p-n junction behavior across the BHJ. However, p-n junction

behavior may also fit this potential distribution if the BHJ could be n-doped by electron

injection from the cathode, creating a p-n junction between the differently doped regions

of the active layer.[52] A bilayer standard architecture device shows the same behavior in

potential though, and a charge transport barrier at the cathode is said to cause both this

potential distribution as well as s-shaped J-V curves.[136]

Inverted architecture devices have been less studied, but an inverted bilayer device showed

a sharp drop in potential at the donor/acceptor interface where these materials act as a p-n

junction.[67] In an inverted BHJ device, the potential has been shown to behave linearly

in the active layer.[66] This difference from the standard device was attributed to a lack of

injection barriers between the BHJ and contact materials.

Previous X-SKPM studies of OPV devices have failed to address the rapid degradation

of device characteristics catalyzed by biasing of the device in the presence of oxygen, and the

effect of this degradation on the potential distribution in the device, despite many performing

X-SKPM in air. BHJ OPV devices have been shown to degrade via p-doping of the BHJ by

the formation of immobilized superoxide anions and mobile holes (reversible with annealing)

and carboxylic and carbonyl groups with P3HT (irreversible).[60] In addition to changing

the potential distribution within the device, oxygen doping reduces current and fill factor

in devices.[137] Strong p-doping of the active layer results in p-n junction behavior at a

semiconductor cathode, or Schottky junction behavior with a metal cathode. The effect on

the potential distribution would be a near-zero slope through the majority of the active layer

and a sharp change in potential at the BHJ/cathode interface.[60] This is very similar to

the two region potential distribution seen in previously published X-SKPM studies of OPV

BHJ devices.

In this study, we prove that the Schottky type of potential distribution is indeed affected

by oxygen doping of the active layer in standard architecture devices. Furthermore we show

that X-SKPM in air causes other complications when performed on an inverted architecture
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BHJ OPV device incorporating zinc oxide (ZnO) and molybdenum oxide (MoOx) interlayers.

The effects of surface hydroxides on the work functions of these materials cause variations

in ambient X-SKPM profiles, yielding potential distributions that do not reflect bulk device

operation. The effect of varying the work function of metal oxide contacts on the potential

distribution is also demonstrated by X-SKPM of inverted devices incorporating molecular

dipoles to modulate the work function of ZnO.

Molecular dipole modification of the ZnO electron transport layer has been shown in

several studies to increase some combination of the short circuit current, fill factor, and

open circuit voltage of organic bulk heterojunction devices.[15, 16, 36, 40] Small molecules

with correct dipole strength and orientation applied to the ZnO surface create a monolayer

to shift the effective work function of the oxide to improve compatibility with the electron

transport level of the active layer material. Recently, we have reported on a novel type

of molecule for contact modification, conjugated phosphonic acids, which have very large

dipole moments and can shift the effective work function of ZnO through a range of 2 eV by

way of the double-bonded linkage between the attachment and aromatic groups,[138] shown

here in Chapter 3. In Chapter 2, modification of ZnO in an inverted device structure with

oF2PVPA conjugated phosphonic acid increased device efficiency by 12% compared to the

unmodified device.[125] ZnO modification was predicted to improve device performance by

boosting the open circuit voltage. Better electron transport level matching between ZnO

and the active layer decreases energy loss at this interface, increasing the built-in voltage

in the device. While this effect only slightly raised the open circuit voltage, improvements

to the short circuit current and fill factor also contributed to the increase in efficiency.

Here we provide a direct measurement of the potential distribution on cross-sections of

unmodified, beneficially modified, and detrimentally modified organic bulk heterojunction

devices, revealing the mechanics of device performance and improvement associated with

molecular modification of the electron transport layer.
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4.2 Experimental Methods

Device processing & characterization. Devices were built on glass substrates patterned

with approximately 265 nm of ITO with sheet resistance 10 Ω/sq (Thin Film Devices).

Substrates are sonicated in acetone and then isopropanol for 15 min each, followed by 5 min

in a 100 °C oven and 15 min in a UV-ozone cleaner (Jelight Company, Inc.).

Substrates for standard architecture devices are spin-coated with PEDOT:PSS (Baytron

P VP Al 4083) at 6000 rpm for 60 s and annealing at 140 °C in air for 10 min. Next,

34 mg/mL total solids 1:1 by weight P3HT:ICBA (BASF and Plextronics, respectively) in

dichlorobenzene is spin-coated in a nitrogen environment at 500 rpm for 30 s. The active

layer is allowed to dry before annealing at 150 °C. Finally, the Al contact is evaporated at a

rate of .5 Angstroms/s at a base pressure of 10-7 Torr.

For inverted devices, substrates are spin-coated with a 1:2 diethyl zinc solution in tetrahy-

drofuran (both Sigma-Aldrich) at 2000 rpm for 60 s. The sample is annealed in air at 140

°C for 10 minutes to form zinc oxide. Conjugated phosphonic acids were spin-coated at 2000

rpm for 60 s from 10 mM solutions in methanol, followed by a methanol rinse, blowing dry

with nitrogen, and 140 °C anneal for 5 min in air. P3HT:ICBA is applied and treated as for

the standard device. 10 nm of MoOx (Strem Chemicals) is evaporated at .1 Angstroms/s,

followed by 50 nm of Ag at .5 Angstroms/s at a base pressure of 10-7 Torr.

