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SUMMARY

The interface of a zinc-terminated polar zinc oxide surface (0002) with a series of
chemisorbed fluorinated benzylphosphonic acids has been studied using density
functional theory. The calculations indicate that there is a substantial change in the
binding energies and modification of the work function depending on the binding motif.
The results also indicate that there is a pronounced difference in the magnitude and trends
of the factors determining the total change in work function with respect to the
unmodified surface. Binding energies were calculated for two thermodynamically-
favored binding modes and compared to experimental data. The 1s core-level binding
shifts for the oxygen atoms in the PO3; moiety with respect to the oxygen in the bulk zinc
oxide were calculated; these relative shifts were compared to experimental XPS data as a

method to identify the presence of the two binding modes modeled.

In the following chapter, a series of para-substituted benzyl- and phenyl- phosphonic
acid self-assembled monolayers (SAMs) chemisorbed to an identical zinc-terminated
ZnO surface have been modeled in the thermodynamically-favored tridentate binding
mode established in the prior chapter. The change in surface work function upon
deposition of the SAMs has been determined, with each of its contributing terms
calculated independently. In addition, the relationship between the modeled gas-phase
molecular dipole and the molecular dipole normal to the surface for each SAM was
established; as a primary contributor to the variance in the work function with respect to

the choice of molecular SAM, a stronger understanding of this relationship and its



contributions to the observed surface work function will further aid in the design of

phosphonic acid surface modifiers for future device applications.
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CHAPTER 1-

INTRODUCTION

Advancements in organic electronic technologies have emerged from the research and
development efforts in a wide variety of scientific disciplines including chemistry,
physics, materials science and device engineering. Compared to typical silicon-based
semiconductors, organic electronic materials possess a number of unique properties:
firstly, they can be designed for physical flexibility through deposition onto flexible
substrates.’® In addition, the methods used to create the materials can be custom tailored
or tuned, granting scientists and engineers the ability to design, via traditional synthetic
chemistry techniques, organic molecular systems with varying semiconducting
properties, solubility in different solvents, and the color of the light emitted or

absorbed.*®

For industrial applications, solution-processable organic semiconductors have the
potential to lead to significant cost savings compared to traditional silicon-based devices.
Organic semiconductors can be deposited from solution via more versatile and economic
techniques, such as spin coating, drop casting, or inkjet printing.®’ These techniques are
leading towards the low-cost mass production of new generations of thin-film electronic
devices such as organic light-emitting diodes (OLEDSs), photovoltaics (OPVs), and field-
effect transistors (OFETs).2®  In addition, organic electronic materials could lead to
devices with lower power consumption versus their inorganic counterparts, especially in

the areas of displays and large-area lighting."° The combination of these attributes has



fueled research and development in organic electronics in laboratories across both

academia and industry.

1.1  Organic Light-Emitting Diodes

The field of organic electronics can trace its origins to the 1977 discovery—by Alan J.
Heeger, Alan G. MacDiarmid, and Hideki Shirakawa—of the conducting properties of
doped polyacetylene.™ In this work, they demonstrated that organic conjugated
polymers can present metallic-like electrical conductivity upon chemical doping. These
conducting polymers have unique characteristics, combining the electrical properties of
metals with the mechanical properties of polymers. For this revolutionary discovery, the

three were awarded the 2000 Nobel Prize in Chemistry.

The pursuit of organic electronic materials for OLEDs began in 1963 when Pope and co-
workers'? discovered electroluminescence in organic crystals. However, due to the high
voltage requirement, there was little interest in the field until 1987 when Tang and
VanSlyke® at Kodak reported an efficient, low-voltage electroluminescent device based
on a m-conjugated material, tris(8-hydroxy-quinoline) aluminum (Alg3). Shortly
afterwards, Friend and co-workers' at the University of Cambridge constructed a similar
device using a conjugated polymer, poly(para-phenylenevinylene) (PPV), as the organic
emitter. Since that time, rapid developments in organic materials have led to new
generations of thinner high-resolution displays for computers, televisions, and hand-held
devices. Unlike traditional liquid-crystal displays (LCDs), OLEDs generate their own

light and thus do not require backlighting for screen illumination, making these devices
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lighter and thinner. Furthermore, OLEDs offer a host of other advantages over LCD
technology, including lower power requirements, faster response times, wider viewing

angles, and higher brightness and contrast ratios.

A typical OLED architecture (see Figure 1), consists of an anode, such as indium tin
oxide (ITO), deposited onto a transparent substrate. The emissive organic layer is
sandwiched between two conducting layers: a hole injection layer and an electron
transport layer. At the top, there is a reflective metal cathode. When a bias is applied
between the two electrodes, holes are injected from the anode and migrate through the
hole injection layer, while electrons are injected from the cathode and move through the
electron transport layer. When the holes and electrons meet at the interfacial region, they
recombine to form a bound electron-hole pair: an exciton. Relaxation of the exciton to

the ground state (the electron filling the hole) gives rise to light emission.



OLED Structure

Cathode

Emissive
i

Substrate

Figure 1. Depiction of the architecture of a traditional OLED device®

To summarize, as shown in the top portion of Figure 2, there are 5 main steps for light
generation: (i) charge injection at the two electrodes; (ii) hole and electron transport
through their respective organic layers; (iii) charge recombination (exciton formation) at
the interfacial region; (iv) energy transfer; and (v) light emission. The organic emissive
layer is made of a m-conjugated material that can be either a small molecule or a polymer,
with the color of emitted light dependent on the composition of the organic material. A
combination of red, green, and blue emissive materials can be used together to produce

the full color spectrum.
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Figure 2. A basic overview of the fundamental processes that occur within a OLED (red
line, above) and a OPV device (blue line, below)*®

1.2 Organic Photovoltaics

Over the past decade, advances in solar power conversion efficiencies have opened new
pathways to organic-based photovoltaics (OPVs) as a low-cost method for power
generation;!” harvesting energy from the sun using photovoltaic cells will be an essential
component of future global energy production. The photovoltaic effect was discovered
by 19-year old French physicist Alexandre-Edmond Becquerel in 1839, but
commercialization did not start until 1954, when the first crystalline Si photovoltaic (PV)

device was developed at Bell Laboratories.*®

OPV devices have a similar architecture to that of OLEDs, although they perform the
inverse process: the dissociation of a photoexcited state via charge separation instead of
the creation of an excited state via charge recombination (as is the case for OLEDS).
Consequently, as depicted in the bottom half of Figure 2, there are again five main steps

that occur in PV devices:* first, light is absorbed within the organic layers, generating



exciton charge carriers. Second, these excitons migrate towards the interfacial region
between the organic layers. The third step involves charge dissociation through
photoinduced electron-transfer (ET),® with the exciton separating into its component
electron and hole. The fourth step involves the now-separated charges each migrating
towards their respective electrodes, accelerated by the electric field. In the fifth and final
step, charge collection occurs at the electrodes, allowing the device to drive an external

circuit.

