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ABSTRACT 

 The purpose of this Dissertation is to investigate the chemistry at interfaces between 

organic active materials and two electrodes, namely organic metal oxide cathode and metal 

anode, in organic photovoltaic (OPV) devices. Poor compatibility and energy level 

mismatch at organic/transparent metal oxide (TCO) interfaces is a long standing challenge 

which limits interfacial electron transfer efficiency. Phosphonic acid modifiers on TCO 

surfaces are able to improve interface compatibility and energy alignment. Chapters 3 and 

4 in this Dissertation investigate the fundamental formation, quality and orientation of 

phosphonic acid monolayers on indium-doped zinc oxide (IZO) surfaces, a model TCO. 

Metal electrode deposition on organic active layer materials is a common last step of OPV 

device fabrication. Chapters 5-8 in this Dissertation explore possible molecular processes 

at organic-metal interfaces when metal deposition occurs under ultra-high vacuum 

conditions.  

Choosing octylphosphonic acid (OPA), F13-octylphosphonic acid (F13OPA), 

pentafluorophenyl phosphonic acid (F5PPA), benzyl phosphonic acid (BnPA), and 

pentafluorobenzyl phosphonic acid (F5BnPA) as a representative group of modifiers, 

Chapter 3 describes polarization modulation-infrared reflectance-absorbance spectroscopy 

(PM-IRRAS) of binding and molecular orientation on IZO substrates. Considerable 

variability in molecular orientation and binding type is observed with changes in PA 

functional group. OPA exhibits partially disordered alkyl chains, but on average, the chain 

axis is tilted 57° from the surface normal; F13OPA tilts 26° with mostly tridentate binding; 

the F5PPA ring orients 72° from the surface normal with a mixture of bidentate and 

tridentate binding; the BnPA ring orients 59° from normal with a mixture of bidentate and 
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tridentate binding, and the F5BnPA ring orients 45° from normal with a majority of 

bidentate with some tridenate binding. These trends are consistent with what has been 

observed previously for the effects of fluorination on orientation of phosphonic acid 

modifiers. The results from PM-IRRAS are well correlated with recent results on similar 

systems from near-edge x-ray absorption fine structure (NEXAFS) and density functional 

theory (DFT) calculations. Overall, these results indicate that both surface binding 

geometry and intermolecular interactions play important roles in dictating orientation of 

PA modifiers on TCO surfaces. This work also establishes PM-IRRAS as a routine method 

for SAM orientation determination on complex oxide substrates. 

In addition to orientation studies the effect of PA deposition method on the 

formation of close-packed, high-quality monolayers is investigated in Chapter 4 for SAMs 

fabricated by solution deposition, microcontact printing, and spray coating. The solution 

deposition isotherm for perfluorinated benzylphosphonic acid (F5BnPA) on IZO is studied 

using PM-IRRAS at room temperature as a model PA/TCO system. Fast surface adsorption 

occurs in the first minute; however, well-oriented high-quality SAMs are reached only after 

~48 h, presumably through a continual process of molecular adsorption/desorption 

accompanied by molecular reorientation. Two other rapid, soak-free deposition techniques, 

microcontact printing and spray coating, are also explored. SAM quality is compared for 

deposition of phenyl phosphonic acid (PPA), F13-octylphosphonic acid (F13OPA), and 

perfluorinated benzyl phosphonic acid (F5BnPA) by solution deposition, microcontact 

printing and spray coating using PM-IRRAS. In contrast to microcontact printing and spray 

coating techniques, 48-168 h solution depositions at both room temperature and 70 °C 

result in contamination- and surface etch-free close-packed monolayers with good 
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reproducibility.  SAMs fabricated by microcontact printing and spray coating are much 

less well ordered. 

Oligothiophenes are building blocks of the popular organic donor materials 

polythiophene and P3HT. In Chapters 6 and 7, interfacial reactions of the model thiophene-

based oligomers, -sexithiophene (-6T) and 2, 2’:5’, 2”-terthiophene (-3T), with vapor 

deposited Ag, Al, Mg and Ca are investigated using surface Raman spectroscopy under 

ultra-high vacuum conditions. Results indicate that Al and Ca cause reduction of -6T to 

tetrahydrothiophene and calcium sulfite, respectively, with Al exhibiting less reactivity 

than Ca. Partial electron donation from the sulfur atom lone pair electrons to vacant Ag 

and Mg d or p orbitals is observed, inducing formation of polaron states at the interface. 

Inter-ring C-C bond rotation is also induced by this electron sharing between -6T and 

both Ag and Mg. This unexpected evolution of -6T interfaces with low work function 

metals alters the interfacial energetics through the formation of “gap” states which 

ultimately impact device performance. Vapor deposited Ag forms nanoparticles on the 

surface and induces considerable surface enhanced Raman scattering (SERS) of the -3T 

along with a change in molecular symmetry and formation of Ag-S bonds; no other reaction 

chemistry is observed. Vapor deposited Al and Ca exhibit chemical reaction with -3T 

spectrum initiated by metal-to-3T electron sharing. For Al, the resulting product is 

predominantly amorphous carbon (a-C) through initial radical formation and subsequent 

decomposition reactions. For Ca, the spectral evidence suggests two pathways: one leading 

to -3T polymerization and the other resulting in thiophene ring opening, both initiated by 

radical formation through Ca-to--3T electron transfer. 
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In Chapter 8, metal penetration depth into -3T and -6T films is investigated and 

compared between Ag, Al, Mg and Ca using Raman and X-ray photoelectron 

spectroscopies. Mg exhibits the greatest penetration with no observable surface 

metallization on 50 ML (15 nm) OT surfaces. Ag shows moderate penetration and 

metallization ability with no reaction chemistry when in contact with -6T. Al and Ca 

exhibit the least penetration and greatest metallization abilities, possibly due to reaction 

chemistry occurring between Al (or Ca) and -6T. Al and Ca both penetrate up to 10-14 

nm into -6T layers. The penetration process for Ca consists of two distinct phases. Ca 

tends to be more evenly distributed throughout the entire -6T film and reduce the native 

-6T until the composition of the top 5-7 nm of the -6T film becomes constant; beyond 

this point, further Ca deposition penetrates and completely reduces -6T into CaS 

throughout the entire 10-14 nm thickness. Al atoms are more concentrated within the top 

5-7 nm of the film and gradually penetrate deeper into the film. These results reveal 

significant but varying depths of the impact of deposited metals on OT thin films during 

physical vapor deposition; these results further reinforce the critical role of interfacial 

chemistry on organic electronic device performance.  
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CHAPTER 1 

 

INTRODUCTION 

 

 Thin film organic photovoltaic (OPV) devices have attracted tremendous attention 

during the past three decades in both academic research and industry for the purpose of 

efficiently utilizing solar energy as a renewable energy source. The most attractive 

advantages of OPVs are their proposed low cost and lower environmental impact, as well 

as their transparent and flexible form factors. However, OPVs also suffer from obvious 

disadvantages including low overall power conversion efficiency and short lifetime.  The 

latest version of the champion research cell efficiencies in the past four decades are 

summarized by the National Renewable Energy Laboratory. (Figure 1.1) Among a variety 

of cell types, development of organic cell performance is summarized with orange solid 

circles in the bottom right corner. As a relatively new technology, it shows a great potential.  

The first generation organic solar cell was assembled with a single organic layer 

sandwiched between two metal electrodes with different work functions.1 Charge 

separation was achieved by asymmetric electron and hole injection into molecular *
 and 

 orbitals 2 and the formation of a Schottky-barrier.3, 4 The power conversion efficiency of 

the single layer device is only 10-3-10-2 % which was later improved to 0.7%.5, 6 Second 

generation OPVs debate the use of double layer organic materials to assemble organic 

heterojunction and sandwiched between metal and metal oxide electrodes. The hole rich 

material, phthalocyanine, and electron rich material, perylene, are defined as p-type (or
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Figure 1.1 NREL’s latest chart of best research-cell efficiencies. Resource can be found at 

http ://www.nrel.gov/ncpv/images/efficiency_chart.jpg.
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electron donor) and n-type (or electron acceptor) organic semiconductors, respectively. 1% 

overall power conversion efficiency of this device was reported by Tang and coworkers7 

in 1986 and has been recognized as an outstanding benchmark for many years.  Building 

upon Tang’s work, Hiramoto et al. reported an organic tandem cell structure which stacks 

two organic heterojunctions.8 They also developed three layer p-i-n structures;1 “i” 

represent the intermixing layer produced by co-depositing p-type and n-type organic 

semiconductor materials. 8, 9  Meanwhile, conjugated polymer technology started to be 

applied to OPV development in the 1990s. Although the power conversion efficiency of 

the first single layer conjugated polymer cell was less than 1%, 4, 10, 11, 12 it opened up 

exploration of new polymer based functional materials. Later, photoinduced electron 

transfer from conjugated polymers to C60 was observed13, 14 which stimulated the 

development of polymer-C60 bilayer or bulk heterojunction solar cells. Currently, the bulk 

heterojuction (BHJ) OPV architecture is the most widely used cell configuration,15, 16 since 

the required exciton diffusion length from where the exciton is generated to the 

donor/acceptor interface is greatly shortened by increasing the interfacial area, thereby 

improving overall power conversion efficiency.  

Conceptually, modern OPVs consist of at least three components including a 

transparent conductive oxide material, which serves as the anode or the bottom contact, a 

metal layer, which serves as a cathode or top contact, and p-type and n-type organic 

materials either arranged as planar heterojunctions (PHJ) or BHJ which are sandwiched in 

between the two electrodes. Figure 1.2a depicts an example of a basic three layer OPV 

structure. Light absorption by the p-type organic donor molecule generates excitons, which 

are essentially Coulombically bound electron-hole pairs. Excitons 
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Figure 1.2 a) Diagram of bilayer planar heterojunction OPV and illustration of exciton formation (1), diffusion (2), charge separation 

(3) and transfer (4), and charge injection (5) processes; structure of b) planar heterojunction and c) bulk heterojunction solar cells.
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separate into electrons and holes once they diffuse to the donor/acceptor interface. 

Electrons are later transferred to the n-type organic acceptor layer and holes are transfer to 

the p-type organic donor layer. Electron and hole injection into metal or metal oxide 

electrodes are then used to supply current to an outside operating load. In comparison to 

the traditional PHJ structure shown in Figure 1.2 b, BHJ solar cells consist of a mixture of 

D/A materials as the active layer (Figure 1.2c) which effectively increases the D/A 

interfacial area and shortens the required diffusion length of excitons to the interfaces.   

 One of the most critical challenges of OPVs in the current photovoltaic market is 

the limitation of solar to electric energy power conversion efficiencies (PCE), which is the 

direct count of the percent conversion of photons to electrons. Several factors dictate the 

PCE of particular OPV devices; these are defined and described by Forrest17 in equation 

1.1 

𝜂𝐼𝑄𝐸 = 𝜂𝐴 × 𝜂𝐸𝐷 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶                          (1.1) 

where IQE is the overall internal quantum efficiency of the OPV; A represents the photon 

absorption efficiency by the acceptor material; ED is the diffusion efficiency of excitons 

from where they are generated to the donor/acceptor (D/A) interface; CT is the charge 

carrier transfer efficiency to organic and electrode layer interfaces, and CC represents the 

efficiencies of charge collection at the organic/electrode interfaces. A, ED, CT and CC 

represent the efficiencies of processes 1, 2, 4 and 5, respectively, shown in Figure 1.2a. In 

order to fully understand and optimize the PCE of OPVs, each of these parameters is 

essential. The main focus of the work discussed within this Dissertation is to gain an 
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understanding of the chemistry occurring during the organic/electrode interface charge 

collection processes. 

Currently, low work function metals (LWFMs) 18, 19 and transparent conductive 

oxides (TCOs) 20, 21 are widely used as the cathode and anode materials, respectively. The 

typical organic active layer heterojunction materials include two major types: 1) 

polymer/fullerene bulk heterojunctions,22, 23, 24 and 2) small molecule heterojunction solar 

cells.7, 25 Thiophene based polymers such as polythiophene (Figure 1.3b) and Poly (3-

hexylthiophene-2,5-diyl) (P3HT) (Figure 1.3a) are widely used donors due to the high 

conductivity and favorable energy level alignment with the acceptor C60 (Figure 1.3d) and 

its derivative phenyl-C61-butyric acid methyl ester (PCBM) (Figure 1.3c). As building 

blocks of thiophene-based polymers, the thiophene oligomers 2,2’:5’,2”-terthiophene (-

3T) (Figure 1.3e) and -6T (Figure 1.3f) are of great interest from both the standpoint of 

molecular fundamentals as well as their direct application in devices.  

Small molecule solar cells have attracted growing interest in recent years because 

of their potential solution processability and ease of functionalization. Phthalocyanine (Pc) 

and perylene diimide (PDI) are commonly used examples of small molecule donors (Pc) 

and acceptors (PDI). One example of an organic donor, ZnPc, is given in Figure 1.4a. The 

modification of the outside phenyl-alkyl position or metal center is capable of tuning the 

absorption spectra and molecular packing geometry, which impacts light absorption 

efficiency and charge carrier mobility. Similarly with PDIs, manipulating the R groups 

shown in Figure 1.4c can improve the solubility, and ultimately, the ability to process the 

material from solution.   
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Figure 1.3 Structures of P3HT/PCBM donor acceptor pair and their derivatives. a) Poly(3-hexylthiophene-2,5-diyl) (P3HT); b) 

polythiophene; c) phenyl-C61-butyric acid methyl ester (PCBM); d) C60; e) 2,2’:5’,2”-terthiophene (-3T), and f) -sexithiophene (-

6T).

(a) (b) (c) (d)

(e) (f)
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Figure 1.4 Structures of solution processable small molecule donor/acceptors. a) 

Symmetric zinc phthalocyanine (ZnPc) and b) perylene diimide (PDI). 

  

 

 

 

 

 

 

 

 

(a) (b)
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As mentioned above, charge collection efficiencies at organic active layers and 

electrode surfaces are important factors that contribute to the overall power conversion 

efficiency of OPV devices. Therefore, both physical contact and chemical reaction at 

organic semiconductor and electrode material interfaces impact the performance of OPV 

devices.26, 27, 28, 29 As many research results have revealed, formation of an interface layer 

between an organic active layer and electrodes is undesirable yet also inevitable.30, 31 

Figure 1.5 shows an energy level diagram of a basic three layer organic solar cell. 

Interfacial energy level match is key in choosing proper materials. In particular, the energy 

level match of the HOMO of the donor with the Fermi level of the TCO impact the hole 

collection efficiency. Similarly, the energy alignment of the LUMO of the organic acceptor 

material with the work function of metal electrode impacts the electron injection efficiency. 

As indicated in Figure 1.5, understanding the unknown interlayer between an organic film 

and two separate electrodes with undefined energy levels is essential for helping improve 

the overall efficiency of these OPV devices. The overall goal of this Dissertation is to 

address some essential chemical questions at the interfaces between organic layers and 

electrodes. 

 

Organic/Metal Oxide Interface: Phosphonic Acid (PA) Modification of Transparent 

Conductive Oxide (TCO) Surfaces 

Contacts between TCOs and organic active layer materials are usually fabricated 

by spin coating or vapor depositing organics onto TCOs. Poor interface wettability and  
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Figure 1.5 Energy level diagram of OPV illustrating charge separation, transfer and 

interface formation. 
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Figure 1.6 Illustration of a) PA modification of the interface energy level; b) orientation of PPA on TCO surface affects the net 

interface dipole,  dipole moment of functional group and the interface linkage are shown as red and yellow arrow, the interface net 

dipole is illustrated as a green arrow and  is the phenyl ring tilt angle from surface normal. 
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energy level misalignment between organics and common TCO surfaces is a potential issue 

that limits the charge collection efficiency at the interface. Previous research shows that 

small phosphonic acid molecules are able to covalently bond to the TCO surface and form 

self-assembled monolayers (SAMs) and improve the TCO surface wettability towards 

organic materials while at the same time adjusting the TCO work function allowing for 

favorable energy level alignment. Figure 1.6a illustrates how the formation of a SAM acts 

as an additional interface dipole and can help tune the HOMO and LUMO levels of 

organics to achieve better HOMO level match with the Fermi level of the TCO.  

 Manipulation of the interfacial dipole in a controlled manner requires careful 

selection of PA functional groups and a complete understanding of their molecular 

orientations. In particular, surface work function is directly proportional to the cosine of 

the tilt angle of the molecular dipole. Using phenylphosphonic acid SAMs as an example, 

Figure 1.6b illustrates the interfacial dipole change with molecular orientation. The 

interface dipole is the net dipole of PA functional groups (phenyl ring) and PA linkages 

(phosphonic acid group) at the TCO surface. The apparent interface dipole is the projection 

of the interface net dipole along the surface normal. As shown in Figure 1.6b, modifier 

tilting by º away from the surface normal results in a decrease in the interface dipole by a 

factor of 1/cos. The interfacial work function () of SAM-modified surfaces is 

described in equation 1.2 

                                               ∆Φ =
𝑛𝑒∙𝜇𝑚𝑜𝑙cos(𝜃)

𝜀0∙𝜀
        (1.2) 
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where mol is the molecular dipole moment,  is tilt angle of the modifier net dipole moment 

with respect to the surface normal,  is the dielectric constant of the modifier, n is the 

modifier density at the surface, and 0 is the vacuum permittivity.32, 33 Equation 1.2 suggests 

that the adjusted surface work function is directly related to not only modifier orientation 

but also modifier density. Therefore, preparation of close-packed monolayers and full 

characterization of the modifier orientation is highly desirable for understanding and 

optimizing the TCO/organic interfacial energetics.  

 Figure 1.7 a-f shows six previously reported small phosphonic acid molecules with 

the capability of adjusting the TCO surface work function and wettability as candidate 

SAM structures on TCO surfaces. Understanding molecular orientation will allow better 

descriptions of the detailed molecular pictures of these modifiers, which could ultimately 

facilitate controlling the modifier orientation and interfacial dipole. Additionally, PA 

modification of TCOs with the acceptors PDI-phenyl-PA (Figure 1.7g), PDI-diphenyl-PA 

(Figure 1.7h) and donor molecule ZnPc-PA (Figure 1.7i) are also of great interest. Beyond 

favorable alignment of the surface work function, successfully controlling orientation of 

active layer organic materials could template the arrangement of active materials in the 

bulk active layer materials.34 Finally, molecular packing in the organic layer is known to 

affect charge transfer rates significantly.35, 36, 37 
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Figure 1.7 Structures of phosphonic acid modifiers: a) phenylphosphonic acid (PPA); b) pentafluorophenyl phosphonic acid (F5PPA); 

c) benzyl phosphonic acid (BnPA); d) pentafluorobenzyl phosphonic acid (F5BnPA); e) octylphosphonic acid (OPA); f) F13-

octyphosphonic acid (F13OPA); g) PDI-phenyl-PA; h) PDI-diphenyl-PA and i) ZnPc-PA.

(a) (b) (c) (d) (e) (f)

(g) (h) (i)



38 

 

38 
 

Organic/Metal Interfaces 

The common last step of OPV device fabrication is physical vapor deposition of a 

low work function metal onto the organic semiconductor materials. The inevitable metal-

organic intermixing28, 29, 30, 38 can potentially cause electron transfer-induced chemical 

reactions, which create undesirable interfacial products. Generally, the possibility of 

interfacial electron transfer is correlated with the LUMO level match with the surface work 

function of the metal electrode material. Figure 1.8 shows an energy level diagram of the 

organic/metal interface. Energy levels of common organic donors and their derivatives 

(thiophene based oligomers and polymers) and acceptors (Alq3 and C60) are given and 

compared to the work functions of common metal electrodes including Ag, Al, Mg and Ca. 

The close match of the LUMO levels of the acceptors with the work functions of bulk Ca 

and Mg make the electron transfer possible. Note that the work functions of the four 

different metals falls into the optical band gap of most common donors materials, the 

thiophene-based oligomers and polymers. Any existing tailing states in the band gap may 

allow metal-to-organic electron transfer. Previous research from this laboratory using 

Raman spectroscopy proved the existence of interfacial molecular processes on organic 

acceptors C60,
28 Alq3

29, 38, 39 and their building blocks including benzene40, 41 and pyridine41, 

42 when covered with Ca,39, 41 Al28, 29, 40, 42 and Mg.38, 40, 42 However, no interfacial chemistry 

between donors and metals has been previously investigated.  

 Figure 1.9 shows the ideal metal/organic contact and three different scenarios of 

possible interfacial layers, including charge traps and a charge step. As for consideration 

of organic donors, formation of an energy step may cause back electron drain from the 
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Figure 1.8. Energy level diagram of materials presents at the organic donor/acceptor and metal electrode interface.
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Figure 1.9 Diagram of the ideal metal/organic interface (far left) and three scenarios of interfacial products including (from second 

from left to the right): an unfavorable charge step and two beneficial charge traps.
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Figure 1.10 Possible metallization and penetration scenarios for physical vapor deposited 

metals on an organic surface: a) ideal interface with no perturbation of surface roughness 

and no metal penetration; metal deposition induced b) organic surface perturbation; c) 

organic surface perturbation and metal intermixing with organics; d) organic surface 

perturbation, metal organic intermixing and metal penetration, and e) total metal 

penetration to underlying layer interface.
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electrode to the organic layer, which is undesirable. Thus, a better description of 

donor/metal interfacial chemistry is necessary to improve the electron injection efficiency 

in OPVs. Finally, physically vapor deposited metals are known to exhibit different 

penetration abilities into organics.30, 31, 43, 44, 45, 46, 47, 48, 49 The existence and degree of 

organic/metal intermixing could impact the thickness of the interfacial layer which is 

directly related to the interface charge injection ability of OPV devices. Therefore, 

investigation of metal penetration and depth of any surface chemistry for each unique metal 

under various deposition conditions is important to study as well. Figure 1.10 shows the 

ideal (a), acceptable (b) and undesirable (c-e) organic/metal interfaces. The accurate 

interfacial picture is important to understand under device fabrication conditions.  

 

Research Objects 

 The research in this Dissertation is focused in two major areas: 

1. Interfacial chemistry at organic/metal oxide surfaces is investigated using 

polarization modulation-infrared reflection-absorption spectroscopy (PM-IRRAS). 

Choosing IZO as a representative metal oxide electrode, the orientations of small 

molecule PAs and PA-linked Pc donor and PDI acceptor modifiers are analyzed. A 

widely applicable PM-IRRAS method of modifier orientation analysis on metal 

oxide surfaces is established to apply on new modifier/substrate systems. Also, the 

quality of the monolayers prepared by different deposition methods is evaluated 

and possible substrate degradation during SAM deposition is explored.   
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2. Building upon the previous understanding of the interfacial chemistry of common 

acceptors  such as Alq3
29, 38, 39 and C60

28 with low work function metal contacts 

reported previously from this laboratory, interfacial molecular processes between 

thiophene oligomers, namely, -sexithiophene and 2,2’:5’,2”-terthiophene, and 

low work function metals (Ag, Mg, Al and Ca) are investigated to explore possible 

interfacial electron transfer events and molecular processes. UHV-Raman 

spectroscopy and x-ray photoelectron spectroscopy are employed to facilitate the 

understanding of molecular processes during metal deposition onto oligothiophene 

films. The molecular structures of new interfacial products are characterized in 

order to fully understand the nature of interfacial products. In addition, metal 

penetration and metallization ability is also considered with x-ray photoelectron 

spectroscopy in order to build an accurate, full picture of metal/organic contacts in 

organic electronic devices and establish the foundations for device fabrication 

process improvements.  
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CHAPTER 2 

MATERIALS, INSTRUMENTATION, AND EXPERIMENTAL METHODS AND 

PROCEDURES 

 

           This chapter outlines the details of materials, instrumentation and methods applied 

to investigate phosphonic acid (PA) self-assembled monolayers (SAMs) on indium zinc 

oxide (IZO) substrates and low work function metal (LWFM)/organic materials interfacial 

chemistry. 

 

Experimental Details of Projects on Phosphonic Self-Assembled Monolayers on IZO 

Surfaces (Chapter 3-5) 

Materials 

          PPA,50 OPA,51 F13OPA,52 F5PPA,53 BnPA,54 and F5BnPA53 molecules were 

synthesized and purified as previously described. Potassium hydroxide (99.98% metals 

basis) was purchased from Alfa Aesar (Ward Hill, MA). Dibromomethane (99%) and 

dichloromethane (99%) used for density measurements on PA salts were purchased from 

Sigma Aldrich (St. Louis, MO). Absolute ethanol was obtained from Aaper Alcohol and 

Chemical Company, (Shelbyville, KY). HPLC-grade acetonitrile (>99.8%) was obtained 

from EMD chemicals. (Darmstadt, Germany). FTIR-grade KBr was purchased from Alfa 

Aesar. Liquinox Critical Cleaning Liquid detergent was purchased from Alconox (White 

Plains, NY) and diluted to 1% (v/v) with Milli-Q water before use.  