J-V characteristics of whole devices were measured using a home-built solar simulator

in a nitrogen purged glove box, with Oriel Sol3A illumination calibrated to 1 sun with a

KG5-filtered mono-Si reference cell. Device area is 0.1 cm2, but was masked to 0.06 cm2

during measurement. Partial devices were measured in a like solar simulator system in air

after X-SKPM investigation of the cross-section in nitrogen or air. Bias was applied between

-2 and +2 V, incremented by 0.01 V.

X-SKPM preparation & measurement. Devices were cleaved in nitrogen to expose the

cross-section of the solar cell. Samples were scribed outside the device area to direct breakage.

Glass pliers were used to break the sample by tension across the device area to expose all
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layers of the working device. Devices were then mounted on sample holders to present the

device cross-section perpendicular to the AFM tip. Devices were wired so the cathode was

grounded and a bias could be applied to the anode, regardless of standard or inverted device

architecture.

X-SKPM was performed on a Veeco 5000 AFM, housed in nitrogen, in tapping mode.

The Pt/Ir coated Si probe (Nanosensors PPP-EFM) has a cantilever resonant oscillation

of 50-70 kHz, used for topographic imaging, while the second resonant oscillation, 300-400

kHz, was used for potential measurement. Images were collected with pixel density 512

pixels/µm, at a scan rate of .2 Hz. Additional X-SKPM measurements were conducted with

a Park Instrument XE-70 AFM in air using BudgetSensors Multi75E-G Cr/Pt coated Si

probes with the first resonant frequency, 18 kHz, used for potential and the second resonant

frequency, 75 kHz, used for topography. Topography and potential profiles presented here

are the averages of 100 nm wide strips (50 pixels) of the device cross-section.

4.3 Results and Discussion

Standard architecture device. J-V characteristics for the standard architecture solar cell

of the structure ITO/PEDOT:PSS/P3HT:ICBA/Al are given in Table 4.1 and Figure 4.1.

Note that the As Fabricated device is a different device from the same substrate as the

following three measurements, which were all performed on the same device, and information

is presented for partial, cleaved devices. The two devices used had very similar device

characteristics before cleaving, which may be found in Appendix A. The J-V characteristics

listed here were obtained after each step of X-SKPM. Annealing the device at 140 °C for

10 minutes (before cleaving) improves the short circuit current, open circuit voltage, and fill

factor of the device. X-SKPM characterization of the device in air (which involves externally

biasing the device during air exposure) leads to reduction of the short circuit current of the

device. Further, these reductions are maintained during X-SKPM investigation of the device

in a nitrogen environment immediately following the ambient measurement.
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Table 4.1: Standard architecture device characteristics

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

As Fabricated 0.37 10.13 42.8 1.63
Annealed 0.48 11.30 49.0 2.65
Ambient 0.49 10.13 49.3 2.48

Post-Ambient 0.50 9.65 49.2 2.38

Figure 4.1: Applied voltage vs. current density for the standard architecture device. Solid
lines represent illuminated device characteristics, while dotted lines represent dark.
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X-SKPM of the standard architecture device shows a significant difference in the electric

potential distribution for the device before and after exposure to oxygen and applied bias.

Figure 4.2 shows the raw potential and electric field, as well as relative potential and electric

field distributions for the standard architecture device as annealed and after external biasing

in air. A variety of external biases were applied to each device, color-coded as shown for the

As Fabricated Potential measurement. This figure also includes topography for each cross-

sectional measurement, and scanning electron microscope (SEM) images of the two device

cross-sections. SEM agrees well with our layer thicknesses as determined by X-SKPM,

allowing the potential distribution to be plotted in registry with the layers making up the

device. It is also important to note that the variation in X-SKPM-measured topography

varies by less than 150 nm over each cross-sectional measurement. The devices measured

here by X-SKPM and SEM are the same devices whose characteristics are shown above in

Table 4.1 and Figure 4.1. Only the Ambient measurement was performed in an open-air

AFM, while the rest of the measurements were performed in an AFM housed in a nitrogen

glove box.

The As Fabricated device, measured in a nitrogen ambient, shows a relatively uniform

electric field throughout its active layer. This uniform field is maintained even after annealing

the device. The raw potential is very asymmetric between reverse and forward bias in both of

these measurements, with forward bias being the normal device operating condition. The raw

electric field has a negative value in the active layer for all of the biases applied. The relative

electric field, obtained by first derivative of the relative potential, shows the difference in

device behavior under forward and reverse biases more clearly, with a nearly field-free active

layer and a peak at the device cathode under forward bias for both the As Fabricated and

Annealed measurements.

The raw potential distribution changes greatly upon biasing in air. There is a large

negative electric field at the cathode, occurring in both the Ambient and Post-Ambient mea-

surements, as well as a field-free region in the BHJ and through the PEDOT:PSS interface.
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The relative potential and electric field show symmetric responses under forward and reverse

applied bias, though the field is located only at the cathode in both cases. While the magni-

tude of the electric field changes between the Ambient and Post-Ambient measurements, the

shape and location of the field are essentially the same, verifying that our air- and nitrogen-

housed measurement systems are at least qualitatively equivalent. The difference in electric

field magnitude likely originates from the attachment of surface hydrogen or hydroxides to

the aluminum surface during Ambient measurement. Attachment of hydroxides or hydro-

gen increases the work function of a material, causing a greater change in potential at the

BHJ/Al interface and therefore a larger electric field magnitude, as we see here. The location

and shape of the electric field in the BHJ and the rest of the device are unaffected by these

species.