1.3  Self-Assembled Monolayers

Organic molecules can readily form self-assembled monolayers (SAMs) on metals, metal
oxides, and semiconductors, providing a simple, convenient, and versatile system for
tuning the interfacial electronic properties of a wide range of surfaces. SAMs are
promising components in high-performance, low cost, and flexible electronic devices,
since the spontaneous process of self-assembled film formation has the advantages of
substrate selectivity and the ability to readily form densely-packed monomolecular films
over a large area. The nearly infinite structural variety of organic molecules available
makes them an attractive option for modifying metal oxides due to the vast array of
options it provides to chemists and material scientists. These devices have been of

2326 and other

significant interest in the areas of sensing, *** display technologies,
electronic applications; they offer inexpensive alternatives and possess their own sets of

interesting bulk and surface properties.



The SAM-surface interfacial region is of particular importance in many electronic
devices; for example, in organic thin film transistor (TFT) devices, ~95% of the charge
transport in the semiconductor channel occurs within the first few layers of
semiconductor molecules at the semiconductor/dielectric interface.”” Robust, dense
monolayers of aromatic silanes on SiO; have been used to develop such TFT devices.?®
Carboxylic and phosphonic acid SAMs have been used to form favorable functionalized
surfaces on a variety of metal oxide nanocrystals and surfaces, including TiO,,2%%
Al,05,% and ITO*. Triphenylamine-based carboxylic acids SAMs were modeled as an
organic modifier for a TiO, electrode to develop a better chromophore for dye-based

solar cells*>%,

Phosphonic acids have proven to form stronger bonds than carboxylic acids on a wide
range of these metal oxides, forming well-packed SAMs with excellent thermal stability.
Phosphonic acid SAMs have been used to modify the work function of BaTiOs surfaces®’
and nanoparticles® for use in organic field-effect transistor devices. Microcontact
printing techniques have been combined with wet chemical etching to use phosphonic

acid SAMs to fabricate electronic structures on thin films of ITO and 120.*

In the next chapter, the methodology used to model a series of phosphonic acid (PA)
monolayers on the polar (0002) ZnO surface will be described, along with the
calculations for the change in work function and the decomposition of its major
contributing factors. In the following chapter, the binding energies and work functions
are modeled for a series of fluorinated PA monolayers in two different binding

geometries. In the final chapter, the work function contributions are computed for a

7



series of para-substituted phosphonic acid monolayers in the energetically-favored
tridentate binding mode found in the prior chapter. The last section of this thesis contains

a brief discussion on future directions for this work.



CHAPTER 2-

METHODOLOGY

2.1  Computational Method

The calculations were carried out at the DFT level using the Vienna Ab Initio Simulation
Package (VASP).***! As in previous work in our research group, we make use of the
generalized-gradient approximation (GGA) exchange-correlation functional of Perdew,
Burke, and Ernzerhof (PBE)***® and the projector-augmented wave (PAW) method.** An
energy cut-off of 400 eV is applied in all instances. The tetrahedral smearing with Blochl
corrections™ with 6=0.1 eV was used for the Brillouin-zone integrations on a 2x2x1 k-
point mesh. The total energy convergence for the self-consistent iterations is set at 10°®
eV and the maximal residual force on each atom in the course of geometry optimizations
is 0.02 eV/A. The GGA+U approximation® with an effective Hubbard U-parameter (Ugs
=8.5eV)* is applied to describe the strongly localized zinc 3d-orbitals. This particular
U-parameter was selected to match the energy levels of the calculated zinc 3d-orbitals to
those found in experiment, preventing the mixing of those orbitals with the oxygen 2p-
orbitals at the top of the valence band. Earlier work showed that this parameter resulted
in a calculated band gap of 1.8 eV,*” which is still much smaller than the experimental

value of 3.3-3.4 eV.*8

2.2 Core-Level Binding Energy Shifts

The O(1s) core-level binding energy shifts for the three PA oxygen atoms were

calculated using the method developed by Kéhler and Kresse.***® The method, which
9



calculates the difference in energy required to remove a core electron from an atom, can
be compared to the binding energy shift determined experimentally by X-ray
photoelectron spectroscopy (XPS). For the purposes of this study, the shift in core-level
binding energy between the PA oxygen atoms and the oxygen atoms in the bulk ZnO

were determined using the following method:

ESCLS = [Esurface(nc - 1) - Esurface(nc)] - [Ebulk(nc - 1) - Ebulk(nc)] (l)

Where Esuriace(nc) is the total energy of the PA-ZnO system at the unexcited ground state,
Esurface(Nc-1) IS the total energy of the system with a 1s core electron of the oxygen
belonging to the PO3; moiety removed and added to the conduction band; the two Epyi
terms represent the same values for the bulk-like ZnO, taken from an oxygen atom

located in the third ZnO layer of the unmodified surface in the same unit cell.

2.3 Evaluating the Change in Work Function

The work function, @, can be defined as the energy required to move an electron from a

surface into the vacuum above it, and can be represented as follows:
& =V,, —Ep (2)

Where V.4 is the plane-averaged electrostatic potential energy of an electron in the
vacuum region above the surface, sufficiently far away to have reached an asymptotic

value, and Ef is the Fermi energy of the system. Due to the naturally-occurring n-type

1,52
0,5 5

semiconductor properties of Zn the conduction band minimum was used as the

effective Fermi level for calculating the work function. An example of this calculation is
10



depicted in Figure 3 for a benzyl-PA monolayer modeled on ZnO: the plane-averaged
electrostatic potential normal to the surface is plotted through the system, and the
difference between this value in the vacuum above the surface and the Fermi level (the
calculated conduction band minimum), shown as a red line. The difference between
these two values gives the work function, ®. By comparing this value to the calculated
work function for the unmodified surface, a change in work function A® can be evaluated

and used for comparison between different molecular monolayers.

STTTIVAE
AT

-10 .
0 25 30

=

<

J’I

z, Angstl om

Figure 3. A depiction of the calculated work function for the tridentate-bound benzyl-PA
on the polar (0002) ZnO surface, calculated as the difference between the electrostatic
potential (green line) in the vacuum region above the system and the Fermi energy (red
line).

2.4 Decomposition of the Work Function

The work function change was decomposed into its contributing components:

AD e = AVyge + BD + Ao, = ADy, (3)

11



where AV,4 IS the potential energy change of an electron crossing the isolated molecular
SAM at the same geometry as adsorbed on the ZnO surface, BD (bond dipole) is the
potential energy shift of an electron due to the charge redistribution occurring at the very
interface of the PA-SAM and the ZnO slab, and Adg, is the change in the work function
of bare ZnO surface due to geometry reorganization upon chemisorption of the SAM.
The sum of these terms, A®yy, can be compared to the calculated value Adc, to

demonstrate the consistency and accuracy of this method.