 



45 

 

45 
 

Instrumentation 

Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS) A 

Nicolet Nexus 670-FTIR spectrometer coupled to a tabletop optical module was used to 

collect PM-IRRAS data. Polarization modulation is provided by a Hinds Instruments 

(Hillsboro, OR) PM-90 modulator with a ZnSe 50 kHz optical head and a synchronous 

sampling demodulator (GWC Instruments, Madison, WI).  The optical signal is obtained 

using a MCT-A detector (ThermoElectron Scientific Instrument Corp., Beverly, MA).  

PM-IRRAS data were collected using an incident angle with respect to the surface normal 

of 80º. PM-IRRA spectra are from an average of 4096 scans with 4 cm-1 resolution and 

maximum dephasing at 3000 and 1600 cm-1.  Reference spectra were acquired on samples 

that were identically cleaned and placed in neat ethanol for the same soaking period. The 

procedure used to convert the raw PM-IRRAS data to absorbance units has been described 

previously.55, 56 Transmission spectra of the neat PAs and their potassium salts as KBr 

pellets were obtained using a Nicolet Magna 550 Series II FTIR spectrometer equipped 

with a MCT-A detector using an average of 512 scans at a resolution of 4 cm-1. These 

spectra were used for spectral simulation. Spectral peak fitting is performed using Gaussian 

line shapes for all PM-IRRA spectra and a mixture of Gaussian and Lorentzian line shapes 

for simulated spectra to obtain the most accurate peak areas.57, 58, 59 Fits were accepted for 

χ2 values >0.99. 

The normalized PM-IRRAS spectrum is obtained by taking the ratio of 

experimentally measured PM-IRRAS sample spectrum of the monolayer on a specific 

substrate (in all the cases discussed in this dissertation, indium zinc oxide on Au is used as 
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the substrate) versus the background spectrum of the same bare substrate. The normalized 

PM-IRRAS spectrum is expressed as equation 2.1 based on classic PM-IRRAS theory56, 60: 

(
Δ𝐼(𝑑)

Σ𝐼(𝑑)
)
𝑛𝑜𝑟𝑚

=
(
Δ𝐼(𝑑)

Σ𝐼(𝑑)
)𝑒𝑥𝑝

(
Δ𝐼(0)

Σ𝐼(0)
)𝑒𝑥𝑝

=

𝐽2(𝜑0)𝑔[𝛾𝐼𝑝(𝑑)−𝐼𝑠(𝑑)]

𝛾𝐼𝑝(𝑑)+𝐼𝑠(𝑑)

𝐽2(𝜑0)𝑔[𝛾𝐼𝑝(𝑑)−𝐼𝑠(𝑑)]

𝛾𝐼𝑝(𝑑)+𝐼𝑠(𝑑)

= 1 +
2γ𝜌

1−𝛾2𝜌2 𝐴(𝑑)𝑝𝑠𝑒𝑢        (2.1)  

Where (
Δ𝐼(𝑑)

Σ𝐼(𝑑)
)𝑒𝑥𝑝  represent the experimentally measured PM-IRRAS spectrum for 

modified surface and (
Δ𝐼(0)

Σ𝐼(0)
)𝑒𝑥𝑝  is the experimental PM-IRRAS spectrum for the 

corresponding bare substrate. Ip, Is are intensities of reflected p- and s- polarized light; 

𝐽2(𝜑0) is the second-order Bessel function; g is the ratio of the overall gain for the signal 

sum and difference channels; γ represent the ratio of overall optical electronic responses 

for p and s polarizations; ρ=Ip(0) / Is(0) and define A(d)pseu as the pseudo absorption 

spectrum which equals to 1 − 𝐼𝑝(𝑑)/𝐼𝑝(0).  The expression for the spectra of modified 

surfaces A(d) obtained as equation 2.2:60 

 A(d) = 0.434𝐴(𝑑)𝑝𝑠𝑒𝑢 = 0.217(
1−𝛾2𝜌2

𝛾𝜌
) [(

Δ𝐼(𝑑)

ΣI(d)
)
𝑛𝑜𝑟𝑚

− 1]           (2.2) 

Theoretically, ρ=0.95 on Au substrate and varies very little across the entire min-

IR spectrum and γ1,60 In which case PM-IRRAS spectrum in absorbance can be converted 

from the raw data using the following expression: 

A = 0.0223 [(
Δ𝐼(𝑑)

Σ𝐼(𝑑)
)
𝑛𝑜𝑟𝑚

− 1]                                         (2.3) 

 However, in our case, the additional oxide substrate and the any slight variation of 

the focusing could change the ρ and γ values very significantly which play a significant 

role in accurate quantification orientation measurement experiments. Therefore, instead of 

directly using 0.0223 as the correction factor; the correction factors are readily determined 

at the beginning of every experiment day by taking the ratio of real absorbance value of a 
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standard overlap mode from IRRAS experiment versus the (
Δ𝐼(𝑑)

Σ𝐼(𝑑)
)
𝑛𝑜𝑟𝑚

− 1 value obtained 

from PM-IRRAS experiment. With the same focusing, the determined factor barely varies 

although it needs to be checked at the beginning of the experimental day. The factor used 

for the experiments discussed in this dissertation varies in the range of 0.0252-0.0378.  

 

X-ray Photoelectron Spectroscopy XPS measurements were performed on a Kratos Axis-

Ultra X-ray photoelectron spectrometer located in the Laboratory for Electron 

Spectroscopy and Surface Analysis (LESSA) at the University of Arizona. The Al Kα x-

ray line was used as the excitation source with 1486.6 eV. The gain current and anode 

voltage were set at 10 mA and 15 kV for all studies. A pass energy of 20 eV was used 

during data acquisition.  

 

pH Measurements. Phosphonic acid titration experiments were performed with a 

Thermoelectron Instruments Orion 4Star pH meter with a Orion 911600 Semi- 

Micro pH electrode which was calibrated with pH 4, 7 and 10 buffers. 

Sonicator Surface cleaning for different purposes was performed with a Branson 

Ultrasonics (Danbury, CT) sonicator model 2800.  

 

Plasma Cleaner A Harrick (Ithaca, NY) plasma cleaner model PDC-32G was used to 

activate the IZO substrates prior to self-assembled monolayer formation.  

Ellipsometer Ellipsometry was used to measure the optical constant and determine the 

cleanliness of bare Ag substrates. A manual-null Rudolph Research Model 43603-200E 
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ellipsometer was employed with a 5 mW HeNe laser source emitting at 632.8 nm, a 

polarizer, a compensator, a quarter-wave plate, constantly set to 45º, a sample stage set at 

70º with respect to the sample surface normal, an analyzer, a digital camera used to assist 

in focusing the sample stage, and a photomultiplier tube (PMT) detector. 

 

Procedures 

IZO Film Fabrication and Cleaning (note: IZO substrates were kindly fabricated and 

supplied by Dr. Ajaya Sigdel in the research laboratory of Dr. Joseph J. Berry at the 

National Renewable Energy Laboratory, Golden, CO)  

100 nm-thick Au deposited on glass slides (1.5-2.0 nm root-mean-square roughness 

by AFM) purchased from Evaporated Metal Films (Ithaca, NY) were used as reflective 

substrates for support of 10 nm-thick films of IZO sputtered from a 3 in, 70:30 (wt %) 

In2O3:ZnO target in a vacuum chamber with a base pressure of 10−6 Torr and a pressure 

during deposition of 4.5 mTorr. During an 8.5 s deposition, the oxygen flow was 

maintained at 0.5 sccm, and the argon flow at 13.4 sccm, with a DC sputtering power of 

100 W. These IZO/Au/glass substrates were detergent-cleaned prior to sonication in 

acetonitrile and absolute ethanol for 5 min each, drying after each step under a gentle flow 

of N2. The surfaces were then placed into the Harrick plasma cleaner (described above) 

where they were exposed to O2 plasma for 10 min for small molecule phosphonic acid 

deposition and to air plasma for 15 min for ZnPc-PA, PDI-phenyl-PA and PDI-diphenyl-

PA depositions. A 400 mTorr gas environment was applied with 10.5 W RF power.  

 

IZO Surface Modification with Phosphonic Acids by Solution Deposition 
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The O2 plasma-cleaned IZO substrates were immediately placed into a 10 mM 

PA/ethanol solution and soaked for 168 h in order to later perform orientation analysis or 

for a specific time period for self-assembled monolayer adsorption isotherm analysis. Prior 

to PM-IRRAS data acquisition, samples were thoroughly rinsed with ethanol and then 

sonicated in ethanol for 5 min. 

 The air plasma-cleaned IZO substrates were incubated in 100 M ZnPc-PA 

solution in CH2Cl2 for 3 h. Surfaces were thoroughly rinsed with CH2Cl2 and sonicated in 

CH2Cl2 for 5 min before being blown dry under a gentle flow of N2 prior to PM-IRRAS 

analysis. Similarly, air plasma-cleaned IZO surfaces were immediately placed into a 20 

M PDI-phenyl-PA solution in 90% dimethylfomamide (DMF) and 10% chloroform 

(CHCl3) containing tetrabutylammonium hydroxide (TBA-OH) in equimolar ratio with 

PDI to eliminate PDI aggregation. Surfaces were stored in the above solution at room 

temperature for 12 h. PDI-diphenyl-PA-modified IZO surfaces were obtained by 

immediately soaking air plasma-cleaned IZO surfaces in 50% DMF and 50% CHCl3 

solutions containing TBA-OH in an equimolar ratio with the PDI at room temperature for 

24 h. The PDI-modified IZO surfaces were thoroughly rinsed with CHCl3 and dried under 

N2 right before characterization.   

 

IZO Surface Modification with Phosphonic Acids by Microcontact Printing (Note: 

Surfaces prepared by microcontact printing were kindly provided by Dr. Kristina Knesting 

in the laboratory of Dr. David Ginger at the University of Washington, Seattle, WA) 

A complete discussion of microcontact printing applied for the fabrication of 

similar PA/metal oxide systems can be found elsewhere.61 Briefly, a 
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poly(dimethylsiloxane) (PDMS) stamp is fabricated from a photolithographically patterned 

silicon wafer master as described before.61 The PDMS stamp is rinsed with ethanol and 

blown dry under a gentle flow of N2. A solution of 10 mM PA in ethanol is swabbed onto 

the stamp, which is immediately pressed onto a pre-cleaned IZO surface and held down by 

a 35-40 g weight for 10 min. The modified surface is immediately transferred to a pre-

heated hot plate and annealed at 140°C for 5 min followed by an ethanol rinse and drying 

in a N2 stream. Surfaces were then sonicated in 5% (by volume) triethylamine solution in 

ethanol for 30 min before a final ethanol rinse and drying in a  N2 stream.  

 

IZO Surface Modification with Phosphonic Acids with Spray Coating (Note: Surfaces 

prepared by spray coating were kindly provided by Dr. Anuradha Bulusu in the laboratory 

of Dr. Samuel Graham at the Georgia Institution of Technology, Atantla, GA) 

As thoroughly described by Bulusu et al.,62 spray coating modification of IZO 

surfaces with PPA, F5BnPA and F13OPA was performed with an Iwata HP-SB Plus air 

brush immediately after plasma treatment. The spray coating solution of 10 mM PA 

solution in ethanol is fed through a cup attached to the spray nozzle and entrained into a 

stream of N2. 1 mL of solution was used in one spray action out of two spray actions per 

sample. In order to make sure that the solution was converted to small droplets that 

impinged on the surface at high velocity, the gas pressure and average solution flow rate 

were maintained at 25 psi and 0.03 mL/sec, respectively. Two sets of 60 s spray actions 

were applied to samples pre-heated on a hot plate to 150 ºC. After the spray applied surfaces 

were kept on the hot plate at the deposition temperature and anneal for 2 min before a 

thorough ethanol rinse. Finally, surfaces were then sonicated in 5% (by volume) 
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triethylamine solution in ethanol for 30 min before a final ethanol rinse and drying in a N2 

stream.  

 

Surface Etching Quantifications by ICP-MS  

Etching of IZO during OPA deposition was quantified with ICP-MS. The analysis 

was performed by Ms. Mary Kay Amistadi at the Arizona Laboratory for Emerging 

Contaminants (ALEC) at the University of Arizona. Sample preparation procedures are as 

follow. Two pieces of IZO substrates with known surface area were soaked in a 10 mM 

OPA solution in EtOH or in pure EtOH for 168 h. The latter was used as a “solvent blank”. 

Substrates were then sonicated for 15 min in ethanol, and this solution was collected and 

the solvent evaporated off. The resulting products were then digested in 2 mL of 

concentrated hot HNO3 (ca. 60 ºC) until all solids dissolved. This procedure typically took 

5-15 min. The solution was then diluted to a final acid concentration of 5% (v/v). ICP-MS 

analysis must be performed immediately after sample preparation to prevent solid 

precipitation. A method blank was prepared by storing same amount of pure EtOH in the 

same vial without IZO for 168 h and post-treated the same way.  

 

Experimental Details of Projects on Thiophene-based Oligomer/Low Work Function 

Metal Interface Chemistry (Chapters 5-8) 

Materials 

Polycrystalline Ag stubs (99.999%, Alfa Aeser) were cut from 1.25 cm dia Ag rods. 

2,2’:5’,2”-Terthiophene (α-3T) (99%) and -sexithiophene (α-6T) (99.0%) were 
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purchased from Sigma Aldrich. Ag foil (99.999%) and Ca dendritic pieces (99.98% under 

Ar) were used as metal sources and purchased from Alfa Aesar. Ca dendritic pieces were 

stored under vacuum with a base pressure of 2.0  10-7 torr to minimize oxidation. Al wire 

(99.999%) was purchased from Sigma-Aldrich Corp. Mg turnings (99.98%) were 

purchased from Alfa Aesar. H2SO4 (98%), HClO4 (70%), HCl (37%) and NH4OH (28-30%) 

were all purchased from EMD and used as received. CrO3 (98+%) was purchased from 

Alfa Aesar. H2 (99.999%) and N2 (99.999%) were purchased from the University of 

Arizona Cryogenics & Gas Facility. Ultrapure water used for silver substrate preparation 

with >18.2 MΩ resistivity and 10 ppb total organic content was produced using a Milli-

Q UV Plus (Millipore Corp) purification system. 

 

Ag Surface Preparation  

 Carefully polished and cleaned Ag surfaces are employed here as reflective 

substrates to investigate organic/metal interface chemistry. Polycrystalline Ag stubs with 

1.25 cm dia were first sanded by hand using 2000 grid SiC sand paper in order to remove 

the majority of the uppermost oxidized Ag layer. Rarely, 1500 grid sand paper is necessary 

for a particular substrate with deep scratches. After 5 min of sonication in water, substrates 

were then mounted in a brass and aluminum holder that is continuously rotated and held 

perpendicular to the platen surface of a commercial polishing wheel (MetaServ 2000, 

Variable Speed Grinder Polisher by Buehler). The rotation speed of the polishing wheel 

was maintained at 60 rpm, and the substrates were polished with Buehler MicroclothTM 

polishing pads wet with 1.0 m Al2O3 aqueous slurry for 1-1.5 h followed by Buehler 
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MastertexTM polishing pads wet with 0.3 m Al2O3 aqueous slurry for an additional 30 min. 

Substrates were then sonicated in water for 10 min to remove Al2O3 residue.  

 Mechanically-polished Ag substrates were then annealed at 1100 K in a H2 flame 

for 30 s to remove organic contaminations and further reduce the surface roughness. 63 

Substrates were immediately soaked in water at room temperature to eliminate surface 

oxidation.  

 Substrates then were subjected to a thorough chemical polishing procedure 

developed previously by Taylor64, 65 and Tiani66 in this laboratory. Substrates were first 

soaked into concentrated H2SO4 for 5min and 70% HClO4 for 1min subsequently to reduce 

organic contaminations. Then samples were immediately put into a 1:1 mixture of 0.6M 

HCl and 4M CrO3 with gentle stirring for 1 min during which the upmost Ag on substrates 

would form Ag+ which formed water insoluble AgCl and been removed by 10min 

sonication in water. After further rinse with water substrates were submerged into 

concentrated NH4OH for 10min to ensure removal of AgCl.  Lastly, thoroughly rinsed 

substrates were soaked in 70% HClO4 for 5 min to neutralize the residue NH4OH. 

Substrates were then removed from HClO4 rinse and soak into water for later applications.  

Throughout the chemical cleaning steps substrates one should eliminates sample exposure 

in air to the largest extend in order to prevent surface oxidation.  

 After all the polishing and cleaning steps, the Ag substrates were dried under a 

gentle flow of N2 before being placed in a stainless steel “VG” style sample holder in which 

it is held in place with three set screws secured with Vacseal high vacuum sealant (Space 

Environmental Labs). The refractive index n and extinction coefficient of Ag substrates 
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were checked by ellipsometry to confirm the cleanness. The n and k values for Ag 

substrates through all the cleaning procedure are in the range of 0.18-0.26 and 3.89-4.05 

respectively which is considered to be close enough to the carbon free clean surface.67 The 

samples were then introduced into the ultrahigh vacuum chamber through a sample entry 

chamber. A Raman spectrum of bare Ag substrate after all the cleaning steps is shown in 

figure 2.1. 

    

Ultrahigh Vacuum Chamber 

Figure 2.2 provides a schematic of the home-built ultrahigh vacuum chamber used 

for this work. The system consists of three sections including a sample entry chamber, a 

sample preparation chamber, and an analysis chamber. 

The sample entry chamber was used to bring the sample from the ambient 

environment into a chamber that was pumped to high vacuum (10-6 torr) before 

introducing the sample to the ultrahigh vacuum environment. This chamber was pumped 

by a 210 L/s model TMU 261P turbomolecular pump (Pfeiffer Vacuum) and backed by an 

RV8 rotary vane roughing pump (Edwards Vacuum). This pump was isolated from the 

preparation chamber by a 6 in gate valve. All organic thin film and metal depositions were 

performed in the preparation chamber which was equipped with two separate materials 

sources. The base pressure of the preparation chamber varied over all experiments 

described in this Dissertation between 2  10-9 and 5  10-10 torr, with the working pressure 

maintained at <510-7 torr at all times. This chamber was pumped with a 440 L/s model 

TPU 521 PL corrosion-resistant turbomolecular pump (Pfeiffer Vacuum) backed by an 
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RV8 rotary vane roughing pump (Edwards Vacuum).   All Raman spectroscopic analysis 

was carried out in the sample analysis chamber. The base pressure of the analysis chamber 

was maintained by a PS-100 ion pump (Thermionics) at ~5  10-10 torr.  

Ag substrates were introduced from the sample entry chamber and transferred onto 

a copper sample holder equipped with a K-type thermocouple (Chromel-AuFe) with a 

connection to a temperature controller (Cryocon). This sample holder was attached to the 

end of the sample transfer arm in the preparation chamber. Substrates were out gassed at 

400 K for 6 h before cooling to 120 K using a model DE-204B closed-cycle He cryostat 

(Advanced Research Systems) for further thin film preparation.  

 

Thin Film Deposition 

 Figure 2.3 depicts a schematic for oligothiophene and low work function metal 

deposition. Fabrication of thin films of -3T and -6T were performed by physical vapor 

deposition using a Knudsen cell consisting of a ceramic crucible wrapped with a Ta wire 

to facilitate heating.  EPR tubes cut to a 5 cm length were used as quartz crucibles holding 

5-7 mg of solid -3T or -6T powder.  The organics were outgassed by slowly increasing 

the temperature while maintaining a pressure below 1  10-7 torr till the  

deposition temperature is reached and a deposition rate could be observed. (Takes about 3-

6 hours) Mass thicknesses of metals and organics were measured using a TM-400 

deposition monitor (Maxtek) and SC-101 gold-coated quartz crystals (Maxtek). The film 

thickness can be correlated to the change in crystal frequencies by equation (2.4) 
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Figure 2.1 Raman spectrum of a clean, carbon-free Ag substrate; total integration time 10 min (co-addition of 120 spectra with 5 s 

integration per spectrum.)
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Figure 2.2 Custom-built UHV chamber a) side-on view, b) top-down view.  Modified from 

diagram by Dr. Adam Hawkridge (used with permission). 
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T𝑠 =
𝑁𝑞∙𝜌𝑞

𝜌𝑠∙𝑓2 (𝑓𝑞 − 𝑓)                                           (2.4) 

Where Ts is the film thickness, Nq is the frequency constant for crystal vibration in 

thickness shear (Hz  cm) which equals to 1.668  105 Hz  cm. s and q are the density 

of the deposited film and quartz crystal respectively in g/cm3. fq and f represent the 

frequencies of unloaded and loaded crystal. Due to the fact that the “unloaded” crystal 

frequency keeps changing upon film build up. The Ts value is modified with the 

consideration of the loaded foreign materials. 

𝑇𝑠 = (
𝜌𝑞

𝜌𝑠
) ∙ 𝑁𝑞 ∙ (

𝜏

𝜋∙𝑅𝑧
) ∙ arctan 𝜋 [𝑅𝑧 tan 𝜋 (

𝜏−𝜏𝑞

𝜏
)]               (2.5) 

 and q are the period of loaded and unloaded crystal. Rz is the acoustic impedance ratio 

of quartz versus the deposition material.  

As for -3T, due to the low deposition temperature and challenges of perfectly 

outgassing all the impurities, after the outgas step a pre-deposition of 100 nm onto QCM 

is performed before any deposition onto Ag substrate.  After outgassing of the organic, the 

chamber was allowed to pump down to the base pressure of 1 10-9 torr.   

Al2O3-coated Ta boats (ME9-A0-M0-M5; R.D Mathis Company) were used for 

holding the metals Ag, Al, Mg and Ca during outgassing and vapor deposition. These 

metals were outgassed by slowly heating the boats to allow evaporation of impurities. The 

preparation chamber pressure was maintained at <1  10-7 torr during this process and then 

returned to a base pressure of at least 1 10-9 torr before proceeding.  
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After all outgassing procedures were completed, the substrates were then cooled to 

120 K. Substrates were held face up until deposition rates of 0.1 Å/sec out of the sources 

as measured by QCM for both metals and organics were achieved. Once the deposition rate 

was stabilized, the substrate was rotated 180° to start the deposition process, which was 

allowed to continue until the desired thickness was achieved.  Table 2.5 summarizes 

organic and metal deposition parameters. Table 2.6 provides the coverages of materials 

used as thin films in chapter 5-8 of this Dissertation.  Numbers of atoms or molecules on 

surface is calculated using metal density values and the measured surface area and mass 

thickness shows in equation 2.6. Numbers of atoms or molecules per unit area are 

calculated using equation 2.7 where r is the measured radius of silver substrate 0.63 cm, d 

is the mass thickness measured by QCM,  and MM are the density and molar mass of 

materials respectively. 

#ofmolecules = 
𝜋∙𝑟2∙𝑑∙𝜌

𝑀𝑀
× 𝑁𝐴                                      (2.6) 

#ofmoleculesper𝑐𝑚2 =
𝑑∙𝜌

𝑀𝑀
× 𝑁𝐴                                 (2.7) 

 

Raman Spectroscopy 

532 nm excitation radiation was provided by a Coherent Radiation Verdi 2W Nd:YVO4 

diode laser. The laser power was typically set at 100 mW at the laser head, which was 

equivalent to ~70 mW at the sample. The laser radiation was polarized to p-polarization at 

the sample using a /2 Fresnel Rhomb (model FR-2C425, CVI Laser Optics) set at 45º. 

The sample substrate was tilted to allow the radiation to be incident on the surface at 60º 
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Figure 2.3 a) Thin film deposition of volatile organics; deposition rate determination for b) volatile organics and c) non-volatile 

organics; d) deposition rate determination and e) deposition of metals. By Dr. Dallas Matz (used with permission.)
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Table 2.1 Experimental parameters used for physical vapor deposition and thickness 

monitoring by QCM 

   

Material 
Density 

(g cm-3) 

Acoustic Impedance 

(105 g cm-2 S-1) 

Deposition 

Current (A) 

Deposition 

Temperatures 

(K) 

-sexithiophene 1.40 8.25 2.5 473-493 

2,2’:5’,2”-

terthiophene 
1.30 8.25 1.5 341-345 

Ag 10.50 16.69 60-68  

Mg 1.74 5.48 40-50  

Al 2.70 8.17 65-75  

Ca 1.55 3.37 45-55  
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Table 2.2 Values of thin film coverages for materials used within this work. 