The electric potential seen in our As Fabricated and Annealed measurements is very close

to the linear distribution expected for BHJ devices. There is a negative electric field across

the entire active layer under operating conditions for these measurements, which aids in the

extraction of charge carriers. The asymmetry in potential distribution between forward and

reverse bias indicates that our electron and hole transport layers have good selectivity for

the intended charges.

Biasing the device in air during Ambient measurement results in a very different potential

distribution due to oxygen p-doping of the active layer. Oxygen p-dopes P3HT, creating a

more Schottky-like junction between the BHJ and Al. The effect on the potential distribution

is a field-free region extending approximately halfway through the p-type active layer, and

a high field region near the n-type cathode.

Device characteristics agree with our SKPM results. The As Fabricated and Annealed

cross-sections showing good field extension have higher efficiencies due to the charge extrac-

tion aided by the electric field through the BHJ. The increased carrier extraction leads to

a higher short circuit current than in the Ambient and Post-Ambient device measurements

where there is a large field-free region in the active layer.
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Figure 4.2: X-SKPM results for the standard architecture device. Colors correspond to the
bias applied across the device.
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Inverted architecture device. Device characteristics are given in Table 4.2 and Figure 4.3

for inverted devices of the structure ITO/ZnO/P3HT:ICBA/MoOx/Ag. Note that again

the As Fabricated device is a different device from the same sample as the device used

for the other X-SKPM and efficiency measurements, and these devices began with similar

performance. (See Appendix A.) The inverted device underwent the same steps for obtaining

J-V characteristics and X-SKPM as the standard architecture device.

In contrast to the Standard Architecture devices, annealing the inverted device structure

decreases its efficiency compared to the As Fabricated state, probably due to adverse effects

of heating the MoOx layer. Again we see that short circuit current, open circuit voltage,

and efficiency are further reduced with biasing in the presence of oxygen for the Ambient

measurement. After Post-Ambient X-SKPM measurement, the device characteristics were

unchanged; hence bulk device operation did not change during measurement in the nitrogen

environment.

Table 4.2: Inverted architecture device characteristics

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

As Fabricated 0.82 8.80 44.1 3.19
Annealed 0.69 6.56 50.8 2.30
Ambient 0.66 5.75 47.6 1.81

Post-Ambient 0.67 5.73 47.6 1.82

The X-SKPM behavior of the inverted device in Figure 4.4 is much more complex than

the standard architecture due to the oxide transport layers in this structure. As Fabricated,

the device shows a positive electric field throughout the active layer at reverse bias, and

a negative field through approximately half of the active layer in forward bias (operating

condition). The raw potential and electric field reveal asymmetric behavior between forward

and reverse applied biases, showing a slight positive built-in electric field under short circuit

conditions. Annealing increases the electric field magnitude and symmetry between forward

and reverse bias in the region of the BHJ near the anode, giving a slight negative electric
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Figure 4.3: Applied voltage vs. current density for the inverted architecture device. Solid
lines represent illuminated device characteristics, while dotted lines represent dark.

field across the entirety of the active layer in forward bias.

Biasing the device in air during Ambient measurement gives a similar result as in the

standard device: the electric field is localized to the ZnO/BHJ interface, and a field-free

region appears in the BHJ near the anode. The electric field magnitude also becomes much

more symmetric between forward and reverse bias in this condition. However, the Post-

Ambient X-SKPM measurement does not agree with the Ambient measurement as it did for

the standard architecture device. Rather, the electric field in the Post-Ambient measurement

extends throughout the BHJ, with greater magnitude near the anode and more symmetry

between forward and reverse bias than even the As Fabricated or Annealed measurements.

The potential distribution in our As Fabricated measurement of the inverted device is

not as close to the expected linear distribution as we found for the standard architecture

device. The decrease in electric field in the region of the BHJ near the active layer points

to p-doping. However, the active layer has not been exposed to air at this point, so this

doping must not originate from oxygen p-doping of P3HT as we explored earlier. Instead, the

very high work function of as-deposited MoOx may cause contact-induced p-doping of the
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Figure 4.4: X-SKPM results for the inverted architecture device. Colors correspond to the
bias applied across the device.
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active layer.[139] When the positive integer charge transfer state of the bulk heterojunction

is mismatched with the work function of the hole transport layer, electrons flow from the

bulk heterojunction to the oxide, effectively p-doping the active layer of the device.[140]

Slight p-doping of the active layer would cause the diminished electric field in the BHJ near

the anode and the larger field at the ZnO/BHJ interface where a p-n junction would occur

between these materials.

Annealing the device at our selected temperature of 140 °C drives excess oxygen out of

both the zinc oxide layer and the bulk heterojunction. However, the device has been exposed

to air briefly during J-V measurement before the anneal, and this temperature is not high

enough to reverse the effect on the work function of MoOx. Air exposure reduces the work

function of MoOx by up to 0.8 eV,[139] which not only negates the contact-induced doping

of the active layer, but also decreases the built-in voltage in the device. A reduction in the

built-in voltage decreases the open circuit voltage and short circuit current of the device,

consistent with the measured device characteristics for the Annealed solar cell. Reduction of

contact-induced doping from MoOx also agrees with the potential distribution, as the electric

field in the BHJ near the HTL has a greater magnitude in the Annealed measurement.