The bond dipole was calculated by solving Poisson’s equation, using the change in plane-

averaged electron density normal to the surface Ap(z):

Ap(z) = ppa-7n0(2) — [Ppa-u(2) — pPu(2)] — [pzn0(2)] (4)

Where PA-ZnO is the optimized, bidentate-bound system, PA-H is the molecule,
removed from the surface in its bound geometry with the hydrogen atom that was lost
upon surface binding re-attached, and ZnO is the prior surface with the SAM removed.

The tridentate case is a bit more complex, but follows a similar method:

Ap(z) = ppa-zno-n3(2) — [Ppa-n1-12(2) — Pu1(2) — pu2(2)] )

— [pzno-on(2) — pra-on(2) + pua(2)] — [pus—n3(2) + pus(2)]

In this case, PA-ZnO-H3 represents the optimized, tridentate-bound system with one
hydrogen atom from the molecule (labeled H3) attached to the ZnO surface. PA-H1-H2
is the molecule, removed from the surface in its bound geometry, with both hydrogen
atoms H1 and H2 re-attached. ZnO-OH corresponds to the bare surface, but with H3
replaced by the hydroxyl group originally lost by the chemisorption of the PA-SAM.

12



CHAPTER 3-

BINDING MOTIFS AND WORK FUNCTION MODIFICATION VIA
FLUORINATED BENZYLPHOSPHONIC ACIDS

3.1 Introduction

Zinc Oxide (ZnO) is a transparent metal oxide that has gathered significant interest as

53,54

electron-selective/electron-transport material for solar cells”>" and light-emitting diodes

(LEDs)* and in sensor applications.® Chemical modification of the surface of metal
oxides with small molecule adsorbates provides a method for tailoring the interface for
optimal efficiency in each application.””° Despite these advantages, there are only a few

61-63 thi0|s,64-66

anchoring groups that have been studied; silanes,®® amines, carboxylic

67-73 74-76

acids, and phosphonic acids.

Phosphonic acids (PAs) have been used to successfully modify a variety of metal oxide
materials.”"® They do not suffer from the same deposition and storage constraints as
silanes necessitating the use of cross-linking techniques.’*® PA-modified ITO surfaces

81,82 and

have been of recent interest for a variety of optoelectronic technologies,
theoretical models have shown that PA monolayers can form in both bidentate and
tridentate binding modes.® Recent work has shown that PAs can form stable
monolayers on ITO in a bidentate-bound geometry, creating a more homogenous surface
with a lower surface energy and better interfacial compatibility with deposited organic

overlayers.?* PAs have been used to modify ZnO nanoparticles,®>®°

and several reports
detail the modification of planar ZnO substrates. For example, Sinapi et al. report on the
modification of oxidized zinc substrates with alkylphosphonic acids, but they do not

discuss the binding modes of the phosphonic acids to the substrate or the conformation of
13



the alkyl chains in the resulting monolayers.®” A study by Perkins compares the use of
hexylphosphonic acid and hexanethiol as surface modifiers for Zn0.% It was found that
n-hexane derivatives of the phosphonic acid formed monolayers that provided both better
corrosion resistance against Brensted acids and thermal stability in comparison to

monolayers formed from the thiol analog.

A series of fluorinated phosphonic acid SAMs chemisorbed to the zinc-terminated (0002)
ZnO surface have been modeled in two different binding motifs. Binding energies have
been calculated along with the 1s core-level binding shifts for the oxygen atoms in the
PO3; moiety with respect to the oxygen in the bulk zinc oxide, and these results are

compared to experimental data.”™

The change in surface work function upon
application of the SAMs has been determined, and the contributing terms have been
individually calculated and compared between each system. As a result, a better
understanding of the interacting factors that change the observed surface work function

has been found, aiding in the design of phosphonic acid SAMs for future device

applications.

3.2  Surface and Choice of Compounds

The theoretical model of the zinc-terminated polar (0002) ZnO surface used in this
investigation consists of a 6.50 x 5.63 A surface unit cell in a repeated slab configuration,
separated by a vacuum space larger than 20 A. A dipole sheet is introduced in the middle
of the vacuum gap to compensate for the dipole moment created by the asymmetric

nature of the slab, and the dangling oxygen bonds on the bottom of the slab were

14



saturated with a sheet of hydrogen atoms with a charge state of %e. The slab consisted of
six Zn-O layers with the lower three frozen into its previously optimized crystal structure
and the other three layers, along with any surfaces adsorbates, were allowed to relax over

the course of the geometry optimizations.

The chosen surface contained Zn and O surface vacancies and was passivated by the
addition of two hydroxyl groups per unit cell corresponding to a packing density of 5.47
x 10* molecules cm™, one located in a bridging position between two surface zinc atoms
and the other filling the neighboring surface oxygen vacancy.*” The PA monolayer is
composed of one benzyl-PA molecule per unit cell, which corresponds to a packing

density of 2.73 x 10** molecules cm™.

We have investigated four benzylphosphonic acids with varying degrees of fluorination,
including ortho-diflurobenzylphosphonic acid (02FBPA), benzylphosphonic acid (BPA),
para-fluorobenzylphosphonic acid (pFBPA), and pentafluorobenzylphosphonic acid

(5FBPA). The molecular structures are shown in Figure 4.

QLYY

02FBPA pFBPA 5FBPA

Figure 4. The four benzylphosphonic acids modeled in this chapter: ortho-
diflurobenzylphosphonic acid (02FBPA), benzylphosphonic acid (BPA), para-
fluorobenzylphosphonic acid (pFBPA), and pentafluorobenzylphosphonic acid (5SFBPA).
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3.3  Binding modes

Several different binding modes have been proposed for PA® adsorption on transition
metal oxide surfaces and are shown in Figure 5. The major adsorption modes are
particularly sensitive to both the type of oxide surface and the surface treatment. For
example, modes (a) (monodentate) and (b) (bidentate + electrostatic) have been suggested
for PA adsorption on TiO,,* Al,05,”%? and BaTiOs,* while tridentate mode (d) has been
proposed to dominate on ZrO,™ and Si0,.% Previous work in the group describing PA
adsorption on ITO surface indicates that adsorption occurs via multiple modes, with a
predominance of bidentate and tridentate modes (c) and (d), that involves P-O-In or P-O-
Sn bonds.®® Of these different possible binding modes, only two, (b) and (d) were found
to be stationary points on the ZnO(0002) surface and chosen for a more detailed
investigation. It is interesting to note that the bidentate binding mode shown in Figure
5(c) is not found in our calculations. Optimizations starting from this structure led

directly to the tridentate mode.