 

Material 
Mass 

thickness (Å) 

Number of Atoms 

or Molecules 

Molecules or 

Atoms/cm2 

Ag 

5 3.7 x 1015 2.9 x 1015 

10 7.4 x 1015 5.8 x 1015 

15 1.1 x 1016 8.7 x 1015 

20 1.5 x 1016 1.2 x 1016 

25 1.9 x 1016 1.5 x 1016 

55 4.1 x 1016 3.2 x 1016 

75 5.7 x 1016 4.5 x 1016 

100 7.6 x 1016 6.0 x 1016 

150 1.1 x 1017 9.0 x 1016 

210 1.5 x 1017 1.2 x 1017 

Mg 

5 2.8 x 1015 2.2 x 1015 

10 5.6 x 1015 4.4 x 1015 

15 8.4 x 1015 6.6 x 1015 

20 1.1 x 1016 8.8 x 1015 

60 3.3 x 1016 2.6 x 1016 

110 6.1 x 1016 4.8 x 1016 

160 8.9 x 1016 7.0 x 1016 

210 1.2 x 1017 9.2 x 1016 

310 1.8 x 1017 1.4 x 1017 

510 2.8 x 1017 2.2 x 1017 

Al 

5 3.8 x 1015 3.0 x 1015 

10 7.6 x 1015 6.0 x 1015 

15 1.1 x 1016 9.0 x 1015 

20 1.5 x 1016 1.2 x 1016 

25 1.9 x 1016 1.5 x 1016 

35 2.7 x 1016 2.1 x 1016 

45 3.4 x 1016 2.7 x 1016 

Ca 

5 1.5 x 1015 1.2 x 1015 

10 3.0 x 1015 2.4 x 1015 

15 4.6 x 1015 3.6 x 1015 

20 6.1 x 1015 4.8 x 1015 

40 1.2 x 1016 9.6 x 1015 

85 2.5 x 1016 2.0 x 1016 

105 3.2 x 1016 2.5 x 1016 

135 4.1 x 1016 3.2 x 1016 
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Table 2.6 (cont’d) Values of thin film coverages for materials used within this work. 

 

Material 
Mass 

thickness (Å) 

Number of Atoms 

or Molecules 

ML 

Coverages 

Molecules or 

Atoms/cm2 

-sexithiophene 
15 3.3 x 1014 1-5 2.6 x 1014 

150 3.3 x 1015 10-50 2.6 x 1015 

2,2’:5’,2”-

terthiophene 

15 6.0 x 1014 1-5 4.7 x 1014 

150 6.0 x 1015 10-50 4.7 x 1015 
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with respect to the surface normal. A Spex 270M monochromator was set to 18.5 m 

entrance slit width and 1200 grove/mm blazed (630nm) was used to result a spectral 

bandpass of 5 cm-1 at 100 cm-1. Raman spectra were collected with a 1600  400 pixel back 

illuminated DU-971P Newton EM CCD (Andor Technology) which was cooled to -75oC. 

All the low frequency Raman spectra are acquired for 10min (co-addition of 120 5-second 

spectra) and high frequency Raman spectra are acquired for 30min (co-addition of 360 5-

second spectra). The CCD was controlled using a SOLIS software (Andor Technology) 

 

X-ray Photoelectron Spectroscopy 

XPS measurements were performed on a Kratos Axis-Ultra x-ray photoelectron 

spectrometer with capability of both Al and Mg monochromatic X-ray source. The 

excitation used throughout this dissertation is Al Kα at 1486.6 eV. All the experiments 

discussed in this dissertation are based off of 150W power source. A 165mm Kratos 

hemispherical analyzer is used and the spectral resolution under the above described 

conditions is 0.75eV. Organic and metal depositions were performed in two separate 

deposition chambers with base pressures of 1  10-7 torr. Spectra were acquired at room 

temperature. All binding energies in XPS data were corrected to the Ag 3d2/5 peak at 368.2 

eV to eliminate charging effects. All the peak fits were performed using Gaussian line 

shapes with Vision 2.2.8 software from Surface Analysis Group, Kratos Analytical Group 

Company. In the fitting procedure for the S 2p doublet, the energy separation of the S 2p3/2 

and 2p1/2 peaks was held constant at 1.20 eV and the FWHM was allowed to vary between  
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0.7 and 0.9 eV. The relative S 2p peak heights of different populations were varied to 

achieve a good fit with a minimum number of peaks with χ2 values > 0.99. 
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CHAPTER 3 

 

PM-IRRAS MEASRUEMENT OF ORIENTATION OF PHOSPHONIC ACIDS 

ON IZO SURFACES 

 

Metal oxides are widely used in the organic semiconductor industry as transparent 

electrodes68 or as charge selective layers69 depending on their respective optical and 

electrical properties. Heterogeneity and poor chemical compatibility at metal oxide/organic 

semiconductor interfaces are major limitations that can lead to the formation of poor 

contacts, which permit charge trapping and/or charge recombination events that lead to low 

energy conversion efficiencies in devices. Self-assembled monolayers (SAMs) have been 

well studied on metallic substrates,70 oxide-based substrates,71, 72, 73, 74 at solid/liquid 

interfaces75 and at liquid/gas interfaces76 for a multitude of applications and can affect 

chemical and physical properties of the surface such as wettability,77, 78 charge transfer 

rates,79 and surface work function.26, 52 Small phosphonic acids (PAs) are found to be 

desirable surface modifiers for metal oxide substrates due to their high surface coverage 

and chemical stability.26, 52, 78, 80 In organic electronic devices, PAs can improve 

compatibility between an organic active layer and a metal oxide surface, and tunable 

functional groups can be used to tailor surface work function by changing the interface 

dipole.26, 77   

Previous research has demonstrated that different PAs deposited on indium-doped 

tin oxide (ITO) substrates allow tuning of surface work function and wettability.26 Recent 

efforts also provide experimental evidence indicating that Voc, Jsc and interface charge 

recombination rates of a model OPV device can be manipulated by properly tailoring the 
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transparent conductive oxide (TCO) work function using these PA modifiers.55, 81  As 

discussed previously,55 surface work function is directly proportional to the cosine value 

of the tilt angle of the molecular dipole. The interface work function  is given by 

equation 3.1: 

                                             ∆Φ =
𝑛𝑒∙𝜇𝑚𝑜𝑙cos(𝜃)

𝜀0∙𝜀
                                                (3.1) 

where mol is the molecular dipole moment,  is tilt angle of the molecular transition dipole 

moment with respect to surface normal,  is the dielectric constant of modifiers, n is the 

modifier density at surface and 0 is the vacuum permittivity.32, 33 Therefore, a detailed 

understanding of PA molecular orientation relative to the surface is important when 

designing surface modifiers for interface optimization.  

Surface IR techniques have been used previously to determine molecular 

orientation of small-molecule SAMs at interfaces. Examples of such studies include 

alkanethiols on metal surfaces,82 small molecule acids on alumina surfaces,83 and various 

monolayers at the air/water interface.84 However, due to the complexity and lack of 

knowledge of intrinsic properties of metal oxide surfaces and their modifiers, detailed 

orientation information about phosphonic acids at metal oxide surfaces has not been 

universally attained, with the exception of n-alkane PAs on ITO by near-edge x-ray 

absorption fine structure (NEXAFS)85. In this chapter, a systematic study of molecular 

binding and orientation of a series of PAs on transparent conductive IZO surfaces using 

PM-IRRAS is described. Octylphosphonic acid (OPA), F13-octylphosphonic acid 

(F13OPA), phenyl phosphonic acid (PPA), pentafluorophenyl phosphonic acid (F5PPA), 

benzyl phosphonic acid (BnPA), and pentafluorobenzyl phosphonic acid (F5BnPA) are 
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chosen to represent both fluorinated and non-fluorinated aliphatic and aromatic PAs. 

Figures 1.7a-f provide the molecular structures for all six phosphonic acid molecules 

described in this chapter. IZO is used as a model transparent conductive oxide material 

because of its relatively high IR transparency throughout the entire spectral range of 

important PA modifier vibrations, its availability in thin, conformal, pinhole-free, high 

charge mobility films formed by RF sputtering,86 and its use in OPV devices.87 A universal 

method is reported to describe how to calculate phenyl ring orientation in absolute three-

dimensional space using multiple independent ring vibrational modes of different transition 

dipole moment orientation. Where possible, the orientations determined using PM-IRRAS 

are correlated with orientation information deduced from near-edge x-ray absorption fine 

structure (NEXAFS) or predicted by density functional theory (DFT) calculations on 

similar metal oxides. 

 

Results and Discussion 

The molecular orientation of small acid modifiers can be affected by linker type, 

binding mode, and electronic structure of functional groups on the modifier. Due to the 

high electronegativity of F, fluorination can affect electronic structure drastically, changing 

interactions both between molecules and with the substrate. These interactions may change 

a multitude of surface properties such as surface coverage, binding mode, or molecular 

orientation, thereby changing surface wettability and work function.88 Herein, three 

representative PA molecules along with their perfluorinated analogs are investigated as 

model modifier systems.  
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As has been previously reported,83, 89 the absorbance of a vibrational mode with a 

transition dipole moment (TDM) perfectly aligned with the surface normal is three times 

as large in IRRAS as that for the same mode in an isotropic arrangement of the same 

molecules at the same molecular density in a volume of equivalent thickness according to 

equation 3.283, 89 

𝑐𝑜𝑠2𝜃 =
𝐴𝑓𝑖𝑙𝑚

3×𝐴𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑
                                                 (3.2) 

Here,  is the tilt angle of the specific TDM with respect to the surface normal, and Afilm 

and Asimulated represent the IR absorbance values of the corresponding vibrational mode in 

the surface IR and simulated IR spectra, respectively. From this relationship, the tilt angle 

of a TDM can be extracted mathematically from the absorbance value of an orientated 

TDM in a SAM and that for an isotropic TDM. Molecular orientation in an absolute three-

dimensional axis system can then be rationalized from the TDM tilt angles experimentally 

determined as described above. From these tilt angle values, the full molecular orientation 

in absolute space can be rationalized by basic tenets of chemical bonding and simple 

geometry. 

To accomplish this orientation analysis, one must have in hand the correct 

simulated spectrum of the appropriate chemical model.  For these PA modifiers, the correct 

model is generally either the singly deprotonated monoanion form or the fully deprotonated 

dianion form of the PA depending on binding mode. The PA salts can be synthesized by 

titration and characterized with transmission IR spectroscopy in thin KBr pellets. Detailed 

procedures for synthesis of these PA salts are described below. Careful attention to 

quantitation is essential in these measurements in order to extract quantitatively accurate 
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simulated spectra.89, 90 In addition, the physical properties of these PA salts, including 

density and optical constants n and k at the relevant spectral frequencies, along with 

modifier surface coverage and monolayer thicknesses, must be known to generate the 

quantitatively correct simulated spectra from the raw transmission spectra.89, 90  Summarize 

of all the physical parameters used in this study, an example of the steps to generate the 

simulated spectrum, and the intermediate data that results from these steps will be provided 

below. 

Synthesis of PA- and PA2- Potassium Salt 

 PA salts were synthesized by adding stoichiometric amount of KOH to neutralize 

phosphonic acid and/or the mono-deprotonated salt in ethanol solution; the pH of the 

solution was then measured and compared with the predetermined pH at the equivalence 

point from the corresponding titration curve.  

Figure 3.1 shows the titration curves of the five model PAs studied. PA titration 

was carried out in 3 mL PA solutions in EtOH using standard 0.173M aqueous KOH 

solution as the titrant. The exact KOH concentration was determined by titration with 

potassium hydrogen phthalate (KHP). The exact mass of PAs used is show in Table 3.1. 

Values for the pKa1 and pKa2 are also reported in Table 3.1. As shown, the pH of the PA2- 

salt solution after KOH addition is close to the pH at the 2nd equivalence point with small 

discrepancies, which could be due to poor measurement accuracy of pH probe at pH range 

closer to 14, phosphonic acid adsorption on the pH probe, or trace amounts of water present 

in the EtOH solution. Due to the lower accuracy of the pH probe near pH 14, the purity 

level of the PA2- salts may not be quite 100%  But, the overall consistency of the measured 

pH values of stoichiometrically prepared solutions and the predicted pH values supports 
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Figure 3.1 Titration curves for a) OPA, b) F13OPA; c) PPA; d) F5PPA, e) BnPA and f) 

F5BnPA showing first and second equivalence points and pKa1 and pKa2 values. 
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Table 3.1 Phosphonic acid titration and salt synthesize data. 

 
PA titration OPA F13OPA BnPA F5BnPA PPA F5PPA 

Mass of PA (mg) 7.9 6.9 9.2 8.3 6.4 6.5 

Calc. EPa ½ (L) 235/470 93/186 309/617 183/366 234/468 151/303 

Measured EP ½ (L) 240/467 70/181 225/703 149/364 220/458 110/289 

pKa1 5.7 4.8 5.5 4.6 5.1 3.5 

pKa2 10.5 10.8 10.3 10.3 10.2 9.5 

PA Salt synthesize OPA2- F13OPA2- BnPA2- F5BnPA- PPA F5PPA2- 

Mass of PA (mg) 7.5 7.7 5.9 9.4 8.2 4.1 

VKOH (L) stoich. 446 208 396 207 519 191 

Measured pH 12.50 12.95 11.28 8.27 12.90 11.99 

pH @ EP 12.1 12.8 11.4 7.4 12.4 12.0 
a EP = equivalence point. 
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the high purity level of the PA2- salts. 

     Consider F5BnPA as an example. In order to synthesize the F5BnPA- salt, a 

stoichiometric amount of KOH was added to the F5BnPA solution and the pH was 

measured to be 8.27. This is higher than the estimated 1st equivalence point of 7.4 based 

on the titration curve. This discrepancy could be due to PA adsorption on the pH probe, 

trace amounts of water present in the EtOH, or the presence of trace amounts of non-neutral 

impurities. Using the Henderson-Hasselbalch equation, at pH 8.27, the molar ratio of 

F5BnPA2- to F5BnPA- can be calculated as follows: 

pH − pk𝑎2 = 𝑙𝑔
[𝐹5𝐵𝑛𝑃𝐴2−]

[𝐹5𝐵𝑛𝑃𝐴−]
 ; 

[𝐹5𝐵𝑛𝑃𝐴2−]

[𝐹5𝐵𝑛𝑃𝐴−]
= 108.27−10.3 = 0.0093 

Therefore, the mass percentage of F5BnPA- in the synthesized salt can be calculated with 

the following equation (molar mass of KF5BnPA- 300.138 g/mol; molar mass of 

K2F5BnPA2- 338.23 g/mol): 

(1 − 0.0093)mol × 300.138g/mol

(1 − 0.0093)mol ×
300.138g

mol
+ 0.0093mol × 338.23g/mol

× 100% = 98.9% 

So, the purity of the F5BnPA- salt is estimated to be 98.9% with only 1.1% of the F5BnPA2- 

salt. The absorbance of the 19a and 19b modes in the simulated spectrum of the F5BnPA2- 

salt is ~20-30% lower than that of the F5BnPA- salt. However, the 1% impurity level will 

have little to no effect on the absorbance of the simulated spectrum or the final orientation 

results.  
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Surface Coverage of PAs on IZO 

The surface coverages of PAs on IZO are critical parameters used in spectra 

simulation. Surface coverage values for some of the PAs on indium tin oxide (ITO) can be 

found literatures and tabulated in table 3.2. Due to the similarity of IZO and ITO, these 

surface coverages of PAs on IZO are considered to be close to that on ITO. The surface 

coverage in mol/cm2 for F5BnPA on IZO was not found in the literature and was measured 

here using x-ray photoelectron spectroscopy (XPS). Using known expressions for XPS 

intensities, the surface coverage for F5BnPA on IZO can be measured by comparing the 

F/In atom ratio with that for a standard reference system, F13OPA, whose surface coverage 

of 2.9 x 1014 molecules cm-2 is known from independent measurements.91 Integrated XPS 

intensities of a chosen element on the surface, eI , can be expressed by equation 3.3 

𝐼𝑒 = 𝑁𝑒 ∙ (𝐼0 ∙ 𝑇𝑒 ∙ 𝐷𝑒 ∙ 𝜎𝑒 ∙ 𝐿𝑒 ∙ 𝜆𝑒 ∙ 𝑐𝑜𝑠𝜃)                                       (3.3) 

where 0I  is the incident X-ray flux, eN  is the absolute number of the chosen atom, eT  and 

eD are transmission efficiency of the electron analyzer and detector efficiency at the 

electron kinetic energy of interest, e  is the cross section of the chosen element for the 

incoming X-ray energy, e is the inelastic mean free path for the correct kinetic energy, L 

is a geometric instrumental term, and  is the electron take-off angle. The integrated 

intensity ratios of the F 1s peak to the In 3d peak for F5BnPA- and F13OPA-modified IZO 

surfaces can be written as equations (3.4) and (3.4).  
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Table 3.2 Physical parameters of PA modifiers and their potassium salts used in the 

simulation of IRRA spectra of isotropic films. 
 

PA Modifier ρ (g/cm3)a Γ (molec/cm2) Ref. d (Å) 

OPA / OPA- / OPA2- 1.1 / 1.2 / 1.4 5.0 x 1014  91 10.91 

F13OPA / F13OPA- / F13OPA2- 1.7 / 2.0 / 1.9 2.9 x 1014  91 10.91 

PPA/PPA-/PPA2- 1.5 /1.6 / 1.6 1.56 x 1014 
92, 93, 94, 95, 

96, 97 
7.4 

F5PPA / F5PPA- / F5PPA2- 1.8 / 2.1 / 2.1 1.56 x 1014  92 5.79 

BnPA / BnPA- / BnPA2- 1.4 / 1.6 / 1.7 2.5 x 1014 This work 5.54 

F5BnPA / F5BnPA- / F5BnPA2- 1.8 / 2.0 / 2.0 1.59 x 1014 This work 4.62 

 aAll densities reported here determined as part of  this work.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



76 

 

76 
 

Table 3.3 Surface coverage calculations from XPS spectra. 

 

PA IF 1s (cts) IIn 3d (cts) IF 1s/IIn3 d F5BnPA 

F5BnPA 7.35 x 103 1.43 x 105 5.14 x 10-2 1.59 x 1014 

molec·cm-2 F13OPA 2.72 x 104 1.11 x 105 2.45 x 10-1 
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                                                    (3.3)                                                                                                                                                                          

                                                    (3.4) 

 

 

Except for the values of I and N, all other parameters are element specific. If one assumes 

that the electronic properties of F atoms in F5BnPA and F13OPA are roughly equivalent, 

and that the In atom densities are similar between the two modified surfaces, the surface 

coverage ratio of F5BnPA to that of F13OPA can be directly correlated with their integrated 

F/In intensity ratios as described by equation (3.5), allowing the surface coverage for 

F5BnPA, F5BnPA, to be calculated using equation (3.6).  

5∙Γ𝐹5𝐵𝑛𝑃𝐴

13∙Γ𝐹13𝑂𝑃𝐴
=

(
𝑁𝐹
𝑁𝐼𝑛

)
𝐹5𝐵𝑛𝑃𝐴

(
𝑁𝐹
𝑁𝐼𝑛

)
𝐹13𝑂𝑃𝐴

=
(

𝐼𝐹
𝐼𝐼𝑛

)
𝐹5𝐵𝑛𝑃𝐴

(
𝐼𝐹
𝐼𝐼𝑛

)
𝐹13𝑂𝑃𝐴

                                     (3.5) 

Γ𝐹5𝐵𝑛𝑃𝐴 =
(

𝐼𝐹
𝐼𝐼𝑛

)
𝐹5𝐵𝑛𝑃𝐴

(
𝐼𝐹
𝐼𝐼𝑛

)
𝐹13𝑂𝑃𝐴

∙
13∙Γ𝐹13𝑂𝑃𝐴

5
                                          (3.6) 

Table 3.3 shows the integrated intensities for the F1s, combined In 3d3/2 and In 3d5/2 signals 

in the XPS spectra for both F5BnPA- and F13OPA-modified IZO surfaces. Using these 

ratios in equation 3.6, a surface coverage of 1.59  1014 molecules cm-2 is obtained for 

F5BnPA-modified surfaces and is used here in the sample calculation procedure.  Table 3.3 

provides the surface coverage measurement results from the above described methods.  
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Simulation of Infrared Reflectance-Absorbance Spectra 

 With all the pre-determined physical parameters in hand, according to a previously 

described approach,98, 99, 100, 101, 102 quantitation of PM-IRRA spectra for determination of 

PA SAM orientation requires a simulated spectrum of the correct PA chemical form as 

found on the surface with the same concentration as the corresponding PA-modified IZO 

surface.  Simulated spectra can be generated from an experimental transmission IR 

spectrum of the correct chemical model in a carefully prepared, thin KBr pellet with 

accurately measured thicknesses and known chemical model concentration. A summary of 

all the parameters used in spectra simulation is given in Table 3.2. The IR transmission 

measurement provides an approximation of the extinction coefficient at a specific 

frequency, k (), as shown in equation 3.7 

𝐼

𝐼0
= 𝑒−4𝜋𝑘(𝜋)𝑑𝑣                                                      (3.7)                                   

where I/I0 represents the fraction of IR radiation transmitted by the KBr pellet,  is the 

frequency in cm-1, and d is the pathlength (in this case, the KBr pellet thickness). k() and 

n() values can be calculated by the  Kramers-Kronig (KK) transformation, equation 

(3.8)103 

n(𝜈𝑖) = 𝑛∞ +
2

𝜋
∫

𝜈∙𝑘(𝜈)

𝜈2−𝜈𝑖
2 𝑑𝑣

𝜈2

𝜈1
                                             (3.8) 

where i is the ith frequency between 1 and 2, and n∞ is the n() value far below the 

electronic absorption and far above the infrared absorption.  In practice, n∞ is usually set 

as the value of n at the sodium D-line 99 due to the relative constancy of refractive index 

values in the visible region.  
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 PA-modified IZO surfaces are treated as three-layer structures consisting of air, 

PA-SAM and Au. Optical constants of the Au substrates at the experimental wavelengths 

are obtained from the literature.98 The IZO layer is neglected in these calculations due to 

its small thickness, which is much smaller than the wavelength of the radiation. Using 

calculated n () and k () values of the model compound determined from the transmission 

spectrum, calculation of the reflectance-absorbance spectrum can be achieved using the 

three-layer model. Further detailed information can be obtained from previous publications. 

99, 101, 102, 104 

 The simulated spectrum represents the absorbance of an isotropic monolayer of 

equivalent thickness of the PA SAM that has been corrected for concentration differences 

with the bulk material. This correction requires knowledge of the surface coverage of the 

PA SAM aas well as its thickness.  The absorbance of the PA monolayer is proportional to 

its surface concentration in mol/cm3. As shown by equation (3.9), AbsΓ and Abs0 are 

absorbance values for the PA SAM on the IZO substrate with a surface coverage of Γ 

(equivalent to concentration of CΓ in mole/cm3 for a monolayer of thickness d) and for a 

surface coverage equivalent to the concentration of the model PA in the bulk material (C0), 

respectively. ρ and M are the density and molar mass of the bulk material used in the IR 

transmission measurement.  Therefore, absorbance values for the final simulated spectrum 

of the isotropic film can be calculated from equation (3.10): 

𝐴𝑏𝑠Γ

𝐴𝑏𝑠0
=

𝐶Γ

𝐶0
=

Γ/𝑑

𝜌/𝑀
                                                   (3.9)         

𝐴𝑏𝑠Γ = 𝐴𝑏𝑠0 ∙
Γ∙𝑀

𝑑∙𝜌
                                                 (3.10) 

 As an example, calculated n(ν) and k(ν) values for F5BnPA- in the frequency region 

containing the ring vibrations used for orientation calculation are shown in Figure  
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Figure 3.2 n(ν) and k(ν) for F5BnPA- in frequency region containing ring modes used for 

orientation determination. 
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Figure 3.3 a) Transmission IR spectrum of F5BnPA- in KBr pellet; simulated reflectance 

spectra for F5BnPA- on IZO substrate b) with surface coverage equivalent to bulk 

concentration of pure material, and c) with true surface coverage of F5BnPA SAM on IZO. 
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3.2. Figure 3.3 shows the IR transmission spectrum from F5BnPA-K+ powder in a KBr 

pellet (Figure 3.3a) and the simulated spectra for an isotropic F5BnPA- film on IZO before 

(Figure 3.3b) and after (Figure 3.3c) correction of the absorbance values for the true 

F5BnPA- surface coverage. The final simulated spectrum in Figure 3.3c is used for the 

orientation calculation described below. 