Measuring the device in Ambient conditions introduces oxygen into the BHJ, MoOx, and

ZnO layers. Oxygen exposure causes p-doping of the active layer, as shown in the standard

architecture device. Additionally, increasing the oxygen content of ZnO decreases the charge

carrier concentration and increases the resistivity of the material.[141] Surface adsorption

of hydroxides and hydrogen on ZnO also depletes the surface of electrons and increases the

effective work function.[142, 143] In our Ambient X-SKPM measurement, the large electric

field at the ZnO/BHJ interface is reflective of the high effective work function ZnO with

adsorbed hydroxides. Furthermore, the field-free region in the active layer near MoOx is

characteristic of oxygen p-doping of P3HT.

Returning the device to the nitrogen system highlights the surface effects on zinc oxide.

Time-dependent desorption of surface hydrogen and hydroxide from ZnO in a nitrogen envi-
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ronment reduces its effective work function over the course of a few hours (within the time

scale of our experiment).[144] So in the inverted device, the extension of the electric field

across the active layer seems to be almost entirely dependent on the work function of the

electron transport layer, ZnO. The effective work function of ZnO is low when the device is

in the nitrogen system, and high only while in the ambient AFM. Because this is a surface

effect on the exposed cross-section only, the bulk of the device is not affected, and device

characteristics remain the same for the Ambient and Post-Ambient measurements. However,

this greatly affects the X-SKPM measurements, since the technique directly measures the

work function predominantly along the surface of the cross-section. Therefore, we attribute

the change in potential distribution between Ambient and Post-Ambient X-SKPM to a shift

in the surface work function of ZnO due to hydroxides which absorb on the ZnO surface upon

exposure to air. This is further supported by X-SKPM of phosphonic acid modified inverted

devices below, where modulating the work function of ZnO by modification with molecular

dipoles also changes the shape of the potential distribution. Additionally, the work function

of MoOx has been further reduced by air exposure during Ambient measurement, negating

the effects of contact-induced p-doping and increasing the field in the BHJ near the anode.

Modified inverted devices. As has been shown in our previous work, device characteristics

are improved by modification of ZnO with oF2PVPA. Figure 4.5 and Table 4.3 show device

characteristics for the unmodified, oF2PVPA modified, and pCF3PVPA modified inverted

devices after X-SKPM measurement (cleaved). Whole device characteristics are given in

Appendix A and do not change significantly with cleaving, but do change during X-SKPM

measurement in the glove box. All devices show a mild increase in open circuit voltage after

measurement, but the unmodified and pCF3PVPA modified devices show significant drops in

short circuit current and fill factor. Meanwhile the oF2PVPA modified device shows improved

short circuit current and significantly less impact on the fill factor compared to the other

devices. Reduced degradation of the phosphonic acid modified devices has been attributed

to passivation of interstitial Zn defects on the ZnO surface by the attached molecules.[15]
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When compared to the unmodified devices, oF2PVPA modification significantly improves

both short circuit current and fill factor, with minor improvement to the open circuit volt-

age as well. pCF3PVPA, on the other hand, has a dipole moment pointing toward the oxide

surface that increases the effective work function of the oxide and drastically reduces de-

vice performance. The VOC, JSC, FF, and PCE of the pCF3PVPA modified device are all

significantly reduced compared to the unmodicied device.

Table 4.3: Modified device characteristics

∆φZnO (eV) [138] VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Unmodified - 0.82 8.80 44.1 3.19
oF2PVPA +0.82 0.83 10.79 60.0 5.39

pCF3PVPA -1.12 0.20 0.49 22.0 0.02

Figure 4.5: Applied voltage vs. current density for the devices listed in Table 4.3. Solid lines
represent illuminated device characteristics, dotted lines represent dark. Inset are diagrams
of the conjugated phosphonic acids.

The raw potential distribution for the unmodified and modified devices, given in Fig-

ure 4.6, show strikingly different line shapes in both forward and reverse applied bias. The

unmodified device yields a sloping potential from the cathode into the active layer, with
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the electric field extending through the majority of the active layer in reverse bias. The

negative electric field in forward bias extends less than 70 nm through the active layer. The

oF2PVPA modified device shows slightly lower magnitude in field at the ZnO/active layer

interface, but increased magnitude and greater symmetry of the electric field throughout the

remainder of the active layer in forward and reverse bias. The pCF3PVPA modified device,

by contrast, has a much sharper transition from sloped to flat potential in the active layer,

and the electric field drops off much more quickly approximately halfway through the active

layer. Moreover, the electric field for this device is much more symmetric in field extension

between forward and reverse applied bias, unlike the unmodified and oF2PVPA-modified

devices.

The differences in potential distribution correlate well with the performance of these

devices. The unmodified device shows a reasonable short circuit current, indicating that

carriers are successfully swept out of the device. This is corroborated by good extension of the

electric field throughout the device with reverse applied bias (operating condition). oF2PVPA

modification improves both the short circuit current and fill factor of the device, which

imply more charge extraction and less recombination. Again, the electric field distribution

is consistent with this picture: the field is more uniform through the bulk of the active

layer in forward bias, leading to more charge extraction and less chance for recombination.

Furthermore, this device has slightly increased open circuit voltage, pointing to less voltage

loss at the modified contact. This is also reflected in the electric field, where a slightly lower

field magnitude is consistent with lower resistivity at the interface.