The surface and a typical adsorbate are shown in Figure 6. To form the bidentate surface
complex, one of the surface hydroxide groups has reacted with an acidic hydrogen in a

dehydration reaction:
OH-ZnO + RPO3;H, — RPO3H-ZnO + H,0
The P-O double bond then binds to one of the under-coordinated zinc atoms on the

surface. Thus, in the bidentate-bound mode, two of the PA oxygen atoms are bound to

two zinc surface atoms and one acidic hydrogen still attached to the PA molecule forming
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the monolayer. In the tridentate-bound case, the proton migrates to the surface, resulting

in each of the three PA oxygen atoms becoming bound to a different surface zinc atom.

(@) R (b) (c) R (d)

o] P’ IT o) P/ IF

— "IIOH -"'P . —_ ,"’ /P--.I
(’) I_I,O 1 'O ‘O O” 1 "0

Figure 5. Potential metal oxide binding modes for organic phosphonic acids

(@) (c)

Figure 6. Side view of the initial ZnO(0002) surface (a), showing the two different
binding geometries (shown using the di-fluorinated 2FBPA SAM) in the bidentate (b)
and tridentate (c) binding mode.

3.4  Binding Geometries and Energies of Different Binding Motifs

The binding energies of both the bi- and tridentate-bound PA-SAMs are shown in Table

1. The binding energy is defined as the difference in total energy of the combined
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surface and molecule before and after formation of the SAM; negative values correspond
to an overall decrease in energy in the bound state corresponding to a
thermodynamically-favored geometry. Each adsorption reaction is favorable with a total
energy less than the sum of their unbound components, with the bi- and tridentate-bound
PA-SAM having a binding energy of -1.5 eV and -2.1 eV respectively. The tridentate
mode is approximately 0.6 eV lower in energy than its bidentate-bound counterpart. This
is reasonable given the formation of an additional O-Zn bond. The binding geometries
for each PA-SAM are similar: for the benzylphosphonic acid SAM in the tridentate
binding mode, the angle of the benzyl ring relative to the oxide surface is 45.5°; the
angle is 43.4° for the bidentate-bound SAM. Fluorination of the aromatic ring causes
only minimal changes to this structure as the other SAMs range from 45.1° — 47.4° for
the tridentate-bound mode and 43.4° — 47.2° for the bidentate-bound mode. This leads to

only a minimal difference in the orientation of the ring relative to the surface.

The length of the bond between the benzyl carbon and the phosphorus (C-P) and its angle
relative to the surface for each PA are also very similar: 1.82 (+ < 0.01) A and 80.4° —
81.1° for the tridentate-bound PA-SAMs and 1.83 (+ < 0.01) A and 81.2° — 82.4° for the
bidentate-bound PA-SAMs. The average Zn-O bond lengths for the three tridentate-
bound PA oxygen atoms are nearly constant, calculated at 1.856 (+0.001) A for all four
systems; by comparison, the Zn-O bond lengths for the bidentate-bound PA-SAMs
average 1.985 (+0.002) A, 0.13 A longer than found in the tridentate-bound systems.

These results are in agreement with the smaller calculated bidentate binding energy.
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Table 1. Comparison of the binding energy and various surface angles and bond lengths
for the various tridentate- and bidentate-bound PA-SAMs

Angles (°) Bond Lengths (A)
Bidentate B.E. (eV) Ben/ZnO  C-P/ZnO  P-O-Zn C-P P-O PO-Zn P-OH
02FBPA -1.53 46.0 81.2 1204 1.836 1.553 1.983 3.748
BPA -1.56 43.4 82.4 120.3 1829 1554 1987 3.772
pFBPA -1.54 441 82.5 120.2 1828 1554 1988 3.769
5FBPA -1.56 47.2 81.3 120.3 1837 1552 1986 3.707
Average -1.55 45.2 81.9 120.3 1833 1553 1986 3.749
Tridentate
02FBPA -2.12 46.2 80.6 117.4 1826 1855 1.983
BPA -2.14 455 80.4 117.6 1819 1855 1.987
pFBPA -2.13 451 81.1 117.6 1820 1.856 1.988
5FBPA -2.16 47.4 80.7 117.3 1.826 1.857 1.986
Average -2.14 46.1 80.7 117.5 1823 1856 1.986

3.5  O(1s) Core-Level Binding Energy Shifts

Since the core-level electroOns of the oxygen atoms in the phosphonic acid anchoring
group are likely to be sensitive to their chemical environment, the 1s binding energy for
the three PA oxygen atoms in each molecular SAM are calculated relative to the O(1s)
core electrons in the bulk-like ZnO. For the energetically-favored tridentate binding
mode, the calculated binding energy shift was +1.07 eV across all four systems. For the
bidentate binding mode, the bound PA oxygen atoms had a calculated shift averaging
1.99 (£ 0.03) eV and the unbound PA oxygen atom had a shift of 3.75 (£ 0.03) eV. The
1.99 eV shift is coincidentally almost identical to the 1.98 eV shift calculated in our
earlier work for a hydroxyl group bound to an oxygen vacancy site on the ZnO surface.*’
It is expected from these results that the XPS spectra of the modified ZnO surface by

these PA-SAMs would generate a strong O(1s) peak shifted 1.07 eV from the dominant
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ZnO peak, with two much weaker peaks corresponding to the bidentate-bound motif
around +1.99 eV and +3.75 eV, with the 1.99 eV peak likely coinciding with the peak
corresponding to the remaining hydroxyl groups on the surface. The surface oxygen
species behave similarly in ZnO upon PA binding as they do in ITO. This can be
compared to prior experimental work on polycrystalline ZnO, ZnO nanowires and

sputter-deposited  ZnO  films.” %%

The XPS of 1-hexanephosphonic acid on
polycrystalline ZnO show the main O (1s) peak at 531.2 eV with an additional peak at 1.9
eV higher than the lattice peak attributed to surface hydroxyl groups. Upon addition of
the SAM a third peak appears at +1.0 eV from the bulk peak. The O (1s) spectra of
carboxyalkylphosphonic acid on ZnO nanowires was fit to five separate oxygen types.
The bulk peak was found at 530.3 eV, with additional components at +1.1 and +1.8 eV
from the phosphonic acid and two components at +2.6 and +3.5 eV from the unbound
carboxylic acid. Spectra from the bulk carboxyalkylphosphonic acid show a peak from
the P-OH at 532.3 eV and a peak from the P=0O group at 531.2 eV. The binding mode of
PAs on sputter-deposited ZnO follows the same pattern as the previous two experiments.
A solvent-clean ZnO surface had an XPS O (1s) peak at 530.0 eV, which was attributed
to the bulk oxygen species, and a shoulder at 531.6 eV associated with surface hydroxyl
groups. Upon the binding of PAs, an additional peak at 531.0 eV (+1.0 eV) appeared,
accompanied by a decrease in the intensity of the peak associated with surface hydroxyl
groups, which was attributed to the formation of P-O—Zn bonds.