 

Molecular Orientation by the “Absolute Method” for Aliphatic PAs  

OPA 

Previous studies have established the orientation of SAM aliphatic chains at 

air/metal interfaces using different techniques.85, 105  As shown in Figures 3.4a-d, the 

orientation of an aliphatic chain can be defines in a stepwise process using three angles (, 

 and ) with respect to an initial orientation aligned along the surface normal. In this axis 

system, the substrate surface lies in the X-Y plane with the surface normal defined as the 

Z axis.  Figure 3.4a defines the initial position of OPA with the molecular axis along the 

surface normal. Figure 3.4b depicts a twist of angle  by rotating the molecule around its 

chain normal. From this position, a tilt away from the Z axis by angle θ results in the 

position shown in Figure 3.4c. Finally, a chain rotation around the surface normal (Z axis) 

by the azimuthal angle  gives the final orientation of the molecule shown in Figure 3.4d. 

Using the simplifying assumption of a highly homogeneous and symmetric IZO substrate, 

only the angles  and θ will be considered.   

Figures 3.5a-d show a series of simulated spectra in the ν(CH) region for isotropic 

layers of neutral OPA (blue), the potassium salts of OPA- (red) and OPA2- (green), and the 

PM-IRRA spectrum of the OPA-modified IZO surface (black), respectively. The 
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absorbance values in the simulated spectra are calculated from the transmission spectra of 

neat OPA (Figure 3.6a), the OPA- salt (Figure 3.6b), or the OPA2- salt (Figure 3.6c) in KBr 

pellets assuming an isotropic layer containing an identical number of molecules as 

measured for the SAM. An example of this procedure is described in Chapter 2. Due to 

low surface coverage (5.0 x 1014 molecules/cm2)26 and molar absorptivity, vibrational 

signatures of the low frequency binding modes are hard to observe and are therefore not 

shown here. The calculated n () and k () value of model OPA2- used in orientation 

calculation is given in Figure 3.7. 

 The bands at 2929 and 2855 cm-1 are assigned to the as(CH2) and s(CH2) modes, 

respectively, and the bands at 2961 and 2873 cm-1 are assigned to the as(CH3) and s(CH3) 

modes.105 The frequencies of the (CH2) bands suggest the presence of some disorder of 

the methylene units along the chains in the form of gauche defects. The as(CH2) band is 5 

cm-1 higher than the corresponding well-ordered octylthiol self-assembled monolayer 

(SAM) on Au, although the s(CH2) band is only 1 cm-1 higher than the corresponding 

well-ordered octylthiol SAM on Au.106 Thus, it is concluded that the alkyl chains in OPA 

monolayer films are moderately well ordered. Further evidence to support this assertion 

comes from the intensity of the as(CH3) band at 2966 cm-1, which is large relative to the 

corresponding s(CH3) band at 2878 cm-1. This relative increase in as(CH3) absorbance 

suggests a more upright TDM of the as(CH3) mode relative to that of s(CH3) mode. Since 

the TDMs of the as(CH3) and s(CH3) modes are orthogonal, and the TDM of the s(CH3) 

lies along the axis of the terminal C-C bond of the aliphatic chain, the observed intensities 

are consistent with a large tilt angle of the 
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Figure 3.4 Orientation evolution of OPA chain on surface (X-Y plane):  a) original position; b) a) +  degree twist; c) b) + θ degree 

tilt; d) c) +  degree azimuthal rotation.
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Figure 3.5 Simulated surface spectra of a) neat OPA (blue), b) OPA- salt (red), c) OPA2- salt (green), and d) PM-IRRA spectrum of 

OPA-modified IZO surface (black) with an overlay of the simulated spectrum of the OPA2- salt (green dashed line); e) proposed 

orientation of OPA on IZO surface.
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Figure 3.6 Transmission spectra of a) neat OPA (1.2 mg in 166.2 mg KBr) (blue), b) OPA-

1 salt (1.0 mg in 114.2 mg KBr) (red), and c) OPA2- salt (0.8 mg in 142.0 mg KBr) (green). 
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chain axis away from the surface normal. Further insights come from determination of the 

full molecular orientation for OPA. 

The calculation of molecular orientation starts with the assumption that OPA binds to IZO 

in predominantly a tridentate fashion,78 making the simulated spectrum for the OPA2- 

potassium salt the appropriate comparator. The angles of the TDMs for these vibrational 

modes with respect to the surface normal, θs and θas, are related to the tilt angle of the 

aliphatic chain (θ) by equation 3.11:  

1coscoscos 222  
ass vv                                        (3.11)  

As described by equation 3.12, the ratio of the integrated absorbance values of the 

s(CH2) to the as(CH2) bands can also be used to extract the chain twist angle  as defined 

in Figure 1a:84 
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                                         (3.12) 

 

Detailed peak assignments and spectral band fitting results can be found in Tables 

3.4 and 3.5. Peak fitting spectra is given in Figure 3.8. Using the integrated absorbance 

values of the as(CH2) and s(CH2) bands, equations 3.2 and 3.3 yield an OPA average 

chain tilt (θ) of 57   3º with a twist (ψ) of 52   6º on IZO, which corresponds to a P-C1 

bond tilt of 23 ± 3º from the surface normal.  It is noted that all standard deviations reported 

here represent experimental standard deviations of these angles acquired from analysis of 

at least three independently prepared samples; they do not represent the  
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Figure 3.7 n(ν) and k(ν) for OPA2- in frequency region containing ν(CH) modes. 
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breadth of an angular distribution for the molecules on the surface. Indeed, it is recognized 

that only the average values for the various orientation parameters can be determined using 

the methods reported here. The molecular picture proposed for OPA on IZO is shown in 

Figure 3.5e. The calculated OPA chain tilt angle is close to the value of 54.7º predicted for 

a fully isotropic system in which Afilm is equal to Asimulated in equation 3.2, although neither 

the peak frequencies nor relative band intensities (especially those of the as(CH3) and 

s(CH3) modes) are consistent with a completely isotropic system. Therefore, the closeness 

of the tilt angle to 54.7º is concluded to be coincidental.  

One of the drawbacks of the absolute method described above is that the tilt angles 

of specific TDMs rely on values of absolute integrated absorbance from spectra simulated 

for an isotropic layer of material of equivalent thickness. As such, these simulated spectra 

rely on a detailed knowledge of certain physical properties of the chemical model 

compounds, the substrate, and the SAM modifier coverage. Assumptions and estimates of 

these parameters represent the major sources of error in these calculations of orientation. 

As an alternate approach, Debe proposed a “relative method”,107 in which relative peak 

intensities of the surface spectra are compared with those of the isotropic bulk. This 

approach is attractive, since it eliminates the need for good quantitative values of modifier 

surface coverage and bulk density of the chemical model. However, to implement this 

method, at least three independent vibrational modes possessing TDMs with different 

orientations in three dimensions must be used. Unfortunately, in many instances, such as 

for the aromatic PAs that are described below, such a series of modes is not available. 
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Table 3.4 Peak frequencies and assignments for OPA, OPA-, OPA2-, and OPA-modified 

IZO surfaces. 
 

OPA 

ν (cm-1) 

OPA- 

ν (cm-1) 

OPA2- 

ν (cm-1) 

OPA-modified IZO 

ν (cm-1) 
Assignments  Refs 

2961 2961 2961 2966 as(CH3)  
105, 108 

2929 2929 2929 2926 as(CH2)  
105 

2898 2898 2898   s(CH2)FR 105 

2873 2873 2873 2878 as(CH3)  
105 

   2864 s(CH3) 
105 

2855 2855 2855 2853 s(CH2)  
105 
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Table 3.5 Absorbance values for the ν(CH2) bands and orientation  parameters for OPA 

on IZO substrates. 

 

Assignment 
Freq. 

(cm-1) 

Simulated model 

spectrum integrated 

abs (a.u.-cm-1) 

PM-IRRAS 

integrated 

abs (a.u.-cm-1) 

Chain 

tilt 

(θ) 

Chain 

twist 

() 

as(CH2) 2929 0.0228 0.0327 
58º 54º 

s(CH2) 2855 0.0087 0.0064 
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Figure 3.8 Peak fits of a) simulated spectrum of OPA2-, b) PM-IRRA spectrum of OPA-modified IZO surface. Grey solid lines are 

raw spectra; black lines are fit peaks; dashed red lines are sum of fit peaks.
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In contrast, the aliphatic PAs offer such a set of modes which allows a useful 

comparison between the two approaches. Thus, the orientation of OPA was calculated 

using the “relative method” as an internal check of the molecular tilt angle calculated by 

the “absolute method”. As has been well described by Arnold et al.,109 who applied this 

relative method to orientation determination of aliphatic chain modifiers, the tilt (θ) and 

twist () angles of the alkyl chain for OPA can be related to the molecular orientation 

through the relationships in equations 3.13 through 3.15 for the three independent s(CH3), 

s(CH2), and a(CH2) modes:109  

)cos65.37(cos2

)()( 33


o cAA bulk

CH

film

CH ss
                          (3.13) 



22

)()( sincos
22

 cAA bulk

CH

film

CH ss
                                    (3.14) 



22

)()( sinsin
22

 cAA bulk

CH

film

CH asas
                                    (3.15) 

where 
film

CH

film

CH

film

CH asss
AandAA )()()( 223

,,   are the integrated absorbance values for the s(CH3), 

s(CH2), and as(CH2) modes in the PM-IRRA spectrum of the monolayer, 

film

CH

film

CH

film

CH asss
AandAA )()()( 223

,,   are the corresponding integrated absorbance values for the 

s(CH3), s(CH2), and as(CH2) modes in the transmission spectrum for the appropriate 

chemical model, c denotes the product of relative concentration of molecules on the surface 

to that in the KBr pellet and the electric field factor along the surface normal, and θ and ψ 

have the same meaning as above. By solving this set of equations, the average values for θ 

and ψ of 52   6º and 52   3º, respectively, were obtained. These values are in good 

agreement with those of 57   3º and 52   6º determined using the “absolute method”. 
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F13OPA 

Fluorocarbon chain modifiers are of considerable interest due to a variety of 

favorable properties such as good diffusion barriers, low energy contamination-resistant 

surfaces, lubricants, work function tuning and wettability tailoring.110, 111 As a fluorinated 

version of an aliphatic chain PA molecule, it is valuable to study the binding and orientation 

of F13OPA and understand the effect of fluorination on surface modification in comparison 

to the non-fluorinated OPA.  

Substitution of CFx groups in alkyl chains increases the surface work function. 

Alloway et al. discussed the significance of fluorocarbon chain orientation on the 

magnitude of the negative interface dipole upon fluorination introduced in a SAM.111 

Unlike the well-known zig-zag structure of an all-trans aliphatic chain, Bunn and Howells 

first described the helical crystal structure that fluorocarbon chains adopt.112 This 

configuration was also suggested by Lenk and coworkers88 for thin fluorocarbon modifiers 

and by Tsao et al.113 for fluorinated chain polymers linked to both metal and metal oxide 

surfaces. Compared to the zig-zag hydrogenated carbon chain structure, which follows 

intermolecular stabilization between adjacent molecules, the helical fluorocarbon chain 

structure maximizes the spacing between fluorine atoms to reduce energy. Therefore, 

fluorinated alkane chains typically exhibit a more upright orientation due to this 

intramolecular stabilization mechanism.    

Figures 3.9a-d show a series of simulated spectra for isotropic layers of neutral 

F13OPA (blue), the potassium salts of F13OPA- (red) and F13OPA2- (green), and the PM-

IRRA spectrum of the F13OPA- modified IZO surface (black). As above, with all the 

physical parameters given in Table 3.2, the absorbance values in the simulated spectrum 
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are calculated from the transmission spectra of neat F13OPA (Figure 3.10a), F13OPA- 

(Figure 3.10b), F13OPA2- (Figure 3.10c), assuming an isotropic layer containing an 

identical number of molecules as measured for the SAM.  The calculated n() and k() 

values for the model F13OPA2- used in the molecular orientation calculation are shown in 

Figure 3.11.   

In the low frequency region in which vibrational modes of the phosphonic acid 

linker appear (~900-1100 cm-1), deprotonation of the neutral F13OPA can be followed in 

the spectra in Figures 3.9a-c by significant changes in peak frequencies and intensities. The 

F13OPA- modified IZO surface spectrum Figure 3.9 shows the closest peak frequency 

match with the simulated spectrum of the F13OPA2- salt, especially in the 975-1100 cm-1 

region in which symmetric and asymmetric stretch modes of PO3
2- appear. These 

observations suggest that F13OPA SAMs exhibit predominantly tridentate binding on IZO 

surfaces.  

Based on tridentate binding, the simulated spectrum for the F13OPA2- salt is the 

appropriate model to compare with the surface spectrum in order to calculate the 

orientation of the fluorocarbon chain. Vibrational assignments for fluorocarbon chains 

have been thoroughly discussed in previous research.88, 110, 113 Peaks at 1321 and 1368 cm-

1 are assigned as axial CF2 modes (ax-CF2). Those at 1144, 1204, and 1252 cm-1 are CF2 

modes with TDMs perpendicular to the fluorocarbon chain (pd-CF2).
88, 110, 113 In the IZO 

surface spectrum, the intensities of the axial CF2 modes at 1321 and 1368 cm-1 increase 

substantially relative to their values in the simulated spectrum of the F13OPA2- salt, while 

the three perpendicular CF2 modes show comparable intensities to those in the simulated 
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spectrum. Collectively, these observations are consistent with a more upright chain 

orientation.  

Bands at 1144, 1321, and 1368 cm-1 are used to quantify the orientation of the 

fluorocarbon chain, because they are well resolved with little spectral interference from 

other peaks. Detailed vibrational assignments and peak fitting results are presented in 

Tables 3.6 and 3.7 and Figure 3.12. The tilt angles of the TDMs of the pd-CF2 and ax-CF2 

modes are extracted from an appropriate form of equation 3.1. The fluorocarbon chain axis 

tilt angle is equal to the tilt angle of the ax-CF2 TDM or to the complement of the tilt angle 

of the pd-CF2 TDM. Using these modes in spectra from three independently-prepared 

samples, a chain axis tilt angle of 26 ± 6º is obtained. The proposed F13OPA orientation is 

shown in Figure 3.9e. This picture suggests that F13OPA on IZO orients similarly to the 

solid state packing of long chain fluorocarbons in single crystals112 and fluorocarbon 

modifiers on metal surfaces88, 113, 114 with a more upright orientation (chain axis tilt =30º) 

due to the helical chain conformation. The two non-fluorinated carbons closest to the 

phosphonic acid linker likely do not orient in the same way as the remaining fluorinated 

carbon portion of the chain. Unfortunately, due to the low surface coverage and molar 

absorptivities, the CH2 modes are hard to observe. Thus, a definitive orientation for the C-

P bond cannot be estimated. F13OPA adopts a more upright chain orientation compared to 

its non-fluorinated aliphatic analog due to the inter- and intra-molecular interactions within 

the SAM. 
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Figure 3.9 Simulated spectra of a) neat F13OPA (blue), b) F13OPA- salt (red), c) F13OPA2- salt (green), and d) PM-IRRA spectrum of 

F13OPA-modified IZO surface (black) with an overlay of the simulated spectrum of the F13OPA2- salt (green dashed line); e) proposed 

orientation of F13OPA on IZO surface. 
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Figure 3.10 Transmission spectra of a) neat F13OPA (0.36 mg in 61.2 mg KBr) (blue), b) 

F13OPA- salt (0.45 mg in 61.8 mg KBr) (red), and c) F13OPA2- salt (0.62 mg in 76.9 mg 

KBr) (green).
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Figure 3.11 n(ν) and k(ν) for F13OPA2- in frequency region containing ring modes used 

for orientation determination. 
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Molecular Orientation by the “Absolute Method” for Aromatic PAs  

Compared to surface modification with aliphatic SAMs, the use of aromatic 

modifiers is desirable due to faster charge transport rates expected due to their shorter 

length.115 Modifier structure and substitution with groups of varying electronegativity can 

affect charge distribution within the conjugated -system. Modifiers with strong electron-

withdrawing groups have in some cases been shown to have lower contact resistance and 

higher carrier mobility compared to electron-rich SAMs.116 Molecular orientation and 

packing are factors directly related to the interface dipole and electron mobility, and the 

electronic structure of fluorinated ring modifiers may influence molecular orientation and 

interfacial properties. Schmidt et al. have demonstrated different structures and interfacial 

electronic properties for five benzenethiol SAMs on Cu surfaces.117 Additionally,  Jiang et 

al. claimed that intermolecular dipole-dipole, quadrupole-quadrupole and dipole-

quadrupole interactions may also be important factors influencing SAM structure.118 Here, 

both fluorinated and non-fluorinated aromatic modifiers with phosphonic acid linkers were 

introduced on IZO substrates and detailed molecular information about SAM orientation 

and binding mode was determined. 

 

F5BnPA 

Figures 3.13a-d show a series of simulated spectra for isotropic layers of neat 

F5BnPA (blue), the potassium salts of F5BnPA- (red) and F5BnPA2- (green), and the PM-

IRRA spectrum of a F5BnPA-modified IZO surface (black). Plots of n() and k(), the  

transmission spectra of the various chemical model forms, and a detailed procedure for  

F5BnPA2- spectral simulation were given in Chapter 2.  
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Figure 3.12 Raw spectral data (gray solid lines), peak fits for all bands (black solid lines) except for the ax-CF2 (red solid lines) and 

Pd-CF2 (navy solid lines) modes, sum of fit peaks (red dashed lines) for a) the simulated spectrum for F13OPA2-, and b) the PM-IRRA 

spectrum for an F13OPA-modified IZO surface.
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Table 3.6 Peak frequencies and assignments for F13OPA, F13OPA-, F13OPA2-, and a 

F13OPA-modified IZO surface.  

 

F13OPA 

ν (cm-1) 

F13OPA- 

ν (cm-1) 

F13OPA2- 

ν (cm-1) 

F13OPA-

modified 

IZO ν (cm-1) 

Assignments Refs 

956 952   νs(P-OH)  119 

  985 985 s(P-O) in PO3  
2- 120 

1016   1023 νas(P-OH)  119 

1076 

1086 

1063 

1080 

1066 

1080 
1071 

as(P-O) in PO3
n-  

CH2 twist  

119, 

120 
121 

1112 

 

1124 

 

 

1122 

1110 

1116 

1122 

 

 

1122 
as(P-O)   

1146 1146 1144 1148 ν(C-F2); pdTDM  
88, 113, 

122 

1192 

1217 

1192 

1211 

1188 

1204 

1195 

1202 

ν(P-O-metal), 

associated ν(P=O)  

ν(C-F2); pd TDM  

123 
120 

88, 113, 

122 

1240     1239 
    1239 

1250 

1240 

1247 

Free ν(P=O)  

ν(C-F2); pd TDM  

120 
113, 

122, 

124 

1323 1320 1321 1321 ν(C-F2); Axial TDM  

113, 

122, 

124 

1368 1367 1372 1368 ν(C-F2); Axial TDM  

113, 

122, 

124 

1445 1445 1446 1446 CH2 scissor  121 
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Table 3.7 Absorbance values for the CF2 bands and orientation parameters for F13OPA on 

IZO substrates. 

 

Assignment 
Freq. 

(cm-1) 

Simulated model 

spectrum integrated 

abs (a.u.-cm-1) 

PM-IRRAS 

integrated 

abs (a.u.-cm-1) 

TDM tilt 
Chain 

tilt (θ) 

Pd CF2 1145 0.0102 0.0056 64º 25º 

Ax CF2 1321 0.0028 0.0066 28º 28º 

Ax CF2 1374 0.0026 0.0072 16º 16º 
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The IZO surface spectrum includes (PO-H) modes at 908 and 928 cm-1, suggesting 

the existence of free P-OH bonds, consistent with mono-deprotonation and a F5BnPA- 

surface species. The presence of a band assigned to the as(PO2-H) mode at 1020 cm-1 also 

matches the spectrum of F5BnPA- and suggests bidentate binding. The broad band at 1255 

cm-1 is due to a (P=O-metal) vibration. Peak assignments for F5BnPA are shown in Table 

3.8.  

The phenyl ring orientation is defined by the sequential process shown 

schematically in Figures 3.14a-d. Starting from an original position with the phenyl ring 

plane orientated perpendicular to surface and the ring plane perpendicular to plane of the 

page (Figure 3.7a), ring rotation about the surface normal gives the twist angle  (Figure 

3.14b). Finally, the molecular axis is tilted by an angle of θ away from surface normal 

(Figure 3.14c).  The tilt angles of the TDMs for 19a/8a/2 and 19b with respect to surface 

normal are defined as θ and β, respectively, as shown in Figures 3.14c and d. Angle α is 

defined as the angle of the normal to the phenyl ring with respect to the surface normal as 

shown in Figure 3.14e. The tilt angles of these TDMs with respect to the surface normal 

are calculated by comparison of the integrated absorbance values of the PM-IRRA 

spectrum and the simulated spectrum. 

Molecular orientation information is assessed using the 19a (1528 cm-1), 19b (1505 

cm-1) and 8a (1658 cm-1) aromatic ring modes as above. Figure 3.15 and Table 3.9 show 

the peak fitting results for the simulated spectrum of the model F5BnPA- and the spectrum 

from the F5BnPA-modified IZO surface. The tilt angles of the 19a and 19a TDMs can be 

calculated directly from the peak fitting results using equation 3.2. As calculated from the 
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data in Table 3.9, the tilt angles of the 19a and 19b modes are  = 54º and  = 62º, 

respectively. These values can be used to determine the P-CH2 tilt angle, the ring twist 

angle (ψ), and the angle of the ring normal to the surface normal (α) as follows. 

(1) P-CH2 tilt angle calculation: 

The tilt angle of the P-CH2 bond can be calculated from the ring tilt angle () and the C-C-

P bond angle if one assumes tetrahedral bonding geometry for P:  

P-CH2 tilt = 180º - 109.5º - 54º = 13.5º ≈ 17º 

(2) Ring twist calculation: 

The ring twist angle (ψ) can be calculated from the tilt angles of 19a () and 19b () using 

basic geometry. Consider the orientation of an aromatic ring in the X-Y-Z coordinate 

system (Figure 3.16) in which the X-Y plane is parallel to the surface and the Z axis is the 

surface normal. The orientation of the half phenyl ring DBCG after the ring twist is applied 

is demonstrated in Figure 3.16. Assume that all edges of the unit cube, BI, IJ, BA, BL, and 

AK, are equal to 1.  DBAH in the unit cell shows the ring position with a ring tilt  of 57º 

from the surface normal before application of a twist.  A twist of  applied around the ring 

axis BD (i.e. around the TDM of 19a) results in the half-ring plane of DBCG which 

intersect with the edges at C’ and G’∠𝐾𝐴𝐻 = ∠𝐿𝐵𝐷 = 54°;  

𝐷𝐵𝐼 = 90° − 54° = 36°; 

Starting from point C’, a perpendicular is dropped to point F on BD such that  

C’F ⊥ BD in plane C’BDG’ (the ring plane.) 

The 19b TDM is parallel to C’F; therefore, 

∠𝐹𝐶′𝐴 = 𝛽. 