The charge density distributions within the modified devices, first derivatives of the

electric field distributions given in Figure 4.7, are also telling of device operation. The charge

density is a second derivative of the measured potential distribution, so there is significant

noise in this data. However, some clues about device operation may still be seen. In the

unmodified device, there is a clear barrier for charge extraction at the ZnO/P3HT:ICBA

interface, where in operating condition we see positive charges in the ZnO and negative
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Figure 4.6: SEM images, topography, and raw and relative potential and electric field distri-
butions for the unmodified and modified devices. Colors correspond to applied bias as listed
for potential distributions on the unmodified device.
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charges in the active layer. This barrier is reduced by oF2PVPA modification of ZnO, for

which we see a smaller buildup of charge on either side of the interface. For pCF3PVPA

modification, there is not simply more charge buildup at the interface. Rather, there appears

to be two separate positive/negative charge regions: one at the ZnO/P3HT:ICBA interface,

and a second a short distance into the BHJ. This may be caused by the very strong interfacial

dipole of pCF3PVPA opposing the natural work function difference of the interface, forming

an energetic barrier for electron extraction to ZnO.

Figure 4.7: Charge density in modified inverted devices. Color scheme follows that of Fig-
ure 4.6.

4.4 Conclusions

We have shown that the potential distribution in a standard architecture organic BHJ

device is greatly affected by biasing the device in air. In the As Fabricated and As Annealed

(maximum efficiency for this device structure) X-SKPM measurements, there exists a near-

uniform electric field extending throughout the active layer, aiding in the extraction of charge

carriers from the device. Exposure to oxygen causes bulk p-doping of the active layer, causing

a field-free region of the BHJ near the anode, and a large magnitude electric field at the

cathode/BHJ interface. This has been shown for an oxygen p-doped device measured both

in air and in a dry nitrogen system.

An inverted architecture device incorporating a ZnO electron transport layer and a MoOx

hole transport layer also exhibited a difference in the potential distribution upon air exposure,
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though we believe the influence of surface effects dominate the behavior of this device.

Specifically, ZnO is highly susceptible to adsorption of hydroxides on its surface, causing a

much greater effective work function for ZnO on the cross-sectional surface than in the bulk

of this device. This change in the ZnO work function manifested as a large electric field at

the cathode and a field-free region near the anode only for the device measured in air, as the

hydroxides desorb quickly in a dry nitrogen environment.[144]

We also have shown that an organic bulk heterojunction solar cell modified with oF2PVPA,

which has improved device characteristics over the unmodified version, shows an electric field

more uniform in magnitude across the entire active layer of the device. Furthermore, our

measurements indicate that there is a change in the space charge density within the BHJ as

a result of ZnO modification. Field extension reduces recombination and improves charge

extraction from the oF2PVPA modified device, which correlates well with the increase in JSC

compared to the unmodified device. Modification with a detrimental molecule, pCF3PVPA,

produces the opposite result, limiting the electric field to a smaller region of the active

layer near the pCF3PVPA modified ZnO, and showing increased resistivity at the cathode

interface.

The X-SKPM data we have presented here directly confirms both oxygen p-doping of

P3HT-based BHJs, and the effect of surface hydroxides on the work function of ZnO. Further-

more, this study emphasizes the necessity of performing X-SKPM in an inert environment,

as previous publications have failed to account for surface effects and active layer doping

in the investigation of potential distributions within organic BHJ devices. The correlation

of the potential distribution and modified device characteristics is helpful for understanding

the role of dipolar molecular modifiers in a broader context, and may influence new methods

of increasing device performance.
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CHAPTER 5

GENERAL CONCLUSIONS

Self-assembled monolayers of conjugated phosphonic acids on metal oxides cause large

changes in the effective work function without changing the bulk properties of the underlying

material. Consequently, these molecules are extremely useful for manipulating the charge

transport level of a material, which has been exploited here in organic photovoltaic devices.

Energy level tuning at a device interface improves charge collection from the bulk hetero-

junction, evidenced by increases in both short circuit current and electric field extension

within the device. Direct measurement of the potential distribution in organic photovoltaic

devices with X-SKPM was shown to be successful in an inert environment. In air, X-SKPM

demonstrated the susceptibility of organic solar cells to surface effects on oxide interlayers

and oxygen doping of the active layer.

5.1 Discussion and Impact

This work has been successful in advancing the path of dipolar modification of metal

oxides for efficiency enhancement in organic solar cells. Consequences of the effect are much

further reaching, as this technique may be applied to other device structures and materials,

such as Perovskite, quantum dot, or silicon solar cells, organic and inorganic LEDs, and

transistors. Because conjugated phosphonic acids bind to metal sites, these molecules may

be used on a variety of materials to influence the built-in voltage, charge injection/extraction,

and other properties of an electronic device that are influenced by contact work function.

Tuning the effective work function of the electron transport layer in a solar cell was

expected to increase the open circuit voltage of the device. While conjugated phosphonic

acids were effective in slightly raising the open circuit voltage of inverted bulk heterojunction

photovoltaics, short circuit current was also improved with modification. This indicated that
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the molecules may influence charge collection mechanics, which was investigated with cross-

sectional scanning Kelvin probe microscopy (X-SKPM).