These observations, in combination with the calculated binding energies and O (1s) core

level binding energy shifts, strongly suggest that the thermodynamically-favored

tridentate-binding motifs are the component that has been largely observed in experiment.
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However, the bidentate-bound geometry is still energetically favored over the unbound
state and due to the chaotic nature of the polar ZnO surface it might be possible to find

surface regions containing this binding mode.

Table 2. O(1s) core-level energy shifts (Esc.s) in eV for each of the four PA-SAMs in
both binding modes.

Molecule Bidentate(P-O-H) Bidentate Tridentate

02FBPA 3.75 1.98 1.07
BPA 3.77 2.01 1.07
pFBPA 3.77 2.02 1.07
5FBPA 3.71 1.94 1.07
Average 3.75 1.99 1.07

3.6 Electronic Density of States

As previously discussed, the conduction band minimum (CBp,n) was used as the pseudo-
Fermi-level for the calculation of the work function ® to compare with the experimental
measurements on the unintentionally n-type doped ZnO. A decomposition of the charge
density associated with CBpi, and VBnax Was performed for each system and shown in
Figure 7. For both the bi- and tridentate bound systems, the CBpi, is located
predominantly within the bulk of the ZnO, indicating that the CBy, of the ZnO surface is
not affected by the surface modification via the PA-SAMs. This also confirms that the
use of CBpin as the pseudo-Fermi-level is valid for the PA-ZnO complex. However, a
significant difference has been observed in the VBnax for the two different binding
geometries. In the bidentate system, this is predominately the O(2p) orbitals within the

top two Zn-O layers, while for the tridentate-bound systems this corresponds to the
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contribution of the molecular SAM. A partial density of states (PDOS) plot for the
different atoms was generated for each system; an example is presented in Figure 8. The
PDOS projected to the F and C atoms in the PA molecule shows that the energy level of
the highest occupied molecular orbital (HOMO) of the tridentate-bound PA-SAM is
aligned with the top of the ZnO valence band, which is consistent with the charge
distribution shown in Figure 6(b). For the bidentate-bound 02FBPA-SAM, its HOMO
level is 1.8 eV below the VBnax 0f the ZnO surface. These results show that the binding
mode has a significant effect on the energy level alignments of the molecular frontier

orbitals with respect to the band edges of the metal-oxide semiconductor.

(b)

Figure 7. Depiction of VBmax and CBp,n both the bi- (a) and tridentate-bound (b) 2FBPA
system
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Figure 8. Density of states for both the bi- (a) and tridentate (b) bound 2FBPA system

3.7  Change in Work Function

The work function of the bare ZnO surface model adopted in this work is calculated to be
4.43 eV, which is consistent with the experimental values varying from 3.5-4.3 eV. *%
The change of work function for each PA-modified ZnO surface is calculated and given
in Table 3. The range in work function modifications for different fluorination patterns is
more than 1.5 eV for the bidentate case, and in the tridentate case the range is 1.3 eV.
This is the same range as in previous studies using semifluorinated alkanethiols on gold
surfaces® and fluorinated benzylphosphonic acids on ITO surface.’”%

As in our previous work on the PA-modified ITO surface, a correlation between the

component of the molecular dipole moment perpendicular to the surface and changes in

surface work function has been observed. It can be clearly seen that the SAMs are
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ordered by increasing relative strength of electron-withdrawing ability: 5FBPA has the
largest increase of ® with Ad=+2.14 eV and 02FBPA has the smallest with A® = +0.89
eV. For each PA modifier, we also considered an isolated monolayer with the same
geometry as adsorbed on the ZnO surface, in order to evaluate the component of the
dipole moment (p,) perpendicular to the surface. Plotting p,samy against the calculated
change in work function (A®) shows a linear trend (see Figure 9 and Table 3). The
bidentate-bound data set shows a similar linear trend to the tridentate SAMs. However,
the entire data set is shifted downwards: the bidentate-bound systems have A® values
that are 2.1-2.3 eV lower than those found in the equivalent tridentate-bound system. The
difference in the dipole moment normal to the surface for the different binding modes
must be a function of the change in bonding in the phosphonic acid anchor group, since
the relative orientation of the phenyl group is nearly constant (as seen in Table 1). The
intercept of this line indicates that, when the molecular dipole moment is zero, the
intrinsic shift in effective work function for the bidentate configuration is -0.29 eV and
for the tridentate configuration is 1.56 eV. There is a slightly stronger correlation in the
bidentate-bound mode than in the tridentate-bound mode; however the difference in both
the slope and the intercept of the linear fit indicate that there are additional factors

involved.
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Figure 9. Relationship of A® compared to pzsam).

Table 3. A® and pyisam) values for the bi- (left) and tridentate-bound (right) SAMs used
in Figure 9.

Hz(sam) AD Hzsam) AD

(D) (eV) (D) (eV)
02FBPA +1.12 -1.48 02FBPA +0.89 +0.82
BPA +0.72 -1.09 BPA +0.45 +1.16
pFBPA -0.04 -0.28 pFBPA -0.36 +1.74
5FPBA -0.29 +0.03 5FPBA -0.53 +2.14
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3.8 Decomposition of the Work Function

As discussed earlier, the change in work function can be decomposed into three
components: the bond dipole due to the charge-redistribution at the interface of the SAM
and the surface (BD), the change in the potential energy crossing an isolated molecular
SAM (AV.4c), and the change in work function due to the geometry reorganization of the
surface upon application of the SAM (Ady). Each of these terms is calculated
separately, tabulated in Table 4, and depicted in Figure 11. This is a change from the
case of fluorinated benzylphosphonic acids on ITO where the term dealing with the
geometric change of the surface was omitted due to the low packing density of the
surface modifiers.”” This term was found to be important as the coverage density
increased.”® The values for the change in work function, A®y, are consistent compared
to the calculated values for A® using the DFT-derived potential for the combined system.
For the tridentate-bound SAMSs, there is an overestimation of the work function by 0.1 eV

while for the bidentate-bound SAMSs, there is an underestimation of 0.1 eV.