Defining  
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Figure 3.13 Simulated spectra of a) neat F5BnPA (blue), b) F5BnPA- salt (red), c) F5BnPA2- salt (green), and d) the PM-IRRA 

spectrum of F5BnPA-modified IZO surface (black) with an overlay of the simulated spectrum of the F5BnPA- salt (green dashed line); 

e) proposed orientation of F5BnPA on IZO surface.
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Figure 3.14 Orientation evolution of phenyl ring on surface: a) original position; b) a) +  degree twist; c) b) + θ degree tilt; d) 

orientation of TDMs for 19a, 8a, () and 19b () with respect to the molecular axis; e) tilt angle of phenyl ring normal from surface 

normal ().
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Table 3.8 Peak frequencies and assignments for F5BnPA, F5BnPA-, F5BnPA2- and 

F5BnPA-modified IZO. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F5BnPA 

ν (cm-1) 

F5BnPA- 

ν (cm-1) 

F5BnPA2- 

ν (cm-1) 

F5BnPA-modified 

IZO ν (cm-1) 
Assignments Refs 

 
912 

930 
 

905 

922 

ν(POH) in 

PO3H- 
 

939    
ν(POH) in 

PO3H2  
 

976 983 
972 

980 
979 

νs(PO3)  

20a 

121 
125 

1017 

1035 
1016  1019 νas(PO2

-H)  119 

1080 
1082 

1101 

1082 

1104 
 νas(PO3

2-) 119 

1128 1130 1124 1131 7a 
125 

1206 1160 1216  (P=O free)  119 

1265   1257  (P=O-metal)  121 

1507 1508 1501 1508 ν19b 125 

1529 1531 1525 1529 ν19a 125 

1658 1660 1658 1658 ν8a 125 
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∠𝐶′𝐵𝐴 = φ, 

then C’ is (0, 0, tan ),  F is (1, yF, yF × tan∠𝐷𝐵𝐼) = F (1, yF, 0.7265yF)  and   

𝐶′𝐹⃗⃗⃗⃗ ⃗⃗  = (1, 𝑦𝐹,0.7265𝑦𝐹 − tanφ) 

Also, B is (1, 0, 0), D is (1, 1, tan∠𝐷𝐵𝐼) and 

𝐵𝐷⃗⃗⃗⃗⃗⃗ = (0, 1, 0.7265) Since   𝐶′𝐹⃗⃗⃗⃗⃗⃗  ⃗ ⊥ 𝐵𝐷,⃗⃗⃗⃗⃗⃗  ⃗ 

∴ 𝐶′𝐹⃗⃗⃗⃗ ⃗⃗  ∙ 𝐵𝐷⃗⃗⃗⃗⃗⃗ = 𝑦𝐹 + 0.5279𝑦𝐹 − 0.7265 × tanφ = 0 

𝑦𝐹 = 0.4755tanφ 

∴ 𝐶′𝐹⃗⃗⃗⃗ ⃗⃗  = (1, 0.4755 tanφ ,−0.6545tanφ) 

Also, since ∠𝐹𝐶′𝐴 = 𝛽 = 62° , the angle between 𝐶′𝐹⃗⃗⃗⃗ ⃗⃗   and 𝐶′𝐴⃗⃗ ⃗⃗ ⃗⃗   (or unit vector −𝑧⃗⃗⃗⃗  ⃗ =

(0, 0, −1) in the same direction)  is .  

∴ 𝐶′𝐹⃗⃗⃗⃗ ⃗⃗  ∙ −𝑧⃗⃗⃗⃗  ⃗ = 0.6545 tanφ = |𝐶′𝐹⃗⃗⃗⃗ ⃗⃗  | ∙ |−𝑧⃗⃗⃗⃗  ⃗| ∙ 𝑐𝑜𝑠𝛽

= √12 + (0.4755 tanφ)2 + (−0.6545 tanφ)2 ∙ 1 ∙ cos 62° 

∴ tanφ = 0.8807andφ = 41.37° 

Therefore,  

  𝐶′𝐹⃗⃗⃗⃗ ⃗⃗  = (1, 0.4188,−0.5764) 

The ring twist angle,  , is the angle between DBAH and DBCG.  

If a line is drawn such that 𝐸𝐹 ∥ 𝐴𝐵, so that 𝐸𝐹 ⊥ X − Zplane, and  𝐶′𝐹 ⊥ 𝐵𝐷, 

∴ ∠𝐶′𝐹𝐸 = ψ , which also equals the angle between 𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗   and 𝐸𝐹⃗⃗⃗⃗  ⃗ 

𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗  = (−1,−0.4188, 0.5764);𝐹𝐸⃗⃗⃗⃗  ⃗ = 𝐵𝐴⃗⃗⃗⃗  ⃗ = (−1, 0, 0)𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝐵𝐴⃗⃗⃗⃗  ⃗ = 1

= |𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗  ⃗| ∙ |𝐵𝐴⃗⃗⃗⃗  ⃗| ∙ cos ψ = √(−1)2 + (−0.4188)2 + (0.5764)2 ∙ 1 ∙ cos ψ 

∴  = 35.5° 
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Table 3.9 Absorbance values for the F5BnPA bands and orientation parameters for F5BnPA 

on IZO substrates. 
 

Assignment 
Freq. 

(cm-1) 

Simulated model 

spectrum integrated  

abs (a.u.-cm-1) 

PM-IRRAS 

integrated  

abs (a.u.-cm-1) 

TDM 

tilt 

C-P 

tilt 

Ring 

twist 

Ring 

normal 

tilt 

19a 1529 0.0276 0.0281 54º 

17º 35º 49º  1522 0.0025 0.0051  

19b 1508 0.0184 0.0120 62º 
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Figure 3.15 Raw spectral data (gray solid lines), peak fits (black solid lines), and sum of fit peaks (red dashed lines) for a) the 

simulated spectrum of F5BnPA-, and b) the PM-IRRA spectrum for a F5BnPA-modified IZO surface. 
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Figure 3.16 Phenyl ring plane in unit cell.
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(3) Ring normal versus surface normal calculation: 

Vector 𝐴𝑂⃗⃗⃗⃗  ⃗ is perpendicular to the ring plane C’BDG’ and intersects C’BDG’ at point O (x, 

y, z).  

𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗  ⃗ = (−1,−0.4188, 0.5764); 𝐵𝐷⃗⃗⃗⃗⃗⃗ = (0, 1, 0.7265); 

Assume 𝐴𝑂⃗⃗⃗⃗  ⃗ = (𝑥, 𝑦, 𝑧); 𝐴𝑂⃗⃗ ⃗⃗ ⃗⃗   is perpendicular to 𝐵𝐷⃗⃗⃗⃗⃗⃗ . 

Therefore,    0 + 𝑦 + 0.7265𝑧 = 0; 𝑦 = −0.7265𝑧 

𝐴𝑂⃗⃗⃗⃗  ⃗ ⊥ 𝐹𝐶′⃗⃗ ⃗⃗ ⃗⃗  . 

Since     −𝑥 − 0.4188𝑦 + 0.5764𝑧 = −𝑥 − 0.4188 × (−0.7265𝑧) + 0.5764𝑧 = 0; 

𝑥 = 0.8806𝑧 

∴ 𝐴𝑂⃗⃗⃗⃗  ⃗ = (0.8806𝑧,−0.7265𝑧, 𝑧) and  𝐴𝐾⃗⃗ ⃗⃗  ⃗ = (0,0,1) in the same direction as the surface 

normal 

𝐴𝑂⃗⃗⃗⃗  ⃗ ∙ 𝐴𝐾⃗⃗ ⃗⃗  ⃗ = |𝐴𝑂| ∙ |𝐴𝐾| ∙ cos α 

∴ 𝑧 = √(0.8806𝑧)2 + (−0.7265𝑧)2 + 𝑧2 × 1 × cosα 

∴ α = 49° 

This analysis leads to values for the angles of θ (C1-C4 ring axis), , and α of 58   

5º, 33 ± 3º, and 45 ± 2º. This leads to a tilt of the P-CH2 bond of 12 ± 5º from surface 

normal. The proposed schematic for F5BnPA on IZO is shown in Figure 3.13e. 

 

BnPA 

Figures 3.17a-d show a series of simulated spectra for isotropic layers of neat BnPA 

(blue), potassium salts of BnPA- (red) and BnPA2- (green), and the PM-IRRA spectrum of 

a BnPA-modified IZO surface (black). Spectra are simulated from the transmission spectra 
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of neat BnPA, and the BnPA- and BnPA2- salts shown in Figures 3.18a, b and c, respectively. 

Plots of n() and k() values for the model BnPA2- are shown in Figure 3.19. Detailed peak 

assignments for BnPA are given in Table 3.10.  

In the high frequency region (2800-3200 cm-1), weak symmetric and asymmetric 

(CH2) modes are observed as well as the 20b and 2 ring modes at 3034 and 3067 cm-1, 

respectively. In the series of the simulated spectra for BnPA, BnPA-, and BnPA2-, the 

systematic disappearance of the (PO-H) modes at 917 and 935 cm-1, together with other 

significant spectral changes in the phosphonic acid linker region (900-1350 cm-1), provide 

insight into the deprotonation process. The absence of the (PO-H) band in the PM-IRRA 

surface spectrum in addition to a complex band at 1260 cm-1, which is assigned to overlap 

of a broad, low intensity (P=O-metal) vibration and a sharper peak due to the presence of 

gold oxide,126 suggest that BnPA can bind in a tridentate fashion to the IZO surface, 

consistent with previous work on similar oxides.127, 128 

Quantification of BnPA orientation is accomplished using the 19a and 19b modes 

as for F5BnPA. From a quantitative comparison of the PM-IRRA spectrum to that for the 

BnPA2- chemical model, values of θ (C1-C4 ring axis), , and α are determined to be 31 ± 

5º, 43 ± 2º, and 60 ± 5º. Table 3.11 provides the peak fitting results. From these angles, 

with the proper geometric analysis and concepts of bonding as described in more detail 

above in the example for F5BnPA, the tilt angle for the C-P bond with respect to the surface 

normal is determined to be 39 ± 5º. Figure 3.17e shows a schematic of the proposed BnPA 

orientation on IZO. 
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Figure 3.17 Simulated spectra of (a) neat BnPA (blue), (b) BnPA- salt (red), (c) BnPA2- salt (green) and (d)PM-IRRAS spectrum of 

BnPA-modified IZO surface (black) with an overlay of the simulated spectrum of the BnPA2- salt (green dashed line); (e) proposed 

orientation for BnPA on IZO surface.
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Figure 3.18 Transmission spectra of a) neat BnPA (0.64 mg in 100.1 mg KBr) (blue), b) BnPA-1 salt (0.73 mg in 90.0 mg KBr) (red), 

and c) BnPA2- salt (1.17 mg in 104.3 mg KBr) (green).
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Figure 3.19 n(ν) and k(ν) for BnPA2- in frequency region containing ring modes used for 

orientation determination. 
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Table 3.10 Peak frequencies and assignments for BnPA, BnPA-, BnPA2-, and BnPA-

modified IZO. 
 

 

BnPA 

ν (cm-1) 

BnPA- 

ν (cm-1) 

BnPA2- 

ν (cm-1) 

BnPA-modified 

IZO ν (cm-1) 
Assignments Refs 

945 
936 

956 
  ν(P-OH)  119 

  979  
s(P-O) in 

PO3 
2- 120 

996 

1008 

 

1002 
  ν(P-OH)  119 

1034 1034 1034 1019 νas(PO3)  119 

1076      1070 1072 1077 β(C-C)  123 

 

 

1116 

 

 

1126 

1095 

1106 

1119 

1142 

 

(CH) wag; 

(CH)ring 

deformation 

123 

1263 
1246 

1278 
1223 1259 

(CH)ring 

deformation 

ν(P=O)  

123 
119 

1458 1454 1452 1455 19b 
125 

1497 1495 1492 1496 19a 
125 

1605 1605 1596 1603 8a 
125 

  1602    

2914 2908 2898 2855 νs(CH2)  123 

  2924 
2924 

Fermi CH2  

2952 2940 2936 νas(CH2)  123 

3038 3030  3034 ν20b ν(CH)  123 

3051 3063 3054 3067 
ν2 ν(CH); 

dipole 
123 

3071 3086 3085  ν20a ν(CH)  123 
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Table 3.11 Absorbance values for the BnPA bands and orientation parameters for BnPA 

on IZO substrates. 
 

Assignment 
Freq.  

(cm-1) 

Simulated model 

spectrum integrated  

abs (a.u.-cm-1) 

PM-IRRAS 

integrated  

abs (a.u.-cm-1) 

TDM 

tilt 

C-P 

tilt 

Ring 

twist 

() 

Ring 

normal 

tilt () 

19a 1493 0.00163 0.00331 35º 
36º 45º 66º 

19b 1451 0.00070 0.00035 66º 
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F5PPA 

   Figures 3.20a-d show a series of simulated spectra for isotropic layers of neat 

F5PPA (blue), potassium salts of F5PPA- (red) and F5PPA2- (green), and the PM-IRRA 

spectrum of a F5PPA-modified IZO surface (black). Transmission spectra of F5PPA, and 

the F5PPA- and F5PPA2- salts are shown in Figures 3.21a, b and c, respectively, and the 

calculated n() and k() values for the model F5PPA are given in Figure 3.22. In addition 

to the distinct (P-C6H5) mode at 1114 cm-1, vibrational signatures for the phosphonic acid 

linker are observed below 1250 cm-1; these modes are highly sensitive to the degree of 

deprotonation of the phosphonic acid moiety. In the PM-IRRA spectrum from the F5PPA-

modified IZO surface, a broad spectral envelope between 1000 and 1290 cm-1 encompasses 

nearly the entire binding mode range and results from overlapping phosphonic acid linker 

modes. Unfortunately, only a little information can be extracted about binding of F5PPA to 

IZO due to the spectral complexity of this region. However, this complexity is consistent 

with a mixture of tridentate and bidentate binding. A contribution from bidentate binding 

is suggested by the broad shoulder at 1050 cm-1 as found in F5PPA-. Additionally, the broad, 

intense shoulder at ~1200 cm-1 in the PM-IRRA spectrum is assigned as an overlap of the 

free (P=O) at 1226 cm-1, which would indicate bidentate binding through the two P-OH 

moieties, and the associated (P=O) at 1205 cm-1 which would indicate tridentate binding 

and/or bidentate binding though the P=O and one of the P-OH groups. Finally, bidentate 

character is also suggested by the presence of a very low intensity (PO-H) peak at 937 

cm-1, indicating a free PO-H bond consistent with its presence in the spectrum of F5PPA-. 

However, the very low intensity also suggests that bidentate is not the dominant binding 

geometry.  
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Figure 3.20 Simulated spectra of a) neat F5PPA (blue), b) F5PPA- salt (red), c) F5PPA2- salt (green), and d) PM-IRRAS spectrum of 

F5PPA-modified IZO surface (black) with an overlay of the simulated spectrum of the F5PPA2- salt (green dashed line); e) proposed 

orientation of F5PPA on IZO surface.
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Figure 3.21 Transmission spectra for a) neat F5PPA (0.32 mg in 125.7 mg KBr) (blue), b) F5PPA- salt (0.31 mg in 97.3 mg KBr) (red), 

and c) F5PPA2- salt (0.32 mg in 101.0 mg KBr) (green). 
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Figure 3.22 n(ν) and k(ν) for F5PPA2- in frequency region containing ring modes used for 

orientation determination. 
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Due to its complex binding characteristics, the orientation of the F5PPA SAM is 

calculated by separately using the F5PPA2- and F5PPA- simulated spectra as models. As 

discussed above for the orientation determination of PPA on IZO, the 19a, 19b and 8a ring 

modes are a convenient set of spectral bands to use to calculate orientation of the 

fluorinated phenyl ring due to their relative spectral isolation and TDMs with well-defined 

orientations relative to the molecular axis system. The tilt angles of these TDMs with 

respect to the surface normal are calculated by comparison of the integrated absorbance 

values of the PM-IRRA spectrum and the simulated spectrum. Peak assignments and fitting 

results are shown in Tables 3.12 and 3.13.  

 Using either the F5PPA- bidentate or F5PPA2- tridentate chemical models, F5PPA is 

concluded to exhibit a largely upright orientation. Using the F5PPA- model, the average tilt 

angle of the molecular axis (θ) is 23   4º from the surface normal with the TDM of the 19b 

mode tilted at 66 ± 4º from the surface normal, which yields a ring plane normal to surface 

normal angle (α) of 66º   4º. In this case, the ν19a ring mode is almost perpendicular to the 

surface. The measured ν19b tilt angle β will be confined in a very small range (90º  β  

67º) despite the large deviation of the ring twist angle . Therefore, under these 

circumstances, determination of twist angle, , is less meaningful, and the ring normal 

versus the surface normal angle α is very close to if not larger than (90º–θ). Detailed 

geometric calculations for arriving at these values are provided above in the calculation 

procedure for F5BnPA. A similar analysis using the F5PPA2- tridentate chemical model 

gives similar values for θ, , and α of 26   3º, 53   11º, and 70   3º, respectively.  
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Table 3.12 Peak frequencies and assignments for F5PPA, F5PPA-, F5PPA2-, and F5PPA-

modified IZO surfaces.  
 

F5PPA 

ν (cm-1) 

F5PPA- 

ν (cm-1) 

F5PPA2- 

ν (cm-1) 

F5PPA-modified 

IZO ν (cm-1) 
Assignments Refs 

942 934   ν s(P-OH)  119 

987 981 

967 

978 

985 

 

s(P-O) in PO3 

20a 

as(P-O) in PO3 

2- 120 
125 

2- 120 

1063 1048   ν as(P-OH)  119 

1115 1115 1115 1114 (P-C6F5)  

1144 1144 1144    

 1200   ν(P-O-metal)  121 

1224 1228   ν(P=O)  120 

1309 1315 1303 1303 13 
125 

1389 

1402 

 

1387 

 

1384 

 

1400 
2 

125 

 

 

1492 

 

 

1479 

1454 

1467 

1476 

 

 

1486 
19b 

125 

1527 1527 1520 1526 19a 
125 

1651 1647 1647 1648 8a  
125 
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Table 3.13 Absorbance values for the F5PPA bands and orientation parameters for 

F5PPA on IZO substrates. 
 

Assignment 
Freq. 

(cm-1) 

Simulated model 

spectrum 

integrated  

abs (a.u.-cm-1) 

PM-IRRAS 

integrated 

 abs  

(a.u.-cm-1) 

TDM 

tilt 

P-C6H5 

bond tilt 

Ring 

twist 

(ψ) 

Ring 

normal 

tilt () 

19a 1524 0.0141 0.0375 20º 20º - 70º 

19b 1479-1459 0.0429 0.0172 64º    

8a 1648 0.0044 0.0108 25º 25º - 65º 
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A schematic for the proposed orientation of F5PPA on IZO is shown in Figure 3.20e 

with the average θ and α value of 23   4º and 66   4º. Due to the geometry of the molecule, 

a small change in the 19b tilt angle varies the ring twist angle () considerably; however, 

with the ring axis largely perpendicular to the surface, the orientation of the ring plane is 

more dominated by the 19a tilt angle. The almost upright orientation of this modifier is 

consistent with the possibility of a mixture of binding modes.   

 

PPA 

Figures 3.23a and b show simulated IR spectra of PPA and its deprotonated from, 

PPA2-, respectively. Transmission spectra of PPA, PPA- and PPA2- are shown in Figures 

3.24a, b and c, respectively. Values of n() and k() are plotted in Figure 3.24. Table 3.14 

contains important peak frequencies for PPA and their assignments.  

The literature contains a thorough discussion of the vibrational spectroscopy of 

PPA.93, 119, 120, 129, 130, 131, 132, 133, 134 Upon full deprotonation, significant spectral changes are 

observed including disappearance of the νs(POH) bands at 925 and 939 cm-1 and the PO3H2 

ν(P-O) band at 1081 cm-1 These changes are coupled with appearance of the νs(PO3) bands 

from the PO3
2- moiety between 1015 and 1080 cm-1; the corresponding νas(PO3) bands 

appear as a split multiplet between 1040 and 1160 cm-1.26, 52, 119, 120, 131, 132, 135 Also, the 

spectrum for PPA2- does not contain the band at 1220 cm-1, which is present in the PPA 

spectrum, and corresponds to the free ν(P=O) vibration. The ν19b, ν19a, and ν8a phenyl ring 

modes are present in the spectra for both PPA and PPA2- near 1440, 1490, and 1590 cm-

1,125 respectively. The ν20b, ν2, and ν20a ν(CH) ring modes are also observed near 3020, 3060, 

and 3080 cm-1, 125  respectively, in both spectra. 
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Figure 3.23 FTIR transmission spectra of a) PPA (aqua), and b) PPA2- (dark blue), c) PM-IRRAS spectrum of PPA-modified IZO 

(red) and the calculated spectrum for a 7.4 Å-thick isotropic PPA2- layer (dark blue dashed), and d) proposed orientation for PPA on 

IZO. 
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Figure 3.24 Transmission spectra of a) neat PPA (1.52 mg in 157.39 mg KBr) (blue), b) PPA- salt (0.35 mg in 43.08 mg KBr) (red), 

and c) PPA2- salt (0.28 mg in 71.06 mg KBr) (green).
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Figure 3.25 n(ν) and k(ν) for PPA2- in frequency region containing ring modes used for 

orientation determination. 
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Table 3.14 Peak frequencies and assignments for PPA, PPA-, PPA2- and PPA-modified IZO. 

 

Peak Frequency (cm-1) Assignments Refs 

PPA PPA1- PPA2- PPA-modified 

IZO 
  

925 926   s (P-OH) 4 

940 942   s (P-OH) 4 

999 998 997 997 12 (C-C-C)ip 
5 

1017 1019 1021 1016 s(PO3
2-) 

4 

   1040 as(PO3
2-) 6 

   1069 as(PO3
2-) 6 

1081    (P-O) in PO3H2  
4 

1146 1145 1140 1148 
(Cring-P)  

(ring)ip 

7, 8 

7, 8 

 1167 1164 1166 
(P-O-metal) 

(C6H5-P) 

9, 10 

9, 10 

  1198 1197 (P=O) 11 

1222 1226 
1230 

1260 
 (P=O) 4 

1316 

1337 

1315 

1334 

1309 

1331 
 14 (C-C) 5 

1439 1438 1437 1436 19b (C-C) 5 

1487 1486 1486 1491 19a (C-C) 5 

1592 1593 1594 1595 8a (C-C) 5 

3016 3014 3013 3031 20b (C-H) 5 

3055 3055 3055 3061 2 (C-H) 12 

3083 3081 3075  20a (C-H) 5 
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Table 3.15 Absorbance values for the PPA bands and orientation parameters for PPA on 

IZO substrates. 

 

Assignment 
Freq. 

(cm-1) 

Simulated model 

spectrum 

integrated  

abs (a.u.-cm-1) 

PM-IRRAS 

integrated 

 abs  

(a.u.-cm-1) 

TDM 

tilt 

P-C6H5 

bond tilt 

(C6H5-P) 1149 0.007975 0.02201 16.4º 16.4º 

19a 1491 0.00007421 0.0002063 15.8º 15.8º 

8a 1598 0.0001186 0.0003327 14.8º 14.8º 

 

 

 

 

 

 

 

 

 

 

 

 

 



133 

 

133 
 

Figure 3.23c shows the PM-IRRA spectrum of IZO modified with a monolayer of 

PPA. This spectrum is noticeably simpler than either of the spectra for PPA or PPA2- due 

to the confluence of PPA orientation on the IZO surface and IRRAS surface selection rules 

from the underlying Au substrate. In the fingerprint region, only a single intense band 

centered at ~1150 cm-1 with asymmetry on the high energy side is observed. In addition, 

weak bands are also distinguishable at 997, 1017, 1438, 1491 and 1598 cm-1. In the (C-

H) region around 3000 cm-1, only a single band is observed at 3060 cm-1. A comparison of 

the spectra for PPA, PPA2-, and the PPA- modified IZO surface indicates that the bands at 

925 and 939 cm-1 in the PPA spectrum assigned to ν(P-O-H) modes are absent for PPA on 

the IZO surface, as is the band at 1220 cm-1 in the PPA spectrum assigned to the free ν(P=O) 

vibration. In the literature, the absence of these bands indicates the oxide surface-confined 

PPA exists in the PPA2- form with either bidentate or tridentate binding to the oxide 

surface.26, 52, 93, 119, 120, 130, 132, 136, 137 

Further consideration of the spectrum of PPA on the IZO surface reveals that the 

intense mutiplet of bands between 1060 and 1100 cm-1 assigned to νas(PO3
2-) modes in the 

PPA2- spectrum is absent from the PM-IRRAS spectrum; this vibration is expected in the 

vicinity of 1090-1100 cm-1 based on the spectral behavior of metal phosphonates.138, 139 

The ν19b, ν19a, and ν8a normal phenyl ring modes, near 1440, 1490, and 1590 cm-1 

respectively,125 appear in all three spectra shown in Figure 3.23, but the ν19b is especially 

weak and the ν19a is enhanced in the spectrum of surface PPA. The ν20b, ν2, and ν20a ν(CH) 

modes are observed near 3020, 3060, and 3080 cm-1, respectively.125  The ν20a and ν20b 

bands are also especially weak in the spectrum of surface PPA.  Presumably, these low 
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intensities are the result of IRRAS surface selection rules and the high degree of order in 

the PPA monolayer on the IZO surface.  