The direct measurement of potential distribution in an operating solar cell with X-SKPM

sheds some light on the mechanism for efficiency improvement. Field extension in the active

layer corresponding to an increase in the short circuit current signifies that potential distri-

bution plays an important role in charge extraction in a solar cell. Specifically, expansion

of the electric field in the active layer points to drift-dominated carrier extraction, rather

than diffusion of charges to the contacts as often thought for organic photovoltaics. The

field-efficiency correlation also prompts development of other strategies for enhancing the

electric field in a device with the intention of improving charge separation and extraction.

Validation of the X-SKPM technique is a major step toward better understanding the

operation of organic photovoltaics. Direct measurement of the potential distribution within

a device provides the capability to test strategies for increasing the electric field in opera-

tional organic solar cells, as well as investigate the roles of various active layer, interlayer,

and electrode materials. X-SKPM is also applicable to photovoltaic devices of other materi-

als, depending on the prevalence of electronic defects that may influence the effective work

function of the cross-sectional surface. The technique has already been used on quantum

dot and Perovskite solar cells, as well as other electronic devices such as FETs and OLEDs.

While power conversion efficiency improvement through interfacial modification in organic

photovoltaics was realized, many questions about the mechanisms of device improvement re-

main. For one, electric field extension is shown to correlate with power conversion efficiency

in modified devices. However, some studies claim that the field in a device has very little

to do with performance. The extent to which the internal electric field influences device

operation remains a very important topic that has not been fully explored. Examination

of field extension/reduction in the other device structures mentioned could further inform

general charge collection mechanics.
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Another question raised by this work has to do with the limitations of dipole-induced

shifting of the effective work function of a material inside a solar cell. A phosphonic acid was

shown to decrease the effective work function of zinc oxide and increase the efficiency of the

associated device. A conjugated phosphonic acid with the same aromatic group further de-

creased the work function, and further improved device characteristics. However the changes

in zinc oxide work function did not correspond to expected value increases in the open circuit

voltage of devices. The exact relationship between contact work function, built-in voltage,

and open circuit voltage of an organic solar cell requires additional consideration. This rela-

tionship may also inform the limit of work function reduction/increase for an electron/hole

transport layer at which device performance does not improve and contact-induced doping

becomes a concern.

5.2 Recommendations for Future Research

The work presented in this thesis gives rise to a number of potential projects to pursue.

One such direction is to modify hole transport materials in standard architecture devices

to determine if the charge transport level alignment at the electron collector dominates

device performance, or if the hole collector influences charge collection in the same way.

Work on electron/hole transport material modification easily translates into other device

structures and materials. For example, hole transport layer modification would be simplest

in a standard architecture device in which the active layer is deposited onto the hole transport

material such as nickel oxide. Additionally, several photovoltaic device structures including

quantum dot, Perovskite, and bilayer organic solar cells use the same or similar materials

for electron and hole collection, making these obvious choices to pursue for molecular dipole

modification.

As mentioned earlier, it would also be interesting to push work function modification of

a transport layer past the point of device improvement into the regime of contact-induced

doping of the active layer. This was briefly addressed in this work with the use of MoOx,

which is a hole transport layer that has a very high work function when thermally evapo-
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rated. However, systematically controlling the behavior of devices through the maximum

performance of the materials with molecular modifiers may provide insight into the transport

layer work function/built-in voltage/open circuit voltage relationship.

Cross-sectional scanning Kelvin probe microscopy also lends itself to these potential re-

search topics, as the trend shown here between device performance and electric field could

be tested in other types of solar cells. Specifically, modifying the electron transport layer

titanium dioxide and measuring the potential distribution in quantum dot solar cells would

be an interesting corollary to this work. Since X-SKPM is sensitive to doping of the active

layer, it would also be of use for detecting contact-induced doping at extreme work functions

of transport layer materials. Furthermore, because it is reliable in measuring the potential

distribution in a device, it is capable of determining the effectiveness of methods for increas-

ing the electric field in organic and hybrid solar cells such as morphology-controlled active

layers, nanowire photoanodes, and ferroelectric polymers.
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Kowalsky. Sample preparation for scanning Kelvin probe microscopy studies on cross
sections of organic solar cells. AIP Adv., 3(9):092134, 2013.

[69] Sanjini U. Nanayakkara, Jao van de Lagemaat, and Joseph M. Luther. Scanning
probe characterization of heterostructured colloidal nanomaterials. Chem. Rev., 115
(16):8157–8181, 2015. doi: 10.1021/cr500280t.

[70] Zhicai He, Chengmei Zhong, Shijian Su, Miao Xu, Hongbin Wu, and Yong Cao. En-
hanced power-conversion efficiency in polymersolar cells using an inverted device struc-
ture. Nat. Photonics, 6(9):591–595, 2012.

[71] Jingbi You, Letian Dou, Ken Yoshimura, Takehito Kato, Kenichiro Ohya, Tom Mori-
arty, Keith Emery, Chun-Chao Chen, Jing Gao, Gang Li, and Yang Yang. A polymer
tandem solar cell with 10.6% power conversion efficiency. Nat. Commun., 4:1446–10,
2013.

82



[72] Bradley A MacLeod, Philip Schulz, Sarah R Cowan, Andres Garcia, David S Ginley,
Antoine Kahn, and Dana C Olson. Improved Performance in Bulk Heterojunction
Organic Solar Cells with a Sol-Gel MgZnO Electron-Collecting Layer. Adv. Funct.

Mater., 4(13):1400073, 2014.