Values for AV, are related to p,samy, Which was shown to be the principal component in
the variation of A® (although only one contributing component of A®), through the
Helmholtz equation. The values for Adg, are very similar for each SAM, with the
bidentate-bound mode showing an average shift of -1.45 eV, 0.6 eV larger than the -0.87
average downward shift in Adg, seen in the tridentate binding mode. The overall
similarity within each binding mode is as expected due to the very similar geometries of
each system; as a result, although this geometric shift is an important contributor to A®,
it has little impact on any attempt to tune the overall surface work function change by

modifying the PA monolayer.
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The final contributing factor, the bond dipole, has a much more significant level of
variance for the tridentate-bound SAMs (0.35 eV) when compared to the bidentate-bound
SAMs (0.06 eV), and provides the remaining contribution to the variance in A® found in
the tridentate-bound molecular SAM. The level of variation in the bond dipole is
significantly greater than in the case of benzylphosphonic acids on ITO. It was expected
that the lack of significant differences between the optimized geometries for each system
would result in no significant variance observed in the bond dipole, but calculations have
demonstrated that the bond dipole is extremely sensitive to variations in the aryl
electronic structure. This indicates that there is a stronger interaction between the aryl
head-group and the phosphonic acid docking-group for the tridentate bound systems than
those in the bidentate binding motif. This stronger interaction can be clearly seen by
comparing the charge transfer from the ZnO surface to the molecules for the two different
binding modes (Figure 11). In the tridentate binding case (Figure 11b), an accumulated
charge of about 0.5e is transferred from the ZnO surface to the PO; moiety of the
molecule; whereas an accumulated charge of about 0.2e is transferred from the ZnO
surface to the molecule in the bidentate binding motif (Figure 11a). The significant
difference in charge transfer also explains the large shift in bond dipole for the two

binding motifs.
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Table 4. Decomposition of the work function into its contributing factors: the molecular
vacuum shift, the work function change due to surface geometry reorganization, and the
bond dipole (all values in eV).

Bidentate
AVvac A(I)geo BD A@tot
02FBPA -1.15 -1.48 1.23 -1.38
BPA -0.75 -1.45 1.20 -1.00
pFBPA 0.04 -1.46 1.17 -0.24
5FBPA 0.30 -1.42 1.21 0.08
Tridentate
AVyac ADye, BD ADyy
02FBPA -0.91 -0.87 2.47 0.69
BPA -0.46 -0.88 2.40 1.05
pFBPA 0.36 -0.86 2.12 1.62
5FBPA 0.54 -0.82 2.27 2.00
3 7 ——AVvac 34
=== Adgeo
BD
2 | masdtot 2
~a N
E 0 - E 0 -
1 1 -
2 . . ‘ 2 . ; .
-0.6 0.0 0.6 1.2 -0.6 0.0 0.6 1.2
Isann (Debye) Wsany (Debye)

Figure 10. Relationship of the decomposed components of the change in work function
(AV, A®ye, and the bond dipole) and the total of these three components (A®io)
compared to pysam) for both the bi- (a) and tridentate-bound (b) SAMs.
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Figure 11. A comparison of the change in electron density (Ap) and accumulation of Ap
(Q) upon formation of the SAM for both the bi- (a) and tridentate-bound (b) SAMs.

3.9 Conclusion

The binding energies, O(1s) core level binding energy shifts of the PO3; moiety with
respect to the oxygen in bulk-like ZnO, electronic density of states, changes in work
function, and their contributing components have been calculated using density
functional theory for a series of four benzylphosphonic acid SAMs with varying degrees
of fluorination deposited on the polar (0002) ZnO surface. The tridentate binding mode
was found to be 0.6 eV more thermodynamically favored than the bidentate binding
mode. Although the two binding modes each show little difference in terms of molecular
orientation and surface binding geometry, it has been found that they have a significant
impact on the energy level alignments of the molecular HOMO relative to the valence
band maximum of ZnO. The overall shifts in work function show that the predominant
tridentate-bound molecular SAMs caused an overall increase in work function for all four

benzylphosphonic acids, while the weaker-bound bidentate mode could lead to reductions
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in work function- except for the pentaflurobenzylphosphonic acid SAM. It is interesting
that the bond dipole term is the largest in magnitude for the substitutions studied here.
Finally, the various tridentate-bound SAMs were shown to have a much larger variance
in their respective bond dipoles, relating to a larger effect of molecular substitutions on
the charge-redistribution at the interface of stronger, tridentate-bound SAM on the ZnO
substrate. Thus we have provided a detailed and systematic study of the modification of
a polar ZnO surface via phosphonic acids. This level of detail is critical in understanding
the observed change in work function as details of the deposition process and resulting

surface coverage can possibly lead to differing binding modes.
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CHAPTER 4-

SURFACE MODIFICATION VIA SUBSTITUTED BENZYL- AND PHENYL
PHOSPHONIC ACIDS

4.1 Introduction

In earlier works on the SAMSs of n-conjugated molecules formed on noble metals,* the
docking group, where the monolayer attached to the surface, and the headgroup, the
portion of the SAM exposed to the region above the surface, have been seen to act
independently in tuning the work function. For example, on a gold substrate there was
only a 0.03 eV change in the bond dipole term for phenylthiol salts, which captures the
interfacial charge rearrangement due to bonding, when varying the headgroup between
amino, thiol and cyano moieties and maintaining the thiol docking group. On ITO,
fluorination of benzylphosphonic and phenylphosphonic acids led to only minor changes
in the bond dipole term. These results are somewhat surprising given that reactivity of
aromatic compounds is generally dictated by the nature and relative position of functional

groups attached to the ring.

In contrast to these results, the prior chapter on fluorinated benzylphosphonic acids
indicated that there was significant change in the bond dipole for tridentate-bound species
on ZnO(0002). It was expected that the lack of significant differences between the
optimized geometries for each system would result in no significant variance observed in
the bond dipole as was seen previously, but calculations have demonstrated that the bond
dipole is extremely sensitive to variations in the aryl electronic structure. In order to
understand the influence of m-active substituents on the surface modification of oxide

surfaces, we present a study of various para-substituted benzyl- and phenyl-phosphonic
31



acid self-assembled monolayers (PA-SAMs) on the polar(0002) ZnO surface. The
change in surface work function upon deposition of the SAMs has been determined, and
the contributing terms have been individually calculated and compared between each
system. The relationship between the gas-phase molecular dipole and the molecular
dipoles of each SAM normal to the surface have also been studied: as the primary
contributor to the variance in A® with respect to the choice of molecular SAM, a better
understanding of this relationship and its contributions to the observed surface work

function will prove very useful.

4.2  Binding Motifs and Choice of Compounds

We have investigated benzyl- and phenylphosphonic acids with a diverse set of both
electron donating (e.g., -N(CHs),, -OCHgs, -SH, -CH3) and electron withdrawing (e.g., -F,
-NOy) substituents on the para- position. The basic structure of these molecules is
displayed in Figure 11. In the previous chapter, the tridentate binding mode was found to
be approximately 0.6 eV more thermodynamically favored than the bidentate binding
mode for all of the benzylphosphonic acids in the study; thus, we have used the tridentate

mode in these calculations with a packing density of 2.73 x 10** molecules cm™.
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Figure 12. The basic structure of the para-substituted phosphonic acids (PAs) used in
this study. R= NMe,, OMe, CHgs, H, SH, F, and NO..