The presence of oriented electric fields at the surface of the IZO/Au substrate allows 

quantitative evaluation of the PM-IRRA spectral data, scuh that an average tilt angle for 

the PPA molecules on the IZO surface can be determined. Previous vibrational 

spectroscopy studies of PPA on a variety of metal oxide substrates have collectively 

resulted in two conclusions about surface binding and orientation:93, 119, 131, 132, 140 (1) the 

spectral signature for oxide-bound PPA is similar to that of PPA2- and the metal 

phosphonates; and (2) qualitatively, the molecule is oriented in a largely upright position.  

With the simulated spectrum of an isotropic layer in hand, subsequent data analysis 

starts from the assumption that the surface-bound PPA exists as the PPA2- form, such that 

any differences in intensities between the IRRA spectrum and the calculated spectrum for 

vibrational modes with transition dipole moments along different coordinates indicate a 

preferred orientation of the surface-bound molecules. The average orientation of PPA 

surface modifier equals the orientation of C6H5-P stretch and phenyl ring modes 19a and 

8a () near 1150, 1490, and 1590 cm-1 and can be deduced from equation 3.2. The peak 

fitting results for the surface PPA is given in Table 3.15. From this collective analysis, an 

average tilt angle of 15.6 ± 0.8° is calculated (Figure 3d), which is in excellent agreement 

with the value of the angle of the ring plane with respect to the surface normal of 13 ± 5° 

determined from the NEXAFS55 as well as the theoretically calculated value of 11-12° for 

PPA on ITO. 55 

As noted above, the ν19b mode is especially weak in the surface spectrum for PPA 
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on IZO. This observation immediately suggests that the molecules are oriented such that 

the transition moment for this mode is largely parallel to the surface. However, given that 

the transition moment for this mode is orthogonal to the molecular axis; little insight into 

tilt angle of the molecular axis can be deduced from this conclusion, since PPA could be 

oriented at a range of tilt angles from 0 to 90° while still maintaining the transition dipole 

moment of the ν19b mode parallel to the surface. Also, due to the largely upright orientation 

of PPA, the twist angle () consideration becomes less meaningful as well. Thus, we 

exclude this band from further consideration. 

Comparing the orientations for PPA, BnPA and their pentafluorinated analogues, 

the non-fluorinated aromatic PAs adopt a more upright orientation of the phenyl ring 

compared to their fluorinated counterparts. This observation suggests that π-π 

intermolecular interactions may play a more dominant role in facilitating close packing of 

non-fluorinated aromatic PAs; however, due to repulsion and loose packing within the 

monolayers, the orientation of fluorinated aromatic PAs is more dominated by PA binding 

geometry than by intermolecular interactions. This conclusion is consistent with previously 

reported studies on the effects of fluorination on self-assembled monolayers.34, 141 

 

Comparison of Small PA Orientations Determined by PM-IRRAS with Results from 

NEXAFS and DFT Calculations 

Other methods that have been used to determine molecular orientation for PA 

modifiers on complex oxide surfaces include NEXAFS and DFT calculations. This 

previous work serves as an excellent internal check to the orientations deduced from PM-

IRRAS that are reported here.  A compilation of the relevant experimental and theoretical 
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work is presented in Table 3.16. Comparison of the chain tilt results from PM-IRRAS to 

those determined by NEXAFS and DFT shows similar values for F13OPA.  The tilt angle 

for OPA determined by NEXAFS on ITO surfaces is slightly lower than that from PM-

IRRAS on IZO substrates. These small differences may be due to substrate differences. 

Nevertheless, results by three independent methods agree that F13OPA stands more upright 

than OPA on oxide surfaces. This conclusion is also consistent with previously reported 

evidence that the bulky helical fluorinated carbon chain is more upright than the zig-zag 

aliphatic chain. 88, 111, 112 Except for F5BnPA, the results from the three methods are in 

excellent agreement for the ring orientations of these PA modifiers. Similar ring 

orientations were observed for PPA and F5PPA, with a slightly more upright orientation 

for PPA. In contrast, for BnPA and F5BnPA, fluorination apparently brings a larger ring 

tilt. This observation suggests some influence from molecular rigidity and electronic 

structure in addition to binding mode of these PAs. The ring orientations for BnPA and 

F5BnPA appear to be more dominated by interaction between the phenyl rings and the 

substrate compared to PPA and F5PPA. This difference is likely to be due to the flexibility 

of the modifiers introduced by the presence of the methylene moiety. 

 

Conclusions 

This chapter described a full analysis using PM-IRRAS of binding mode and 

orientation for a series of phosphonic acids on IZO surfaces. With a careful orientation 

analysis, OPA forms partial disordered film on IZO surfaces with a calculated numeric 
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Table 3.16 Comparison of orientation parameters for PAs on TCO surfaces by PM-

IRRAS, NEXAFS, and DFT calculations. 
 

Modifier PM-IRRASa NEXAFSb Ref. DFT Ref. 

 θ   θ   θ   

OPA 57 ± 3° 52 ± 6° - 41 ± 8° (ITO) - 85, 142 - - 
142 

F13OPA 26 ± 6° - - 30 ± 5° (ITO) - 
142 20°c 

 
- 

142 

PPA 16 ± 1° - 74 ± 1° - 
77 ± 5° 

71 ± 4° 

142 
- 

68-79° (ITO) 

 

142 

F5PPA 23 ± 4° - 66 ± 4° - 
63 ± 4° 

(F3PPA/ITO) 

 

142 
- 

68-78° 

(F3PPA/ITO) 

 

142 

BnPA 31 ± 5° 43 ± 2° 60 ± 5° - 47 ± 3° (ITO) 
143 

- 

53° (ITO)c 

47° (polar 

ZnO) 

56° (GZO) 

 

144, 145 
146 

F5BnPA 58 ± 5° 33 ± 3° 45 ± 2° - 60 ± 5° (ITO) 
143 

- 

51° (ITO)c 

43° (polar 

ZnO) 

65° (GZO) 

144, 145 
146 

a All PM-IRRAS results for PA monolayers on IZO. 
b NEXAFS results for monolayers on ITO (OPA, F13OPA, F3PPA, BnPA and F5BnPA) or IZO (PPA). 
c Angles from DFT results for these PA monolayers on ITO extracted from published data144 as reported by 

Dr. H. Li. 
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average tilt angle of 57 ± 3º whereas F13OPA tilts 26 ± 6º from the surface normal. 

Compared to OPA, F13OPA stands more ordered and upright due to its helical structure.  

Additionally, a universal geometric analysis of phenyl ring orientation using two 

orthogonal ring modes is established. The phenyl ring axes of F5PPA, BnPA and F5BnPA 

tilt 23 ± 4º, 31 ± 5º, and 58 ± 5º, respectively, from the surface normal. Collectively, the 

orientations determined using PM-IRRAS match well with the values from NEXAFS and 

DFT calculations for these modifiers on a range of similar complex oxide surfaces. In 

general, a trend is observed that fluorinated rings to be tilted to a greater degree and exhibit 

a greater tendency for bidentate binding on IZO surfaces compared to their non-fluorinated 

analogues.   

As previously reported,77 values of surface work function for PA-modified surfaces 

are closely related to the position of fluorination and molecular orientation. Both aromatic 

and aliphatic PA modifiers with different fluorine substitution patterns increase the surface 

work function of ITO from 4.40 to 5.40 eV. 77 As expected, the surface work function 

increases as the C-F dipole stands more upright on the surface, thereby inducing a larger 

interface dipole. 

The molecular orientation of surface modifiers is a result of both binding geometry 

and electronic structure of the interface wherein the orientation of functional groups can be 

dominated by either modifier/substrate interactions or modifier/modifier interactions.  

Future research may include further exploration of the effect of various fluorine 

substitution patterns on molecular orientation and electronic structure change. 
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CHAPTER 4 

 

PM-IRRAS MEASUREMENT OF ORIENTATION OF PHOSPHONIC ACID 

FUNCTIONALIZED PERYLENE DIIMIDES AND ZINC PHTHALOCYANINES 

ON IZO SURFACES 

 

In addition to the small molecule PA modifiers discussed in Chapter 3, 

modifications of TCO surfaces with larger functional molecules such as phthalocyanines 

(PCs) and perylene diimides (PDIs) are also of interest. PCs and PDIs are popular electron 

donor and acceptor materials used in solution-processible small molecule organic 

photovoltaic devices (OPVs).25, 147, 148 In a traditional OPV device, thin film materials are 

arranged in the order of TCO/donor/acceptor/metal versus inverted devices in which the 

order of the donor and acceptor are flipped.149 Contact between PC donors and TCO 

surfaces exists in traditional structured OPV devices and the heterogeneity at the 

TCO/donor interface is a key factor that affects the efficiency of electron transfer across 

the interface and molecular packing in the bulk material. Compared to traditional devices, 

inverted devices in the TCO/acceptor/donor/metal arrangement are of recent emerging 

interest, because, based on considerations of energy level alignment at interfaces, the use 

of the less stable, low work function metals, such as Ca and Mg, as top contacts can be 

avoided through use of more stable metals such as Al or Ag.150, 151, 152, 153  

The TCO/acceptor interface is a critical interface in inverted devices. Interface 

heterogeneity and energy level mismatch can both potentially contribute to low charge 

transfer rates. Therefore, the nature of the Pc/TCO interface in traditional OPV devices and 

the PDI/TCO interface in the inverted devices is critical for interfacial charge transfer and 
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may dictate device performance. Moreover, orientation of the PC and PDI modifiers at the 

interface matters significantly from different perspectives. First, it is well known that the 

orientation of the surface modifiers can impact the orientation of bulk materials deposited 

on top of the modifier layer.34 Additionally, through epi-fluorescence, scanning electron 

microscopy (SEM), atomic force microscopy (AFM), and thin film X-ray diffraction (XRD) 

combined with MM2 force field calculations from Chem3D, Sui35 and Liu36 observed the 

strongly preferred face-to-face packing of PDI derivatives due to - stacking. Presumably, 

the orientation of modifiers with large conjugated systems on TCOs can template the 

arrangement of the first several layers of structurally-similar functional materials in the 

bulk active layer, and eventually impact the packing of the entire active layer by strong -

 interaction. Several studies show that electrons are preferentially transferred along the 

“face-to-face” direction of large, -conjugated systems as opposed to the “edge-to-edge” 

direction. Lin et al.37 compared the “in-plane” and “out-of-plane” apparent electron transfer 

rate constants from the -conjugated dye modifier zinc phthalocyanine phosphonic acid to 

ITO surfaces using potential modulated-attenuated total reflectance spectroscopy (PM-

ATR). The results indicated that the in-plane population exhibits a threefold higher electron 

transfer rate than the out-of-plane population. Zheng et al.154 also observed similar behavior 

for PDI modifiers on ITO substrates; PDIs with a predominantly upright orientation exhibit 

lower electron transfer rates than those with a less upright orientation. It has also been 

shown that the distance between electron active sites can impact electron transfer rates in 

that short intermolecular - distances yield large electronic couplings.155 This assertion is 

further supported by previous transient spectroscopy measurements of fast site-to-site 

charge hopping in PDI films that were designed and simulated to be tightly stacked.156 
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D’Souza suggested that the low reorganization energy of aggregated -conjugated systems 

compared to monomers is the main reason for these fast electron transfer rates.157 Therefore, 

optimization of the choice of modifier, its distance from a TCO substrate, and eventually, 

control of the orientation of active modifiers such as Pcs and PDIs are essential to 

facilitating charge transfer and improving OPV device performance. phthalocyanines (PCs) 

and perylene diimides 

In this chapter, three basic active layer molecules, zinc phthalocyanine phosphonic 

acid (ZnPc-PA), perylene diimide phenyl-phosphonic acid (PDI-phenyl-PA) and perylene 

diimide diphenyl-phosphonic acid (PDI-diphenyl-PA), are chosen to develop the 

orientation measurement method for active layer molecules tethered to IZO surfaces.  

Using the established PM-IRRAS method successfully applied to determine small PA 

modifier orientation, the orientations of Pcs and PDIs are also reported here.  These results 

not only provide insight into critical questions about interface molecular orientation control 

and optimization, but further validate the PM-IRRAS method for orientation determination.  

 

Results and Discussion 

Orientation of PDI-phenyl-PA and PDI-diphenyl-PA on IZO Substrate 

The vibrational spectroscopy of perylene diimide (PDI) has been well studied by 

both IR and Raman spectroscopy measurements158, 159, 160 as well as DFT calculations.161 

The molecular axis system for PDI is defined in Figure 4.1; the X axis is along the long 

axis of the PDI plane with the Y axis perpendicular to it and the Z axis perpendicular to the 

X-Y plane. The vibrational modes of PDI are assigned to three different symmetry groups, 
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B1u, B2u, and B3u,
158 the direction of which corresponds to the Z, Y and X axes in Figure 

4.1, respectively. The orientations of the vibrational modes with TDMs along these axes 

can be used to determine the orientation of the PDI molecular plane in three-dimensional 

absolute space.  

IR transmission spectra for N-(12-tricosyl)-N’-(4-phosphonophenyl)perylene 

diimide (PDI-phenyl-PA) and N-(12-tricosyl)-N’-(4'-phosphono-[1,1'-biphenyl]-4-

yl)perylene diimide (PDI-dipheyl-PA) are shown in Figure 4.2 a) and b).  

The tilt angles of the TDMs in PDI-phenyl-PA and PDI-dipheyl-PA belonging to 

the B1u, B2u and B3u symmetry groups can be calculated with respect to the surface normal 

from equation 3.2 in Chapter 3. The full orientation of the PDI plane can be then calculated 

and described from these values.  

In order to properly calculate the orientation of these PDI modifiers, a simulated 

spectrum of the correct chemical model forms of the PDI molecules must be identified and 

the spectral data obtained. Determination of orientation also requires that specific physical 

parameters of the model PDI molecules be known including material density, surface 

coverage, and refractive index n() and extinction coefficient k() as a function of 

frequency. All of these parameters can be measured using previously developed methods 

described in Chapter 2. The physical parameters used in spectral simulation are shown in 

Table 4.1 below. Molecular density is calculated using the neutral buoyancy method as 

described in Chapter 2. Monolayer thickness is estimated from the MM2 energy minimized 

structure in Chem 3D. The surface coverages of PDI-phenyl-PA and PDI-diphenyl-PA are 

measured using cyclic voltammetry as described further below. 
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Figure 4.1 X, Y and Z axes of the PDI molecular plane representing the directions of 

vibrations belonging to the B3u, B2u and B1u symmetry groups, respectively. 
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Figure 4.2 Transmission spectra of a) PDI-phenyl-PA (1.04 mg PDI-phenyl-PA in 112.69 

mg KBr), and b) PDI-diphenyl-PA (0.90 mg PDI-diphenyl-PA in 121.63 mg KBr). 

  

 

 

 

 

 

 

 

 

 

 

900 1000 1100 1200 1300 1400 1500 1600 1700 

0.1 a.u.

0.1 a.u.

a

b

A
b

so
rb

an
ce

 (
a.

u
.)

Wavenumber (cm-1)



145 

 

145 
 

Table 4.1 Physical parameters of PDI-phenyl-PA, PDI-diphenyl-PA and ZnPc-PA 

modifiers used in the simulation of IRRA spectra of isotropic films. 
 

PA Modifier ρ (g/cm3)a Γ (molec/cm2) Ref. d (Å) 

PDI-phenyl-PA 1.3 (4.5 ± 0.2) x 1013 This work 20.8 

PDI-diphenly-PA 1.2 (4.4 ± 0.2) x 1013 This work 25.0 

ZnPc-PA 1.6 1.3 x 1014 37, 162 19.6 

 aAll densities reported here determined as part of  this work.  
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Surface Coverage of PDI-phenyl-PA and PDI-diphenyl-PA (Note: Surface coverages for 

PDI-phenyl-PA and PDI-diphenyl-PA on IZO substrates were measured with the 

assistance of Yilong Zheng in the laboratory of Dr. Scott Saavedra at the University of 

Arizona) 

The electroactive surface coverages for both PDI-phenyl-PA and PDI-diphenyl-PA 

SAMs on IZO surfaces were determined by cyclic voltammetry. Acetonitrile, a non-solvent 

for PDI, was used as the solvent with 0.1 M tetrabutylammonium perchlorate as the 

supporting electrolyte in order to prevent any possible desorption of PDI during the 

electrochemical measurements. Figure 4.3 shows cyclic voltammograms of the two PDI 

SAMs on IZO surfaces. Both PDI-phenyl-PA and PDI-diphenyl-PA molecules showed a 

typical two step, one electron reduction process as observed previously by Lee et al.163 and 

Fukuzumi et al.164 However, all of the reduction and re-oxidation peaks are much broader 

than typical PDI reduction peaks, which indicates the possible presence of different PDI 

subpopulations on the IZO surface. Boom et al.156 and Liu et al.36 have demonstrated 

significant aggregation of PDI driven by strong - stacking forces using thin film x-ray 

crystallography, optical spectroscopy and simulations. It has also been shown that PDI-

phenyl-PA and PDI-diphenyl-PA SAMs are heavily aggregated on indium tin oxide (ITO) 

surfaces, which results in broad PDI voltammetric reduction peaks.154 As an alternative 

transparent conductive oxide surface, IZO shares similar physical properties with ITO 

except that IZO substrates prepared under the above described protocols are known to be 

amorphous55, 165 compared to ITO which is usually polycrystalline.166, 167 Thus, it is likely 

that the proposed two PDI modifiers are also aggregated on the IZO surface with multiple 

populations.  
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Figure 4.3 Cyclic voltammograms for PDI-phenyl-PA (red) and PDI-diphenyl-PA (black) 

modified IZO surfaces; dashed lines indicate baselines for peak integration. 
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The midpoint potentials for both PDI SAMs are listed in Table 4.2. Both PDI SAMs 

have similar redox potentials due to the fact that they possess the same redox center. Table 

4.2 also shows the electroactive surface coverage for both PDI SAMs calculated from 

equation 4.1 

Γ = Q/nFA                                                     (4.1) 

where Q is the total charge transferred to the PDI molecule upon reduction from the 

integrated charge under the reduction peaks, n is the number of electrons in the reduction 

process (here , n = 2), F represents the Faraday constant, and A is the surface area of the 

electrode (0.754 cm2 confined with a 0.98 cm dia O-ring). The baseline for integrating the 

total charge is defined by extrapolated tangents from the less negative potential regime 

since the background is better resolved. The re-oxidation peaks are not used to calculate 

the total charge because the baselines were less well defined.  

The detailed reduction potential information and surface coverage values are 

summarized in Table 4.2. The PDI-phenyl-PA and PDI-diphenyl-PA SAMs have 

electroactive surface coverages of (7.5 ± 0.4) × 10-11 mol/cm2 [(4.5 ± 0.2) × 1013 molec/cm2], 

and (7.3 ± 0.4) × 10-11 mol/cm2 [(4.4 ± 0.2) × 1013 molec/cm2], respectively, which are 

equivalent to 83% and 94% of a monolayer, respectively, assuming 1.8 nm2 per PDI- 

phenyl-PA molecule and 2.3 nm2 per PDI-diphenyl-PA molecule as previously calculated 

by Zheng and coworkers using MM2 energy minimization from ChemBio3D.154  

With all of the proper physical parameters in hand, spectral simulation was performed by 

methods described in Chapter 3 using the KBr transmission spectra of PDI- phenyl-PA and 

PDI-diphenyl-PA. The n() and k() values of PDI-phenyl-PA and PDI-diphenyl-PA are 

given in Figures 4.4 a and b, respectively. 
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Table 4.2 Electroactive surface coverages for PDI-phenyl-PA and PDI-diphenyl-PA 

SAMs on IZO from the cyclic voltammetry data 

 

 PDI-phenyl-PA PDI-diphenyl-PA 

Γ (mol/cm2) (7.5 ± 0.4) x 10-11 (7.3 ± 0.4) x 10-11 

E1/2,1st (V vs. Ag/Ag+) -0.89 ± 0.03 -0.91 ± 0.04 

E1/2,2nd (V vs. Ag/Ag+) -1.17 ± 0.04 -1.15 ± 0.05 
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Figure 4.4 Plots of n (ν) and k (ν) for a) PDI-phenyl-PA; b) PDI-diphenyl-PA within low frequency region.
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Figure 4.5 shows PM-IRRA spectra from a PDI-phenyl-PA-modified IZO surface 

in red (Figure 4.5b) and the corresponding simulated spectrum in navy (Figure 4.5a). The 

model spectrum in Figure 4.5a is simulated directly from the protonated form of neat PDI-

phenyl-PA. In the PM-IRRA spectrum from the PDI-phenyl-PA modifier (Figure 4.5b), 

aside from peak intensity changes, few changes in peak frequencies can be observed which 

suggests that, unlike the small PA modifiers discussed in Chapter 3, deprotonation of PDI-

phenyl-PA has no significant effect on the vibrational features. Vibrational bands 

associated with the PDI plane and phenyl ring vibrations appear in the spectral region from 

900 to 1800 cm-1. Due to the strength of the absorbance values by the PDI plane modes, 

the vibrational modes of the phenyl ring are greatly diminished in intensity such that none 

can be explicitly identified. Detailed vibrational frequency assignments are shown in Table 

4.3.  

All of the modes for the PDI core of any significant intensity are in the B2u and B3u 

symmetry groups. In Figure 4.5, the bands attributed to these vibrations are labelled in red 

(B2u) and navy (B3u). All of the out-of-plane PDI modes belonging to the B1u symmetry 

group are below 800 cm-1, and hence, are difficult to measure with IR spectroscopy.   

A PM-IRRA spectrum of a monolayer of PDI-phenyl-PA on IZO is shown as the 

red line in Figure 4.5 b; this is overlayed with the corresponding simulated spectrum of an 

isotropic PDI-phenyl-PA film of equivalent thickness as the navy dashed line. A qualitative 

comparison of the differences in absorbance between the PM-IRRA and simulated spectra 

reveals that, in general, vibrational bands belonging to the B3u symmetry group (1707, 

1599, 1579, 1406, 1354, 1348, 1151, and 1134 cm-1) exhibit a significant increase in 

absorbance in the IZO surface spectrum relative to those in the simulated spectrum for an 



152 

 

152 
 

 

Figure 4.5 a) The simulated spectrum for an isotropic film of PDI-phenyl-PA of thickness equivalent to that of the monolayer on IZO 

(navy solid line), b) PM-IRRA spectrum of PDI-phenyl-PA-modified IZO surface (red solid line) with the simulated spectrum (navy 

dashed line), and c) the proposed orientation of PDI-phenyl-PA on an IZO surface.
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Table 4.3 Peak assignments of functionalized PDI-PA simulated spectra and PDI-PA-

modified IZO surfaces. 

 
Frequency (cm-1) 

Assignments 

Symmetry 

group 

Refs PDI-phenyl-PA PDI-diphenyl-PA 

PM-IRRAS Simulated PM-IRRAS Simulated 

1707 1709 1707 1705 C=O stretch b3u 
159, 

160, 

161 

1668 1665 1668 1665 C=O stretch b2u 
159, 

160, 

161 

1599 1597 1599 1596 C-C stretch b3u 
158, 

160 

1579 1579 1579 1579 C-C stretch b3u 
160, 

161 

  1520  8 (C-C)ip   

1507 1502 1492 1505 C-C stretch b2u 160 

1468 1470 1463 1465 19 (C-C)ip   

1433 1435 1431 1433 19 (C-C)ip   

1406 1406 1406 1406 C-C stretch b3u 158 

1354 1356 1354 1354 C-H in plane bending b3u 158 

1346 1348 1348 1348 C-H in plane bending b3u 158 

1257 1257 1257 1257 C-C stretch b2u 
158, 

160 

1201 1201 1201 1201 C-H in plane bending b2u 158 

1178 1178 1178 1178 C-H in plane bending b2u 158 

1151 1151 1151 1151 C-H in plane bending b3u 158 

1134 1134 1134 1134 C-H in plane bending b3u 158 

995 1005 996 1004 1 (C-C)ip   

 967  967 17 (C-H)oop   
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isotropic film. Conversely, all of the bands belonging to the B2u symmetry group (1668, 

1507, 1257, 1201, and 1178 cm-1) are similar in absorbance to the corresponding bands in 

the simulated spectrum. This observation indicates that the TDMs of the B3u symmetry 

group are mostly aligned along the surface normal and that those of the B2u group are much 

more parallel to the surface. Vibrational modes labeled in black in the spectra are assigned 

as phenyl ring modes. These modes are much less intense, and possibly complicated by 

spectral overlap with PDI modes; therefore, they are not used for orientation analysis. 

Detailed peak assignments are given in Table 4.3. 