[73] Jong Soo Kim, Jong-Hwan Park, Ji Hwang Lee, Jang Jo, Dong-Yu Kim, and Kilwon
Cho. Control of the electrode work function and active layer morphology via surface
modification of indium tin oxide for high efficiency organic photovoltaics. Appl. Phys.
Lett., 91(11):112111, 2007.

[74] Erin L Ratcliff, Andres Garcia, Sergio A Paniagua, Sarah R Cowan, Anthony J Gior-
dano, David S Ginley, Seth R Marder, Joseph J Berry, and Dana C Olson. Investigating
the Influence of Interfacial Contact Properties on Open Circuit Voltages in Organic
Photovoltaic Performance: Work Function Versus Selectivity. Adv. Funct. Mater., 3
(5):647–656, 2013.

[75] Kristina M Knesting, Huanxin Ju, Cody W Schlenker, Anthony J Giordano, Andres
Garcia, O’Neil L Smith, Dana C Olson, Seth R Marder, and David S Ginger. ITO
Interface Modifiers Can Improve Voc in Polymer Solar Cells and Suppress Surface
Recombination. J. Phys. Chem. Lett., 4(23):4038–4044, 2013.

[76] Eric L Hanson, Jing Guo, Norbert Koch, Jeffrey Schwartz, and Steven L Bernasek.
Advanced Surface Modification of Indium Tin Oxide for Improved Charge Injection in
Organic Devices. J. Am. Chem. Soc., 127(28):10058–10062, 2005.

[77] Asha Sharma, Peter J Hotchkiss, Seth R Marder, and Bernard Kippelen. Tailoring the
work function of indium tin oxide electrodes in electrophosphorescent organic light-
emitting diodes. J. Appl. Phys., 105(8):084507, 2009.

[78] Baohua Zhang, Chuanjiang Qin, Xiaodi Niu, Zhiyuan Xie, Yanxiang Cheng, Lixiang
Wang, and Xinglin Li. On the origin of efficient electron injection at phosphonate-
functionalized polyfluorene/aluminum interface in efficient polymer light-emitting
diodes. Appl. Phys. Lett., 97(4):043506, 2010.

[79] Bradley A MacLeod, Noah E Horwitz, Erin L Ratcliff, Judith L Jenkins, Neal R Arm-
strong, Anthony J Giordano, Peter J Hotchkiss, Seth R Marder, Charles T Campbell,
and David S Ginger. Built-In Potential in Conjugated Polymer Diodes with Chang-
ing Anode Work Function: Interfacial States and Deviation from the Schottky–Mott
Limit. J. Phys. Chem. Lett., 3(9):1202–1207, 2012.

[80] Hong Li, Pavel Paramonov, and Jean-Luc Bredas. Theoretical study of the surface
modification of indium tin oxide with trifluorophenyl phosphonic acid molecules: im-
pact of coverage density and binding geometry. J. Mater. Chem., 20(13):2630–2637,
2010.

83



[81] Peter J Hotchkiss, Hong Li, Pavel B Paramonov, Sergio A Paniagua, Simon C Jones,
Neal R Armstrong, Jean-Luc Bredas, and Seth R Marder. Modification of the Surface
Properties of Indium Tin Oxide with Benzylphosphonic Acids: A Joint Experimental
and Theoretical Study. Adv. Mater., 21(44):4496–4501, 2009.

[82] Georg Heimel, Lorenz Romaner, Egbert Zojer, and Jean-Luc Bredas. Toward Control
of the Metal-Organic Interfacial Electronic Structure in Molecular Electronics: A First-
Principles Study on Self-Assembled Monolayers of π-Conjugated Molecules on Noble
Metals. Nano Lett., 7(4):932–940, 2007.

[83] Peter J Hotchkiss, Simon C Jones, Sergio A Paniagua, Asha Sharma, Bernard Kippe-
len, Neal R Armstrong, and Seth R Marder. The Modification of Indium Tin Oxide
with Phosphonic Acids: Mechanism of Binding, Tuning of Surface Properties, and
Potential for Use in Organic Electronic Applications. Acc. Chem. Res., 45(3):337–346,
2012.

[84] Asha Sharma, Andreas Haldi, Peter J Hotchkiss, Seth R Marder, and Bernard Kip-
pelen. Effect of phosphonic acid surface modifiers on the work function of indium tin
oxide and on the charge injection barrier into organic single-layer diodes. J. Appl.

Phys., 105(7):074511, 2009.

[85] Kristina M Knesting, Peter J Hotchkiss, Bradley A MacLeod, Seth R Marder, and
David S Ginger. Spatially Modulating Interfacial Properties of Transparent Conductive
Oxides: Patterning Work Function with Phosphonic Acid Self-Assembled Monolayers.
Adv. Mater., 24(5):642–646, 2011.

[86] Matthew Gliboff, Lingzi Sang, Kristina M Knesting, Matthew C Schalnat, Anoma
Mudalige, Erin L Ratcliff, Hong Li, Ajaya K Sigdel, Anthony J Giordano, Joseph J
Berry, Dennis Nordlund, Gerald T Seidler, Jean-Luc Bredas, Seth R Marder, Jeanne E
Pemberton, and David S Ginger. Orientation of Phenylphosphonic Acid Self-Assembled
Monolayers on a Transparent Conductive Oxide: A Combined NEXAFS, PM-IRRAS,
and DFT Study. Langmuir, 29(7):2166–2174, 2013.