4.3  Binding Geometries and Binding Energy

The binding geometries for each PA monolayer are similar (see Figure 13 and Table 5);
for the unsubstituted benzyl- and phenyl-PAs the angle of the aromatic ring relative to the
oxide surface is 43.7° and 82.9°, respectively. The surface angles for the substituted
benzyl-PAs range from 43.7° — 46.5° and from 81.7° — 88.1° for the various phenyl-PAs.
From this data, it is evident that the additional CH, in the benzyl-PAs results in a much
smaller angle relative to the surface, which is only modified slightly by the bulkier para-
substitutions in the various densely-packed monolayers. The length of the P-C bond and
its angle relative to the surface for each PA are also similar: 1.82 (+ < 0.01) A and 80.1°
— 81.9° the benzyl-PAs, and 1.79 (+ < 0.01) A and 85.9° — 87.4° for the phenyl-PAs. The
average Zn-O bond lengths for the three tridentate-bound PA oxygen atoms are highly

consistent, calculated at 1.86 (+ < 0.01) A for all fourteen systems.
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Figure 13. Side view of the ZnO(0002) surface with (a) benzyl PA and (b) phenyl PA
showing the surface angles, C-P bond distances, and average Zn-O bond distances.

Table 5. Comparison of the various surface angles and bond lengths for the various PA
monolayers

Benzyl Phenyl

Surface Angles (°) Bond Lengths (A) Surface Angles (°) Bond Lengths (A)
R= Ben/znO C-P/znO C-P O-Zn Ben/znO C-P/znO C-P 0O-Zn
NMe, 454 80.1 1.825 1.861 88.1 86.0 1.794 1.857
OMe 44.6 80.5 1.821 1.856 84.8 87.4 1.794 1.853
CH3 455 80.4 1.819 1.855 83.7 86.0 1.795 1.853
H 43.7 81.9 1.820 1.856 82.9 86.9 1.800 1.855
SH 46.5 80.9 1.823 1.859 82.6 86.4 1.795 1.854
F 45.1 81.1 1.820 1.856 81.7 85.9 1.796 1.854
NO, 452 80.5 1.822 1.857 83.8 86.4 1.801 1.856

While a consistent coverage density was used for each SAM, this work considers both
phenyl- and benzyl-PAs, and the intermolecular distances between the molecules in the

monolayers are not constant. For the benzyl-PAs, the shortest intermolecular distance is
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between a benzyl hydrogen and a ring hydrogen on an adjacent molecule, with an
average center-to-center distance of 3.18 A (see Figure 13). In contrast, for the phenyl-
PAs, the shortest distance is measured between phenyl hydrogen atoms on adjacent
molecules, averaging a distance of 4.26 A. Taking into account the van der Waals radius

of hydrogen, the resulting minimum distance between molecules becomes 0.78 A and

1.86 A, respectively.

Figure 14. Comparison of the minimum distance between molecules for the benzyl PA
(left) and the phenyl PA (right)

The calculated binding energies for each SAM, shown in Table 6, are nearly constant,
with the benzyl-PAs having slightly weaker (< 0.1 eV) binding energies than the
analogous phenyl-PAs. This could be partially attributed to the weak repulsions between
hydrogens on adjacent molecules in the SAM. There was little variation in binding
energy with respect to substitution as the phenyl-PAs ranged from -2.14 to -2.24 eV and
the benzyl-PAs ranged from -2.10 to -2.17 eV. For both sets of phosphonic acids the
strong electron-donating dimethylamine and the strong electron-withdrawing nitro

substituents were the weakest-bound complexes.
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Table 6. Comparison of the binding energy for the substituted benzyl- and phenyl- PAs

Binding Energy (eV)

R= Benzyl Phenyl
NMe, -2.12 -2.14
OMe -2.14 -2.21
CH; -2.14 -2.20
H -2.15 -2.21
SH -2.16 -2.24
F -2.13 -2.21
NO, -2.10 -2.14

4.4  Change in Work Function and Molecular Dipole

The calculated change of work function for each PA-modified ZnO surface is given in
Table 7. The electron-rich substituents result in a decrease in the work function while the
electron-deficient groups result in an increase; for example, the dimethylamino benzyl-
and phenyl-phosphonic acids have a decrease in work function of -1.01 and -1.03 eV,
respectively. The nitro-substituted benzyl- and phenyl-PAs have the largest increase,
with increases of 3.13 and 3.68 eV. The range in work function modifications for
different substitutions is nearly 4 eV. This is significantly greater than the range in work
function modifications that have been seen previously, although this can be partially

attributed to the much higher molecular packing density compared to earlier works.'®
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Table 7. Changes in work function for the various benzyl- and phenyl-PA SAMs

A, (eV)
R= Benzyl Phenyl
NMe, -0.87 -1.02
OMe 0.30 0.27
CH; 0.79 0.68
SH 0.83 0.77
H 1.16 1.00
F 1.74 2.11
NO, 3.29 3.68

As in the previous chapter, a correlation has been observed between the component of the
molecular dipole moment perpendicular to the surface and changes in the surface work
function. Plotting psam) against the calculated change in work function (A®) shows a
definite trend as seen in Figure 15. Given the diversity of substituents, the correlation is

relatively high (R? = 0.93).

By comparing the molecular dipole moment perpendicular to the surface to the molecular
dipole calculated for the molecules in the gas phase, an understanding of the influence of
surface packing within the SAM can be gained. The component of the molecular dipole
along the carbon-phosphorus bond, pp.c, and the molecular dipole for each SAM
projected normal to the surface, pysam), can be seen in Table 8. In general, the influence
of a substituent on pp.c for the phenyl-PAs is larger than those for benzyl-PAs as the
benzene ring is aligned with the P-C bond. A linear regression of these terms suggests
that the dipole moment of the benzyl molecule is reduced by a factor of 1.6 compared to
its phenyl analog, which is approximately the ratio of the cosines that the aromatic rings

make relative to the P-C bond.
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Table 8. Comparison of the total gas-phase molecular dipole along the P-C bond and the
dipole normal to the surface when in the SAM configuration for both the benzyl- and
phenyl-PAs

Benzyl Phenyl

Gas SAM Gas SAM
R= Hp-c Hz R= Hp-c Mz
NMe, 1.87 1.41 NMe, 4.55 2.02
OMe 0.71 0.80 OMe 2.11 1.18
CHs 1.00 0.61 CHs 1.84 1.01
SH 0.13 0.02 SH 0.91 0.37
H 0.63 0.45 H 1.19 0.76
F -0.52 -0.36 F -0.43 -0.39
NO, -3.22 -1.80 NO, -4.11 -2.38

When comparing pie.c to psam), the value of the dipole is reduced by a factor of 0.52 and
0.59 for the benzyl- and phenyl-PAs, respectively. This reduction shows that there is a
significant depolarization in both SAMs with the effect being greater in the
benzylphosphonic acids. When making a direct comparison between the two values,
there is only a small correction due to the fact that the carbon-phosphorus bond in the
bound SAMs is not normal to the surface as it averages 86.5° for phenyl-PAs and 80.8°
for benzyl-PAs. When comparing psam) for the phenyl- and benzyl-PAs, there is a
reduction in the dipole moment perpendicular to the surface by a factor of 1.4. This is a
due to the perpendicular nature of the phenyl-PAs, where the angle of the aromatic ring
relative to the surface averages 83.9° compared to 43° for the benzyl-PAs, and the

increased depolarization of the benzyl-PAs in comparison to the phenyl-PAs.
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Figure 15. A plot depicting the calculated change in work function Adc,. compared to
the molecular dipole normal to the ZnO surface of each SAM. Benzyl-PA-SAMs are
marked with blue diamonds, phenyl-PA-SAMs are marked with green triangles.