  In order to quantitatively proceed with calculation of the tilt angles extracted from 

vibrational modes with TDMs in the B2u and B3u symmetry groups, representative spectral 

bands must be chosen for this purpose. The (C=O) band at 1668 cm-1 and the (C-C) band 

at 1257 cm-1 are selected as representative B2u modes; the (C=O) band at 1707 cm-1 and 

the (C-C) bands at 1599, 1579, and 1406 cm-1 are chosen as representative B3u modes. 

These modes are chosen, because they are of good intensity and free of spectral overlap. 

Similar to the protocol of defining orientation of 19a, 8a and 19b in the X-Y-Z coordinate, 

here the orientation of the TDMs of the B2u and B3u modes are also uniquely defined. Figure 

4.6 shows the orientation of the PDI plane in the X-Y-Z coordinate when plane tilt () and 

twist () are applied. By calculating the tilt angle of the B3u () and B2u () TDMs relative 

to the surface normal, as shown in Figure 4.6d, the PDI plane tilt and twist angles can be 

rationalized, and also the ring normal versus surface normal angle  (Figure 4.6e) can be 

obtained. The tilt angles for all B3u and B2u TDMs of PDI-phenyl-PA with respect to the 

surface normal can be calculated using equation 3.2. Table 4.4 shows a representative 

example of the peak fitting and orientation calculation result for one modified surface. PM- 
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Figure 4.6 Orientation evolution of PDI plane on surface: a) original position; b) a) +  degree twist; c) b) + θ degree tilt; d) 

orientation of TDMs for B3u, () and B2u () with respect to the molecular axis; e) tilt angle of phenyl ring normal from surface 

normal ()
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Table 4.4 Peak fitting results and calculated orientation for one representative PDI-

phenyl-PA-modified IZO substrate. 
 

Assignment 
Freq. 

(cm-1) 

Simulated model 

spectrum integrated 

abs (a.u.-cm-1) 

PM-IRRAS 

integrated 

abs (a.u.-cm-1) 

TDM 

tilt 

TDM 

tilt 

(Ave) 

Ring 

twist 

Ring 

normal 

tilt 

B3u 

1707 0.0225 0.0373 42.0º 

36.0º 

79.7º 80.0º 

1599 0.0072 0.0160 30.2º 

1579 0.0027 0.0055 34.3º 

1406 0.0030 0.0056 37.5º 

B2u 

1668 0.0247 0.0267 53.1º 
55.7º 

1257 0.0063 0.0053 58.2º 
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IRRA spectra of three independently prepared surfaces are acquired and the average of  

and  values of 33.0  6.2º and 58.1  2.2º are obtained. The twist angle  for PDI-phenyl-

PA is determined from  and  using geometrical considerations to be 78.9  4.1º. The 

geometric analysis to obtain the twist angle  of the PDI plane from the PDI plane axis tilt 

angles  and  is the same as with the phenyl ring orientation analysis described in Chapter 

3.  

In addition to the above angles, the angle of the PDI ring normal with respect to the 

surface normal () can also be calculated and used to more accurately describe the relative 

position of the PDI ring and substrate planes. A larger  value suggests that the PDI ring 

plane is perpendicular to the substrate plane whereas a smaller  value indicates that the 

PDI ring plane is more parallel to the surface. The relative ring position and orientation 

relative to the substrate is important in understanding electron transfer rates across the 

interface.37 Angle  can also be rationalized using geometrical considerations from the  

and  values as described in Chapter 3. In this case, the PDI ring normal with respect to 

the surface normal value () is determined to be 79.7  3.5º. This value suggests that the 

PDI ring is mostly vertical on the IZO surface.   

The proposed molecular orientation for PDI-phenyl-PA on the IZO surface is 

shown in Figure 4.5c. Unfortunately, for both PDI-phenyl-PA and PDI-diphenyl-PA in the 

discussion below, due to the low absorbance values of the vibrational modes of the phenyl 

groups between the PDI core and the phosphonic acid linker, no orientation information 

about these rings can be obtained. One would presume that, because of the rigidity of the 

molecule, the phenyl rings should maintain a tilt angle with respect to the surface normal 

that is similar to that of the PDI core, but no twist angle information is available from these 
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measurements.  Based on the MM2 energy minimized structure calculated in Chem3D, the 

dihedral angle between the phenyl linker and the PDI plane is ~50º as shown in Figure 4.5c. 

The twist between the two -conjugated structures is a result of electron repulsion. 

The orientation of PDI-diphenyl-PA was similarly analyzed. The protonated form 

of the PDI-diphenyl is used as the model molecule for this analysis due to the fact that 

deprotonation of the phosphonic acid group does not impact the vibrational spectrum 

significantly since it is dominated by modes associated with the PDI core. Figure 4.2b 

shows the transmission spectrum of the pristine PDI-diphenyl-PA. Peak assignments are 

given in Table 4.3. Spectral simulation is performed using the pre-determined physical 

parameters shown in Table 4.1. Figures 4.7a and b show the simulated and PM-IRRA 

spectra of PDI-diphenyl-PA. The vibrational band frequencies and widths appear to be 

close to those of PDI-phenyl-PA, further validating the assumption that the absorbance 

contributions of the phenyl ring linkers are insignificant relative to the bands from the PDI 

core.   

Comparison of the simulated spectrum for PDI-diphenyl-PA to the PM-IRRA 

spectrum reveals that the vibrational bands with TDMs belonging to the B3u symmetry 

group (1707, 1599, 1579, 1406, 1354, and 1511 cm-1) show a significant increase in 

absorbance compared to those of the B2u group (1668, 1257, 1201, and 1178 cm-1). These 

observations are consistent with the PDI core oriented in a largely upright position.  To 

avoid spectral interference, the bands at 1707, 1599, 1579, and 1406 cm-1 are chosen as 

representative B3u modes for quantitative determination of , and those at 1668 and 1257 

cm-1 are chosen as representative B2u modes for determination of . Based on three 

measurements of three independent prepared samples, from equation 3.2, the tilt angles  
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Figure 4.7 a) Simulated spectrum of PDI-diph-PA (navy solid line), b) the PM-IRRA spectrum of a PDI-diph-PA-modified IZO 

surface (red solid line) overlapped with the simulated spectrum (navy dash line), and c) the proposed orientation for PDI-diph-PA on 

an IZO surface.
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Table 4.5 Peak fitting results and calculated orientation for PDI-diphenyl-PA on IZO 

substrates. 
 

Assignment 
Freq. 

(cm-1) 

Simulated model 

spectrum integrated 

abs (a.u.-cm-1) 

PM-IRRAS 

integrated 

abs (a.u.-cm-1) 

TDM 

tilt 

TDM 

tilt 

(Ave) 

Ring 

twist 

Ring 

normal 

tilt 

B3u 

1707 0.0216 0.0400 38.1º 

37.7º 

74.2º 75.1º 

1599 0.0075 0.0152 34.5º 

1579 0.0030 0.0042 46.8º 

1406 0.0030 0.0052 40.5º 

B2u 

1668 0.0241 0.0311 49.1º 
55.9º 

1257 0.0064 0.0040 62.8º 
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and  are calculated as averaged values of 37.9  3.5º and 56.5  8.3º, respectively. The 

average twist angle  of the PDI plane and the PDI ring plane normal with respect to the 

surface normal () from three samples are calculated from  and  to be 73.6  3.3º and 

74.6  2.3º, respectively. Table 4.5 provides an example of peak fitting and orientation 

calculation results. These angles are similar to those determined for PDI-phenyl-PA 

indicating a similar orientation. A proposed orientation for PDI-diphenyl-PA is depicted in 

Figure 4.7c. The Chem3D MM2 energy minimized structure exhibits a coplanar 

arrangement for the diphenyl linker and a dihedral angle of ~50º between the PDI plane 

and the diphenyl linker plane, which is close to what was observed for PDI-phenyl-PA. 

The PM-IRRAS measurements described in Chapter 3 for the small molecule 

phosphonic acids on IZO indicate that phosphonic acids bind to the IZO surface in either 

bidentate or tridentate fashion, with mostly tridentate observed for non-fluorinated 

modifiers.55, 165 The binding mode is determined by comparing the PM-IRRA spectra of 

the phosphonic acid moiety of the PA-modified IZO surface to the simulated spectrum of 

possible chemical models, the neutral, monoanion and dianion forms. In the cases of these 

PDI molecules, the low absorbance values of bands associated with the phosphonic acid 

linker group between 900 and 1100 cm-1 limit the accessibility of PA binding mode 

information. Some insight into bonding mode may be gleaned from comparison with a 

small molecule PA with a similar orientation on the IZO surface. Phenyl phosphonic acid 

(PPA) on IZO is an excellent choice since it is also oriented largely perpendicular to the 

surfaces with a mostly tridentate binding configuration. The orientations of PDI-phenyl- 

PA and PDI-diphenyl-PA are similar to the PPA orientation on IZO which indicates that 

the phosphonic acid binding and the rigid structure of phenyl ring linkage dictate the 
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Table 4.6 Comparison of orientation for PDI-phenyl-PA and PDI-diphenyl-PA on TCO 

surfaces by PM-IRRAS, NEXAFS and PM-ATR measurements. 

 

Modifier 
PM-IRRAS 

 (IZO) 

NEXAFS 
 (ITO) 

PM-ATR  

(ITO) 
Refs 

 θ    θ  

PDI-phenyl-PA 33 ± 6° 79 ± 4° 79 ± 4° 68 ± 4°  31 ± 4°  154 

PDI-diphenyl-PA 38 ± 4° 74 ± 3° 75 ± 3° 65 ± 5°  33 ± 4°  154 

ZnPc-PA 55º 29.8º 44.7º 
51.5 ± 0.5°(agg) 

53 ± 1° (mono) 

57.8 ± 0.7°(agg) 

33 ± 1° (mono) 
37 
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orientation of the attached PDI core. Thus, the mostly perpendicular orientations of the PDI 

cores in both cases indirectly supports either bidentate or tridentate binding.  

 

Comparison of PDI Orientation Results from PM-IRRAS and Polarized-ATR UV-Vis 

Other methods that have been used to determine the molecular orientations of PDI-

phenyl-PA and PDI-diphenyl-PA include NEXAFS and polarized-ATR UV-Vis 

spectroscopy.154 Table 4.6 summarizes the orientation results for the PDI core obtained 

from the three independent methods. Although the orientation measurements for PDI-

phenyl-PA and PDI-diphenyl-PA were performed on ITO surfaces for both the polarized-

ATR and NEXAFS measurements, the nature of the surface binding environment is 

expected to be very similar to that on IZO.55, 165 Comparing across the numeric angles 

obtained by three methods as indicated by the values in this table, the PM-IRRAS results 

reported here show excellent agreement with the NEXAFS and polarized-ATR UV-Vis 

results. The similarity in these values further confirms that PDI-phenyl-PA and PDI-

diphenyl-PA adopt a perpendicular orientation relative to the substrate. Moreover, these 

results suggest that phenyl and biphenyl ring systems are excellent rigid linker groups for 

confining the orientation of functional materials compared to other more flexible linkers 

such as alkyl chains.37 Finally, it is worth noting that, although all measurement methods 

provide accurate assessment of the PDI core orientation, PM-IRRAS provides more 

detailed orientational parameters such as ring tilt and twist due to its bond specificity, 

thereby providing a more complete molecular picture.  

Comparing the orientations of PDI-phenyl-PA and PDI-diphenyl-PA as measured 

by these three methods, a consistent trend emerges that the long axis of the PDI core in 
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PDI-phenyl-PA is more upright than in PDI-diphenyl-PA. The orientation of surface 

modifiers on these TCOs results from a combination of surface binding mode and 

intermolecular interactions between neighboring modifiers. Usually, in the cases of small 

modifiers, modifier orientation is dominated by the binding mode of the phosphonic acid 

linker.55, 165 In contrast, in the case of PDI-phenyl-PA and PDI-diphenyl-PA, strong - 

interactions between the PDI cores are expected to significantly affect molecular packing 

and orientation. More interestingly, for both PDI-phenyl-PA and PDI-diphenyl-PA, the 

PDI plane long axis tilt angles  are in the range of 33-38º which are not as upright as 

phenyl phosphnic acid (13º); 55 however, they both achieve an upright orientation of the  

PDI plane with respect to the substrate through a large twist angle of 74-79º in order to 

maximize surface coverage and reach a local potential energy minimum. Figure 4.8 better 

explains how the twist angle might impact the plane orientation despite the large tilt angle 

of the long axis. This observation indirectly suggests that strong inter-PDI plane packing 

affects PDI modifier orientation dramatically through - stacking which has been 

observed before in many cases of thick PDI films. Taken in the context of the previous 

observation of a large discrepancy between estimates of orientation between PM-ATR and 

NEXAFS measures,154 this work also shows the strength of orientation determination by 

PM-IRRAS which benefits from the plethora of vibrational band information accessible.  
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Figure 4.8 PDI plane with the same long axis tilt angle  but different twist angle. a) when twist angle equals to zero, PDI plane 

normal tilts 57º (less upright); b) when a large 90º twist angle is applied, PDI-plane normal become perpendicular to the paper and 

also perpendicular to the surface normal which yields a 90º PDI plane normal tilt (PDI largely upright)

PDI plane normal

=57º

=90º
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Orientation of ZnPC-PA on IZO Substrate 

 Metal/non-metal phthalocyanines are widely used donor molecules in small 

molecule OPVs. Lin and coworkers proposed that modifying a TCO electrode with ZnPC-

PA can improve the interface contact and enhance the electron transfer rate.37 As discussed 

above, the presence and orientation of Pc surface modifiers at TCO interfaces may template 

the packing of the bulk Pc molecules deposited on top of these. Since face-to-face electron 

hopping is preferred within an ordered, packed -conjugated system, understanding and 

eventually controlling orientation of surface modifier Pcs is essential for improving OPV 

device performance.  

 Herein, ZnPcPA tethered on IZO surfaces was chosen as a model system. The 

orientation of ZnPcPA was studied using PM-IRRAS. Figure 1.7i shows the molecular 

structure of the model ZnPcPA molecule (2,3,9,10,16,17-hexakis(4-pentylphenoxy)-23- 

((10-decyl)phosphonic acid)) phthalocyanine) zinc(II) in which the ZnPc plane is 

connected with a phosphonic acid linker by a “flexible” -C9H11- alkyl chain. Figure 4.9 

shows the transmission spectrum of ZnPc-PA. Peak assignments are presented in Table 4.7. 

From previously published experimental and computational results, the orientation of the 

Pc macrocycle plane can also be related to specific vibrational modes in a manner similar 

to that with PDI. As shown in Figure 4.10, the X and Y axes are the in-plane axes and the 

Z axis is the out-of-plane axis. Peaks at 1508, 1407, 1344, 1080 cm-1 are in-plane modes 

along the X (or Y) axis, and the peaks at 1458 and 1105 cm-1 are orthogonal to these.  Out-

of-plane modes near 894 and 730 cm-1 are presumably along the Z axis.  

 The neutral form ZnPc-PA is used as the chemical model system for the 

determination of ZnPc-PA molecular orientation since deprotonation has a minimal effect
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Figure 4.9 Transmission spectrum of ZnPcPA (0.73 mg PDI-diphenyl-PA in 119.36 mg KBr). 
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Table 4.7 Peak assignments in the simulated spectrum of ZnPcPA and for the ZnPcPA-

modified IZO surface. 

 
Freq. (cm-1) 

Assignment Direction Ref 
Simulated PM-IRRAS 

730  g(C–H) out of plane deformation  168, 169 

830     

894  g(C–H) out of plane deformation  107, 168 

1029     

1040  (C–H) bending in plane  169 

1080  
(C–N) stretching in pyrrole vibration + 

(C–H) in plane deformation 
Y or X 107, 168 

1105  (C–H) bending in plane X or Y 107, 168 

1170 1170 (C–N) in plane  107, 168 

1218 1218    

1277 1277 (C–N) in isoindole Y or X 107, 168 

1344 1344 (C–C) in isoindole Y or X 107, 168 

1407 1407 (C–C) Y or X 107, 169 

1458 1458 (C–H) in plane bending X or Y 107, 168 

1471 1471 (C–H) in plane bending  168 

1508 1508 (C–C) in plane stretching Y or X 107, 169 

1608 1608 (C–C) stretching vibration in pyrrole  168 
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Figure 4.10 X, Y and Z axes for the Pc molecular plane. X and Y are interchangeable, 

and Z is perpendicular to the plane of the page. 
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Figure 4.11 Plots of n(ν) and k(ν) for ZnPcPA within the low frequency region.
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Figure 4.12 a).Simulated spectrum of ZnPcPA (black), and PM-IRRA spectra of ZnPcPA-modified IZO surface b) before (green) and 

c) after (red) sonication with simulated spectrum (black dash) of ZnPcPA for comparison. d) Proposed orientation of ZnPcPA on IZO 

surfaces. 
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of the vibrational spectrum. Values of n() and k() for ZnPc-PA are shown in Figure 4.11. 

Figure 4.12a shows the simulated spectrum for ZnPcPA as the black trace, and Figures 

4.12b and c are PM-IRRA spectra of the ZnPcPA-modified IZO surfaces before and after 

solvent sonication, respectively, which is done to remove multilayers of ZnPcPA. Figures 

4.12b and c show no differences in peak frequencies or relative spectral intensities. 

However, the PM-IRRA spectrum before sonication is ~1.4 times more intense than that 

after sonication. This observation suggests that surface-tethered ZnPcPA exhibits no 

spectral differences from that of bulk isotropic ZnPcPA. Overlaying the PM-IRRA 

spectrum of the ZnPcPA-modifierd IZO surface with the simulated spectrum of ZnPcPA 

confirms the similarity of the surface spectrum to that of the bulk material. These 

observations verify that 1) phosphonic acid deprotonation and surface binding do not affect 

the vibrational signature of ZnPcPA, and 2) surface bound ZnPcPA is orientationally 

disordered.  

Debe107, 170 has previously studied the orientation of Pcs in ordered bulk films using 

surface IR. He assigned the vibrational modes of the Pc macrocyclic ring into three groups 

with one group having out-of-plane motion and the other two groups having orthogonal in-

plane motions. The out-of-plane modes are all below 900 cm-1 and are difficult to access 

with PM-IRRAS. Therefore, only the orthogonal in-plane modes are observed in the 

spectra.  

 In this case, due to the near-perfect overlap of the simulated and PM-IRRA spectra, 

it is safe to assume that the ratio of Afilm/Asimulated is ~1 in all cases. Therefore, the 

orientation of the two orthogonal in-plane TDMs calculated using equation 3.2 is 54.7º. 

This is the so-called “magic angle” which is indicative of an isotropic monolayer film. This 
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result basically depicts a largely random, flexible chain tethered ZnPcPA on the IZO 

surface. These results are consistent with previously reported polarized-ATR UV-Vis 

spectroscopy measurements of aggregated ZnPcPA on ITO.37 These measurements showed 

that aggregated ZnPcPA molecules exhibit a 58.1  1.0º tilt of the -conjugated ZnPc plane 

with respect to the surface normal versus a tilt of 33.1  1.0º for the ZnPc plane of the 

corresponding tetrameric ZnPc(PA)4.
171  

 Table 4.6 summarizes the orientation results for ZnPcPA, PDI-phenyl-PA and PDI-

diphenyl-PA measured by these three independent methods. Lin et al. also reported 

experimental ZnPcPA plane orientation results via NEXAFS measurement which gave 

plane normal tilt angle of 53.0  1.0º and 51.5  0.5º considered from total electron yield 

and auger electron yield respectively.  The NEXAFS results also provide the average ZnPc 

plane orientation. Since the numerical tilt angle from NEXAFS is closer to that of the 

aggregated form of ZnPcs measured by PM-ATR, it may suggest a larger population of 

aggregated ZnPc than its monomeric form on the ITO substrate, whereas the PM-IRRAS 

results may indicate a similar population of aggregated and monomeric forms of ZnPcPA 

on IZO surfaces.  

Conclusions 

In this chapter the vibrational mode-specific orientation of two PDI model 

modifiers are obtained by quantitatively comparing the absorbance of a chosen vibrational 

mode in the PM-IRRA spectra to that in simulated spectra. PDI-phenyl-PA and PDI-

diphenyl-PA both exhibit largely upright orientations suggesting that the phenyl-ring is an 

excellent rigid linker to control both the orientation of the modifiers and the distance 
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between modifiers and substrates, both of which are critical factors that dictate interfacial 

electron transfer rates and device energy conversion efficiencies. It was observed by the 

specific orientation parameters measured via PM-IRRAS that the long axes of the PDI 

plane in both PDI-phenyl-PA and PDI-diphenyl-PA exhibit a less upright orientation (33º-

38º), most likely dictated by the bi- or tridentate bonding mode of the phosphonic acid 

linker; however, by a large twist angle, these molecules achieve a largely upright 

orientation of the PDI plane (75º-79º ring normal tilt). The driving force for this twist is 

strong inter-molecular - stacking. From the perspective of modifier molecular designs, 

careful choice of linker orientation could presumably control the orientation of the PDIs 

and pattern the packing of PDI acceptors in the heterojunction.  Also, this result further 

reveals the strength of PM-IRRAS as a tool with which to understand molecular orientation 

at oxide surfaces. The vibrational mode specificity offers a multiple orientation parameters 

in contrats to other methods that could be used, such as PM-ATR and NEXAFS, which, in 

this case, are critical to understanding the interfacial chemistry.    

In contrast, the ZnPcPA modifier forms a largely disordered film on IZO due to the 

flexible alkyl linkage. This result is also consistent with results determined by NEXAFS 

and PM-ATR. The alkyl chain linker with more degrees of freedom cannot serve as an 

effective linker in a controlled manner. In addition to the effect of the linker, the disordered 

nature of the specific ZnPcPA film discussed in this chapter could also be due to the three 

other long alkyl substituents around the Pc plane which disturb the - stacking effect 

between neighboring Pcs. The disordered alkyl substituents might also hinder any 

templating effect of the modifier Pcs on bulk Pc donors brought to the interface. 

Controlling the substituent site, length and structure is desirable in order to approach a 



175 

 

175 
 

“sweet spot” for both better packing and soluble Pcs. Also, in order to control the 

orientation and distance of Pc plane relative to the substrates, Pcs with more linkage sites, 

better defined linker orientation and length are highly desirable.  
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CHAPTER 5 

 

EFFECTS OF DEPOSITION METHOD AND SUBSTRATE DEPOSITION ON 

QUALITY OF PHOSPHONIC ACID MODIFIER SELF-ASSEMBLED 

MONOLAYERS ON INDIUM ZINC OXIDE 

 

Organic/metal oxide interfaces affect the performance of many kinds of organic 

electronic devices including organic photovoltaics (OPVs)172, 173, 174, 175, 176, organic light-

emitting diodes (OLEDs)173, 177, 178 and field effect transistors (FETs).179, 180, 181, 182, 183 Small 

organic acid-based self-assembled monolayers (SAMs) are widely used as modifiers at 

organic/metal oxide interfaces in these devices to control interfacial properties such as 

heterogeneity172, 174, 175, 184, 185, work function173, 174 and charge transfer rates. Phosphonic 

acids (PAs) are the most desirable linkers among possible candidates and have been used 

commonly for oxide surface modification, because they form close-packed and stable 

monolayers174, 176, 186, 187, 188, 189, 190. Considerable recent work has been published on PA 

modification of transparent conductive oxide (TCO) surface properties to improve 

wettability, alter work function and enhance device performance for use as the bottom 

contact in organic photovoltaic devices. Chapter 3 and several other studies have focused 

on determination of PA molecular orientation which is believed to play an important role 

in work function and charge transfer rate control.37, 55, 141, 162, 165 However, a detailed 

fundamental understanding of the PA monolayer formation process, and the resultant 

monolayer quality, on TCO surfaces has not yet emerged. Obviously, knowledge of the 
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SAM formation process is important both theoretically and practically for optimizing 

performance of these interfaces.  

 The PA monolayer formation mechanism will dictate the efficiency of SAM 

deposition and the quality of the resulting monolayer. Monolayer formation mechanisms 

have been discussed for other types of systems over the past two decades; these are relevant 

and useful for understanding PA monolayer formation on TCO surfaces. As a classic model 

system, alkanethiol deposition on gold surfaces was studied by Poirer and Pylant.191 A 

phase transition from loosely-packed layers with alkanethiols lying down to denser layers 

with alkanethiols standing up by molecular realignment was observed directly using 

constant-current scanning tunneling microscopy. Island formation was observed in both 

phases.  