[87] Leslie Charles Thomas. Interpretation of the Infrared Spectra of Organophosphorus
Compounds. Heyden: London, 1st edition, 1974.

[88] Sergio A Paniagua, Peter J Hotchkiss, Simon C Jones, Seth R Marder, Anoma Mu-
dalige, F Saneeha Marrikar, Jeanne E Pemberton, and Neal R Armstrong. Phosphonic
Acid Modification of Indium Tin Oxide Electrodes: Combined XPS/UPS/Contact
Angle Studies. J. Phys. Chem. C, 112(21):7809–7817, 2008.

[89] Mark T Greiner. Universal energy-level alignment of molecules on metal oxides. Nat.

Mater., 11(1):76–81, 2011.

84



[90] Walid Al-Maksoud, Julien Mesnager, Farouk Jaber, Catherine Pinel, and Laurent
Djakovitch. Synthesis of diethyl 2-(aryl)vinylphosphonates by the Heck reaction catal-
ysed by well-defined palladium complexes. J. Organomet. Chem., 694(20):3222–3231,
2009.

[91] Pijus K Mandal and John S McMurray. Pd-C-Induced Catalytic Transfer Hydrogena-
tion with Triethylsilane. J. Org. Chem., 72(17):6599–6601, 2007.

[92] Tae-Jun Ha and Ananth Dodabalapur. Photo stability of solution-processed low-
voltage high mobility zinc-tin-oxide/ZrO2 thin-film transistors for transparent display
applications. Appl. Phys. Lett., 102(12):123506, 2013.

[93] Bo Sung Kim, Yeon Taek Jeong, Doohyoung Lee, TaeYoung Choi, Seung-Ho Jung,
June Whan Choi, Chanwoo Yang, Kangmoon Jo, Byung-ju Lee, Eunhye Park, Doo
Na Kim, Youngmin Kim, and Sungtae Shin. Solution-processed zinc-indium-tin oxide
thin-film transistors for flat-panel displays. Appl. Phys. Lett., 103(7):072110, 2013.

[94] Duo Li, Juncong She, Shaozeng Xu, and Shaozhi Deng. Zinc Oxide Nanowire Lateral
Field Emission Devices and its Application as Display Pixel Structures. IEEE Trans.

Electron Devices, 60(9):2924–2930, 2013.

[95] Tae Sang Kim, Joon Seok Park, Kyoung Seok Son, Ji Sim Jung, Kwang-Hee Lee,
Wan Joo Maeng, Hyun-Suk Kim, Jang-Yeon Kwon, Bonwon Koo, and Sangyun Lee.
Transparent AMOLED display driven by hafnium-indium-zinc oxide thin film transis-
tor array. Curr. Appl. Phys., 11(5):1253–1256, 2011.

[96] Sang-Hee K Park, Chi-Sun Hwang, Minki Ryu, Shinhyuk Yang, Chunwon Byun, Jae-
heon Shin, Jeong-Ik Lee, Kimoon Lee, Min Suk Oh, and Seongil Im. Transparent
and Photo-stable ZnO Thin-film Transistors to Drive an Active Matrix Organic-Light-
Emitting-Diode Display Panel. Adv. Mater., 21(6):678–682, 2009.

[97] Thomas R Andersen, Henrik F Dam, Birgitta Andreasen, Markus Hösel, Morten V
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APPENDIX A - SUPPLEMENTAL INFORMATION FOR CHAPTER 4

The devices investigated with X-SKPM in Chapter 4 were two of six devices on a single

sample. The operational characteristics for those two whole devices before cleaving or X-

SKPM measurement are given in Table A.1. We intended to show the effects of annealing

and air exposure on the potential distribution, and obviously device performance is also

affected by these factors. Therefore, starting with devices of equivalent performance is

essential for isolating changes in device operation from variation between devices. The whole

standard devices showed remarkably similar performance, with only small differences in each

parameter.

Table A.1: Whole standard architecture device characteristics

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

As Fabricated - Whole 0.37 8.92 50.7 1.65
Annealed - Whole 0.36 8.87 52.5 1.66

The two inverted devices used to test annealing and air exposure also came from one sam-

ple, and their whole device characteristics are given in Table A.2. Again, device parameters

vary by only small amounts, with PCEs being only 2.5% different.

Table A.2: Whole inverted architecture device characteristics

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

As-Fabricated - Whole 0.78 9.33 70.6 5.14
Annealed - Whole 0.78 9.10 70.7 5.01

Phosphonic acid modified devices were taken from three different samples, as the modi-

fiers cannot be applied to different devices on the same sample. The modified devices were

compared with the unmodified inverted device, and whole device characteristics for all three

are shown in Table A.3. Here, device characteristics do not match between devices, as we

91



expect the modifiers to significantly increase performance in the case of oF2PVPA, and de-

crease performance for pCF3PVPA. While device characteristics do change during X-SKPM

investigation, the device performance is not significantly impacted by cleaving.

Table A.3: Whole modified inverted device characteristics

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Unmodified - Whole 0.78 9.33 70.6 5.14
oF2PVPA - Whole 0.81 9.51 70.7 5.45

pCF3PVPA - Whole 0.18 2.35 25.1 0.11
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APPENDIX B - PERMISSIONS

Permissions from the publisher and non-committee co-authors to include the publications

reproduced in Chapters 2 and 3 are included here. Permissions to use Figure 1.5, Figure 1.6,

Figure 1.7, Figure 1.8, and Figure 1.10 follow.
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