45  Decomposition of the Work Function

As discussed earlier, the change in work function can be decomposed into three
components: the bond dipole due to the charge-redistribution at the interface of the SAM
and the surface (BD), the change in the potential energy crossing an isolated molecular
SAM (AV,4), and the change in work function due to the geometry reorganization of the
surface upon application of the SAM (Adgy,). Each of these terms are calculated

separately and tabulated in Table 9. Values for AV, are related to p;sam), Which was
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shown to be the principal component in the variation of A® (although only one
contributing component of A®), through the Helmholtz equation. The values for A®ge,
are very similar for each SAM, which was expected as the binding energies and the
binding geometries are consistent for the substituents studied. This term is smallest for
the dimethylamine substituted PA-SAMSs, where it is 0.07 eV smaller than the phenyl-PA
and 0.22 eV smaller than the benzyl-PA. There is no clear trend in A®ye, for the other
substitutions. The final contributing factor, the bond dipole, has a large degree of

variance and provides the remaining contributions to A®.

Table 9. Decomposition of the work function for the benzyl- and phenyl-PAs into their
contributing factors (all values in eV).

Benzyl Phenyl
R= AV ADge, BD  ADyr  ADgy AV ADgey, BD  ADyr  ADgy
NMe, -145 -066 1.09 -1.01 -0.87 -207 -084 188 -1.03 -1.02
OMe -083 -078 179 0.18 0.30 -1.22 -096 240 0.22 0.27
CHs -063 -086 215 0.65 0.79 -1.03  -094 259 0.62 0.68
SH -0.02 -079 150 0.69 0.83 -0.78 -092 264 0.74 0.77
H -0.46 -0.88 240 1.05 1.16 -0.38  -091 203 094 1.00
F 0.36 -086 212 1.62 1.74 0.43 -0.92 253 205 211
NO, 1.85 -0.83 211 3.13 3.29 2.45 -0.86 2.08 3.66 3.68

As was the case with the tridentate-bound systems in the prior chapter, the BD values
calculated for both the benzyl- and phenyl- SAMs occur over a range of approximately 1
eV. This level of variation in the bond dipole is significantly greater than in the case of
benzylphosphonic acids on ITO and ZnO, where the variations are 0.03 eV and 0.20 eV.
This variation demonstrates that the bond dipole is extremely sensitive to either the small

differences in the geometry at the surface-SAM interface or the aryl electronic structure;
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The summed values for Ady,; are consistent with the independently-calculated values for
A®; for the phenyl-PA-SAMs, this difference is ~0.05 eV. For the benzyl-PA SAMs,
there is a slightly larger (but still consistent) discrepancy ranging 0.11-0.16 eV lower than

AD.

4.6 Conclusion

The binding geometries, binding energies, changes in work function, and their
contributing components have been calculated using density functional theory for a series
of fourteen para-substituted benzyl- and phenyl-phosphonic acid SAMs on the polar
(0002) ZnO surface in the tridentate binding mode. The overall shifts in work function
show that there continues to be a strong correlation between the molecular dipole of the
SAMs, relating to their relative electron donating or withdrawing strengths and the
overall increase in work function. The resulting difference in the work function change
for a benzyl- and phenyl-PA with a given para-substitution respective is due primarily to
the change in tilt angle of the aryl ring relative to the surface, which proved to be
consistent across all cases; the phosphorus atom in the PO3; group effectively shields the
headgroup from the O-Zn bonds created upon formation of the monolayer. This work
has provided a more detailed study of the tridentate modification of a polar ZnO surface

via a larger selection of phosphonic acids.
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CHAPTER 5-

FUTURE CONSIDERATIONS

A detailed investigation of a series of aryl-containing phosphonic acids on a single zinc-
and oxygen-depleted, hydroxyl-modified, polar (0002) ZnO surface in two different
binding modes has been described. However, there are a number of additional areas for
future investigation; the zinc oxide surface is an unstable one, capable of containing a
wide variety of surface defects. To better understand this surface, an expanded unit cell

makes for a very obvious next step.

Modeling a larger unit cell would still be possible via the DFT techniques used in this
study; a four-fold increase in cell size would create a system with ~200 atoms describing
the surface. With starting geometries provided by the calculations performed with the
smaller unit cell, modeling at least a small subset of the systems examined in this study
would be computationally viable. By expanding the unit cell to a larger size, the effect of
surface defects—in combination with the variance of PA coverage density—could be
studied in much more detail. Recent discussions have revealed that despite the small
(<0.1 eV) differences in binding energy calculated for the various molecules studied in
this work, experimental observations have shown that there are dramatic differences in
observed coverage densities for these molecules by as much as an order of magnitude. In
addition, a larger unit cell could be used to investigate the existence of other possible
thermodynamically-favored binding modes such as a bridged monodentate geometry:
something that was not possible to model with the original unit cell containing a single

molecule.
42



In addition, the small impact on binding energy observed by modifying the aryl
component is likely due to the PO3; phosphorus atom acting as a barrier preventing the
modified head groups from altering the oxygen-zinc surface binding. A study of the 2p
binding energy shifts for the phosphorus would be a useful next step for further
investigation into this phenomenon. Further study into the exact position of the
HOMO/LUMO levels of the carbon ring relative to the valence and conduction bands of
the modified ZnO surface could also lead to a better understanding of the changes in the

work function for these systems.

Finally, the energy barrier between the different binding modes is also of considerable
interest; if this barrier is fairly low (with respect to kT) then it may be difficult to resolve
specific binding modes from experimental data. More importantly, the variety of binding
motifs would have a significant impact on the macroscopic electronic effect of SAM

modification.

A solid understanding of how to modify the bond dipole, combined with the
understanding of the relationships between molecular dipole and work function and the
potential binding geometries outlined in prior chapters, would allow for a more accurate
method for tuning the work function of metal oxide surfaces like ZnO using robust
monolayers formed from custom-designed phosphonic acids for applications in a variety

of organic electronic devices.
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