 PAs on Al2O3 are also relevant systems. AFM and ellipsometry of PA-modified 

Al2O3 surfaces were reported by Hauffman et al.192, 193 In situ AFM shows fast island 

formation at the beginning of deposition followed by gap filling. The islands then grow 

further before the monolayer fully covers the surface. Rapid molecular uptake occurs in 

the first 10 min before the monolayer slowly reaches surface saturation. Vega et al. reported 

a detailed study of PA SAM formation on silicon oxide surfaces deposited by the tethering-

by-aggregation-and-growth (T-BAG) method.194 A high temperature was used to trigger a 

physisorption-to-chemisorption transition in a water-free environment.  

 These previous studies indicate monolayer formation by a general “fast 

adsorption/slow equilibration” process associated with molecules becoming increasingly 

upright until film saturation is attained. However, no detailed research on PA modifier 

deposition processes on TCO surfaces has been reported. Thus, in this work, the time 
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course of SAM formation on indium zinc oxide (IZO), a model TCO, is investigated using 

PM-IRRAS for solution modification by perfluorinated benzylphosphonic acid (F5BnPA). 

Films formed by this approach are then compared to those formed by two soak-free 

methods, microcontact printing61 and spray coating,61, 62 for phenyl phosphonic acid (PPA), 

F13-octylphosphonic acid (F13OPA) and perfluorinated benzylphosphonic acid (F5BnPA) 

modifiers. These soak-free techniques do not require long solution contact times, and 

therefore, save not only time but also eliminate any effects of solvent on the TCO surface. 

PM-IRRAS is the technique of choice for this work because of its high surface sensitivity 

and molecular specificity.55, 195, 196 

 PA modification may inevitably introduce IZO surface compositional changes due 

to the nature of Lewis acid-base chemistry at interfaces. Lahiri and coworkers197 observed 

both core level binding energy shifts and a shift of the Fermi level towards the band-gap 

center for ZnO in a hydrogen-free environment  at 650K. Changes in the electronic 

properties were attributed to small numbers of defects in the oxide surface198, 199, 200, 201, 202, 

203 and oxide lattice relaxation.204 Defects on ZnO surfaces were proven to be responsive 

to small molecule adsorption including CO,200, 202 formic acid201 and H2O.198, 199, 200, 201, 202, 

203 The existence of such surface binding, along with its strength and chemical nature, can 

change the Lewis acidity of the neighboring “metal cation” sites.200, 201, 202 The evolution 

of IZO surfaces after PA binding is of considerable interest, because any change in IZO 

surface composition, roughness or electronic structure may impact the interface 

conductivity and electron transfer properties of that surface, eventually impacting OPV 

device performance. In the last section of this chapter, evidence for changes in the IZO 

surface after PA binding and etching are discussed. 
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Results and Discussion 

Time Dependence of SAM Formation   

 Solution deposition of small molecule PA SAMs on oxide surfaces has been used 

extensively, because it is a straightforward processing method, results in uniform 

monolayers, and does not require a vacuum system. A detailed understanding of SAM 

formation in PA/TCO systems would be desirable to better define the relationship between 

SAM structure, SAM order, and interface performance in devices. In order to understand 

the basic formation process at a molecular level for PA SAMs on IZO substrates, the time 

evolution of the SAM vibrational behavior is monitored using PM-IRRAS. F5BnPA is 

chosen here as a model PA molecule due to its large molar absorptivity and good PM-

IRRAS spectral quality over a large range of surface coverages. Detailed vibrational 

assignments for the F5BnPA SAM are thoroughly discussed elsewhere.165  

 As two of the most intense PM-IRRAS bands in the spectra, the two ring modes, 

the 19a at 1529 cm-1 and the 19b at 1507 cm-1, are chosen to monitor surface coverage as 

a function of deposition time. Figure 5.1 shows a series of spectra in the region of the two 

19 bands acquired during SAM formation between 1 s and 48 h. Time-dependent spectral 

changes are observed that include absorbance changes and peak frequency shifts in both 

19 bands. As shown in Figure 5.1, the absorbance values of both the 19a and 19b bands 

systematically increase during the SAM formation process. This absorbance increase could 

be the result of an increase in surface coverage or a change in orientation during SAM 

formation or both. Combined with other evidence that is presented below, this increase in 

absorbance is dominated by an increase in surface coverage during SAM formation. 
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Figure 5.1 PM-IRRA spectra from F5BnPA-modified IZO surfaces prepared by solution deposition with exposure times from 1 s to 

48 h at room temperature.
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 The time-dependent changes in integrated absorbance of the 19a band during SAM 

formation by solution deposition are plotted in Figure 5.2a. These values are acquired from 

spectra taken on independently-prepared samples left in solution for the times indicated 

before being removed for spectral acquisition. A very rapid increase in absorbance is 

observed in the first 10 s of F5BnPA solution exposure before a plateau is reached. Beyond 

this time, a slow monolayer equilibration process occurs over the following 24 h as 

evidenced by a further slight increase in absorbance. A clearer demonstration of these 

changes is seen in the two insets.  

 Figure 5.2b shows the integrated absorbance of the 19b band as a function of 

F5BnPA solution exposure time. The absorbance increase is similar to that for the 19a band 

in that it shows that the major portion of the monolayer is formed in the first 10 s followed 

by a 24-48 h slow equilibration to reach monolayer saturation. These two adsorption 

isotherms indicate that the process of F5BnPA monolayer formation on IZO is fast and 

energetically favorable.  

 The spectra in Figure 5.1 also show frequency shifts for both the 19a and 19b bands 

during formation of the F5BnPA monolayer. An obvious shift to higher frequencies of the 

19a band is readily observed, but a careful analysis of the 19b band shows a similar 

frequency increase, albeit smaller in magnitude. The time evolution of the peak frequencies 

for these bands is plotted in Figures 5.2c and d. These frequency increases are attributed to 

the effects of increasing molecular packing in the surface monolayer as it forms. This 

phenomenon has been well-studied for aromatic systems both experimentally and 

theoretically, and it has been shown that in general, due to an increase in intermolecular 

restoring force experienced by close-packed, solid-phase aromatic molecules compared to 
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more loosely-packed liquid phase molecules, the aromatic ring modes increase in 

frequency.205, 206, 207, 208, 209, 210, 211, 212  Indeed, such increases in frequency of ring modes 

have been observed for other aromatic SAMs studied in this laboratory.34 Similar increases 

in ring mode frequency can be observed by imposing increased pressure to the system, 

leading to a similar increase in molecular density as occurs in a SAM.  In the case of a 

SAM, the vibrational motions of the “solid-like” F5BnPA surface modifiers in the 

monolayer are hindered by close-packed neighboring modifier molecules as the surface 

coverage increases, leading to higher frequencies.  

 As shown in Figures 5.2c and d, the frequency of the 19a band reaches a plateau 

after 6 h of solution deposition while the frequency of the 19b band stabilizes at 24 h after 

reaching a maximum frequency after 6 h. These trends generally track the adsorption 

isotherms plotted from the absorbance values, and hence verify the initial assertion above 

that the absorbance increase is dominated by a surface coverage increase instead of an 

orientation change. Nonetheless, there are some slight differences between the absorbance 

changes (Figures 5.2a and b) and the frequency shifts (Figures 5.2c and d) in the first 6 h 

of solution deposition which may indicate orientation changes of the modifiers.    

 Close consideration of the spectra in Figure 5.1 shows that, throughout monolayer 

formation, the absorbance of the 19a band grows faster than that for the 19b band. The 19a 

and 19b modes have transition dipole moments that are orthogonal in the phenyl ring plane. 

As discussed previously,55 the orientation of the 19a vibration is along the C6H5-C axis 

which is perpendicular to the 19b mode. The relative orientations of the 19a and 19b 

transition dipole moments in the plane of the fluorinated phenyl ring are shown in Figure 

5.1. Surface selection rules hold that the absorbance of a transition dipole moment on a 
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Figure 5.2 Shifts in peak frequency of the a) 19a and b) 19b bands as a function of F5BnPA 

deposition time; changes in absorbance of the c) 19a and d) 19b bands with F5BnPA 

deposition time; inset shows absorbance within the first 60 s of deposition. e) Evolution of 

the ratio of absorbance values of the 19a to the 19b bands with F5BnPA deposition time; f) 

this ratio in the first 1 h of F5BnPA deposition. 
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metallic substrate is proportional to its projection along the axis of the p-polarized electric 

field which is aligned along the surface normal.213 Due to a lack of accurate surface 

coverage values during SAM formation, molecular orientation in terms of ring plane tilt 

and twist cannot be precisely calculated as has been done previously.55 However, the ratio 

of  absorbance values of the 19a to 19b bands can provide qualitative insight about the 

evolution of average molecular orientation during the 48 h solution deposition process.  

 Figure 5.2e shows the absorbance ratio of the 19a to 19b bands with time during 

monolayer formation. Figure 5.2f provides the 19a to 19b absorbance ratio within the first 

60 min of solution deposition. The dramatic increase of this ratio within the first 10 s, when 

a large percentage of the monolayer forms, indicates that the ring axis rapidly becomes 

more upright as the monolayer assembles due to an increase in close packing of the 

molecules. Poirier et al. were the first to study the similar process of SAM formation from 

alkanthiols on Au (111) by STM.214 His work showed that monolayer formation starts by 

adsorption of small molecular aggregates in which the molecules lie down on the surface 

at low coverage until the surface is almost completely occupied. At this point, which 

happens early in the adsorption isotherm, the molecules then begin to reorient to a more 

vertical orientation in order to accommodate greater surface coverages within the 

monolayer film.  During this transition, more upright modifiers will start to form islands 

that will eventually coalesce as the surface approaches its saturation coverage. A similar 

process is likely occurring here, although given the constraints imposed by binding of the 

phosphonic acid group, the range of orientations of the ring is probably not as broad as the 

range of orientations accessible to alkanethiols on metals.  

Another noticeable change during the 48 h monolayer formation process is a 
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decrease of the absorbance ratio of the 19a to 19b bands after ~30 min of deposition as 

shown in Figure 5.2e and f, suggesting that 19b is becoming oriented along the surface 

normal. This ratio decrease may reveal a ring twist around the C6H5-C bond in order to find 

a local energy minimum within the monolayer as it fills in. The ultimate average molecular 

orientation of F5BnPA in a saturated monolayer after solution deposition has the ring axis, 

which lies along the transition dipole moment of 19a, at a tilt angle of ~40° with respect to 

the surface normal.165 A schematic showing the estimated molecular orientation evolution 

during F5BnPA monolayer formation is shown in Figure 5.3.  

 

Comparison of SAMs Formed with Different Deposition Methods   

 With an understanding in hand of the adsorption process for PAs on IZO surfaces, 

an efficient, convenient, and contamination-free method of PA modified IZO surface 

fabrication would be desirable. As found previously by Vega et al., annealing is critical for 

PA adsorption on Al2O3 surfaces, because in certain cases, the activated process of 

transitioning the physisorption state to the chemisorption state requires heating to 

140 °C.194 In order to optimize monolayer quality, heating and post-annealing processes 

are added into room temperature solution deposition processes and monolayer quality is 

evaluated with vibrational spectroscopy. Additionally, two soak-free methods, 

microcontact printing and spray coating, are of interest, because they require less 

processing time and could thus minimize the possibility of solvent etching effects on the 

oxide surface. Given interest in the use of fast, soak-free techniques in organic electronics 

manufacturing, it is important to fully characterize the quality of PA monolayers formed 
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Figure 5.3 Proposed evolution of F5BnPA orientation at room temperature during solution deposition. a) Initial orientation; b) upward 

reorientation within the first 10 s of solution deposition due to increased surface coverage, and c) possible ring twist to reach local energy 

minimum in close-packed monolayer. 
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by these methods as well. Here, we assess film quality of PA SAMs fabricated with 

different deposition techniques using PM-IRRAS. PPA, F5BnPA and F13OPA are chosen 

as molecular models to compare film quality across five deposition techniques:  1 week 

solution deposition at room temperature, 48 h solution deposition at room temperature, 48 

h solution deposition at 70 °C, spray coating, and microcontact printing.  

 Figures 5.4a-e show PM-IRRA spectra of PPA-modified IZO surfaces prepared 

with the five deposition methods noted above. Similar major peaks observed in these 

spectra are the (C6H5-P) at 1150 cm-1, and the less intense 19a, 19b and 8a ring modes at 

1498, 1452, and 1608 cm-1, respectively. As reported previously,55 both near edge X-ray 

absorption fine structure spectroscopy (NEXAFS) and PM-IRRAS demonstrate that PPA 

forms ordered monolayers on IZO dominated by tridentate surface binding with a phenyl 

ring tilt of ~13° from the surface normal. Comparing the (C6H5-P) band across the samples 

prepared with the different deposition techniques, one sees that the spray coated and 

microcontact printed samples show a relatively broad, largely symmetric feature, while in 

the spectra from the samples prepared with the other three methods, this band is sharp and 

narrow with a broad, higher frequency shoulder at ~1180 cm-1 of differing relative intensity. 

Given the sensitivity of the (C6H5-P) band to PA binding type,55 the larger width of this 

band in the spectra from the spray coated and microcontact printed samples suggests a 

broader distribution of binding modes for PPA on the IZO in these samples. The shoulder 

at ~1180 cm-1 is assigned to the associated (P-O-metal) mode.55  Its lower intensity for 

the sample prepared by room temperature soaking for 48 h compared to that prepared by a 

1 week room temperature or 48 h hot soak suggests less P-O-metal bonding.  



188 

 

188 
 

 

 

Figure 5.4 PM-IRRA spectra from PA-modified IZO surfaces for a)-e) PPA, f)-j) F5BnPA,  

and k)-o) F13OPA fabricated by a), f), k) spray coating; b), g), l) microcontact printing; c), 

h), m) 48 h solution deposition at room temperature; d), i), n) 48 h solution deposition at 

70 °C, and e), j), o) 1 week solution deposition at room temperature. 
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The sharp band at 1265 cm-1 in the spectrum from the spray coated sample is unique 

among these samples. However, this band has also been observed for other PA-modified 

IZO surfaces after solution deposition followed by long-term oxidation in air. A similar 

sharp peak at 1265 cm-1 has been reported by Krysinski and coworkers215 and been assigned 

to C-O-Au ester-like stretches.216 Its presence here suggests partial etching of the IZO thin 

film during spray coating which then exposes the underlying Au surface, leading to its 

oxidation. More evidence for IZO surface etching is discussed below in this chapter. Also 

noticeable in the spectrum from the spray coated sample are two broad features centered at 

1260 cm-1 and 1520 cm-1; these are only observed from the spray coated sample. These 

new broad features are discussed below. 

 A unique, asymmetric and broad band at 1250 cm-1 is observed in the spectrum 

from the microcontact printed sample that is assigned to the (P=O) mode from free P=O 

groups of molecules with bidentate binding.120, 217  Thus, in total, the PM-IRRA spectra 

from PPA-modified IZO surfaces show that the soak-free techniques produce less 

uniformly bound PPA molecules compared to solution deposition techniques. 

Additionally, evidence for surface etching and new spectroscopic features are observed in 

the spray coated sample. 

  PM-IRRA spectra of F5BnPA-modified IZO surfaces fabricated with these 

different deposition techniques are shown in Figures 5.4 f-j.  In general, the absorbance 

values for bands in the spectra of the samples fabricated by solution deposition are larger 

than those of the microcontact printed and spray coated samples, indicating higher modifier 

surface coverage, consistent with previous research from this laboratory.34  Significantly, 

the absorbance values in the spectra from the microcontact printed and spray coated 
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samples are comparable to or less than those in samples prepared by solution deposition 

with soak times of 1 s. Based on the kinetics of monolayer formation discussed above, 

these low absorbance values suggest that microcontact printing and spray coating are 

inefficient in allowing high-quality monolayers to assemble. Broad features centered at 

1260 and 1520 cm-1, similar to those observed for PPA, are also evident in the spectrum of 

the F5BnPA-modified surface prepared by spray coating.    

 Figures 5.4k-o shows PM-IRRA spectra from F13OPA-modified surfaces prepared 

with different deposition methods. These spectra look similar, suggesting similar surface 

coverage, molecular binding, and orientation. The only difference is the presence of the 

broad features at 1280 and 1520 cm-1 in the spray coated sample.  

 Collectively, this series of spectra from PA-modified surfaces suggests that soak-

free techniques do not produce SAMs with uniform binding and close packing. This result 

may be the result of short deposition times or overall less surface contact between the PA 

and the substrate. Evidence for etching of the IZO is also observed in the microcontact 

printed samples. In contrast, the PM-IRRA spectra of samples prepared with the three 

solution deposition techniques show similar spectroscopic features, suggesting that 48 h is 

a sufficient formation period and annealing is not necessary to induce the transition from 

physisorbed to chemisorbed state.  

Among the five deposition methods, microcontact printing produces the least 

reproducible SAMs. As shown in Figure 5.5, spectra of three independently prepared films 

from PPA, F5BnPA, and F13OPA show obvious differences. In Figures 5.5a-c, three spectra 

of PPA-modified surfaces clearly exhibit shape and intensity differences in the (C6H5-P) 

band at ~1150 cm-1, indicating poor reproducibility and uniformity of PPA binding.  
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Figure 5.5 PM-IRRA spectra from three independently-prepared monolayers fabricated by 

microcontact printing for a)-c) PPA, d)-f) F5BnPA, g)-i) F13OPA. 
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Moreover, in the spectra shown by purple and red lines for PPA, the presence of a broad asymmetric 

band between 1200 and 1270 cm-1 suggests the appearance of free P=O bonds indicating bidentate 

binding. The spectrum shown by the blue line in the same figure shows a band at these 

frequencies far more intense than can be attributed to bidentate binding alone. This feature 

is taken here to be indicative of surface etching, with a strong sharp band expected at 1265 

cm-1, that overlaps a weaker band consistent with some bidentate binding.  

 Spectra of three F5BnPA-modified surfaces prepared by microcontact printing are 

shown in Figures 5.5d-f. The absorbance values of the 19a and 19b bands at 1526 and 1508 

cm-1, respectively, exhibit substantial differences across these spectra, indicating a high 

degree of irreproducibility of monolayer properties. The occasional appearance of a broad 

band within the 1410 to 1480 cm-1 region is unique to the microcontact printed surfaces. 

This band may be due to surface etching or surface contamination induced during 

monolayer deposition. Also, the sharp, symmetric band at 1265 cm-1 associated with 

surface etching is also observed with varying degrees of intensity in these samples, 

suggesting the possibility of surface etching during microcontact printing as well.  

 Microcontact printed F13OPA-modified surfaces (Figures 5.5g-i) appear to be more 

reproducible compared with SAMS of the other two PA modifiers. Nonetheless, the bands 

due to the (pd-CF2) modes with TDMs perpendicular to the chain axis do show a range of 

absorbance values indicative of marginal reproducibility for these films as well. In 

summary, the variability of PM-IRRA spectra from samples prepared by microcontact 

printing clearly suggests that this is a less reproducible method for fabricating PA-modified 

TCO surfaces than solution deposition.  
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Figure 5.6 PM-IRRAS spectra from three independently-prepared monolayers fabricated 

by spray coating for a) PPA, b) F5BnPA, and c) F13OPA. 
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Compared with microcontact printing, spray coating is able to provide more 

reproducible PA-modified surfaces, although the surface coverage is not optimized and 

degradation by surface etching and contamination are problematic. Significantly, 

severalnew features appear in the spectra from PA-modified surfaces fabricated by spray 

coating. Figure 5.6 shows a series of spectra from PPA, F5BnPA, and F13OPA-modified 

surfaces. Broad bands at ~1520 and 1280 cm-1 appear in all of these spectra.  It is noted 

that the spectra shown in Figure 5.6 are referenced to spectra from samples prepared by the 

identical spray coating method but in the absence of the PA. Thus, these broad features 

only occur or are enhanced with PA modification, suggesting that they result from some 

PA-catalyzed substrate degradation process or by the formation of P-O-Au bonds beneath 

the IZO layer.  

 

Surface Evolution of IZO upon PA Deposition 

 As the above section describes, a peak near 1265 cm-1 is occasionally observed for 

PA-modified surfaces prepared by spray coating. This peak was attributed to phosphonic 

acid binding to a gold oxide layer beneath the IZO due to etching of the IZO. Evidence for 

IZO etching from other PA/IZO interfaces was also observed.  Figures 5.7 and 5.8 show 

more evidence for surface etching. Figure 5.7a shows the PM-IRRA spectrum of a BnPA-

modified IZO surface immediately after a 1 week solution deposition, and Figure 5.7b 

shows the PM-IRRA spectrum of the same BnPA-IZO surface after 1 week storage in an 

Ar-rich environment. Spectral changes are observable, suggesting surface degradation after 

PA modification. An increase in the absorbance of the bands at 1024 and 1106 cm-1 in the 

PA binding mode region (900-1350 cm-1) suggests changes in binding geometry.  The  
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Figure 5.7 PM-IRRA spectra of a) 1 week solution deposited BnPA/IZO surface, b) 

BnPA/IZO surface after 1 week storage in Ar, c) 1 week solution deposited 3HTPA/IZO 

surface, d) 3HTPA/IZO surface after 1 week storage in Ar, and e) O2 plasma-cleaned IZO 

after 1 week storage in EtOH and 1 week storage in Ar.  
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Figure 5.8 PM-IRRA spectra of a) 1 week solution deposited F5PCA/IZO surface, b) 

F5PCA/IZO surface after 1 week storage in Ar, c) 1 week solution deposited F5PPA/IZO 

surface, and d) F5PPA/IZO surface after 1 week storage in Ar.  
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obvious growth of a sharp band at 1266 cm-1 that overlaps the original broad 

ν(P=O)/ν(P=O-Metal) band at 1263 cm-1 reveals P-O-Au bond formation and exposure of 

a gold oxide layer due to PA etching of the IZO surface. The slight decrease in intensity of 

the ring mode near 1612 cm-1 is also observed, which may suggest a slight decrease in 

BnPA surface coverage, a molecular orientation change, or formation of a new interfacial 

species due to surface etching.  

(3-Methyl-4-(5-methylthiophen-2-yl)benzyl) phosphonic acid (3HTPA) (structure 

shown in Figure 5.7d) contains a thiophene unit in its molecular structure, which is an 

important building block of the organic donor poly(3-hexylthiophene-2,5-diyl) (P3HT). 

Surface modification using 3HTPA is of interest for helping to pattern P3HT molecules in 

bulk heterojunctions at the oxide contact. Since 3HTPA contains a benzyl-PA unit, which 

is structurally very close to BnPA, 3HTPA is used here as a comparator to investigate the 

effect of modifier structure on oxide surface etching. Figures 5.7c and d show PM-IRRA 

spectra of structurally-similar BnPA and 3HTPA on IZO and the same surfaces after 1 

week of storage in an Ar-rich environment. As can be seen by the spectra, the spectral 

evolution of the 3HTPA-modified IZO surface after 1 week of storage in Ar is similar to 

that of the BnPA-modified surface. An increase in bands in the phosphonic acid binding 

mode region at 1020 and 1106 cm-1 is observed as is a significant growth of the ν(P-O-Au) 

band near 1266 cm-1; both changes confirm a binding mode change.  A significant 

diminution of the intensity of the ring mode at 1621 cm-1 may also suggest a decrease in 

surface coverage, a change in molecular orientation, or formation of new interfacial species. 

Note that none of these new features is observed in control PM-IRRA spectra from bare 

IZO incubated in pure EtOH for 1 week followed by storage under Ar for 1 week (Figure  
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Figure 5.9 PM-IRRA spectra of a) OPA-modified IZO surface; b), [a) + 1 h under vacuum]; 

c), [b) + 14 min UV-ozone treatment]; d), [c) + 2 h soak in EtOH]; e), [d) + 2 day exposure 

in air]; f), [e) + 20 min UV-ozone treatment]; g), [f) + 2 h soak in water], and h), [g) + 12 

h under vacuum]. Spectra in the right panel show the corresponding difference spectra as 

labeled. 
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5.7e.) These observations support the assertion that the surface evolution is due to PA/IZO 

surface interaction. 

Figures 5.8a-d show PM-IRRA spectra of pentafluorobenzyl carboxylic acid 

 (F5PCA) bound to IZO via a carboxylic acid linker (Figures 5.8a, b) compared with the 

spectra for F5PPA on IZO (Figures 5.8c, d). Compared to the spectrum of the as-prepared 

F5PCA-modified IZO surface, the spectrum after 1 week storage in Ar shows new bands 

at 1103 and 1265 cm-1 while the intensities of the s(COO-) band at 1354 cm-1 and the ring 

modes at 1494 and 1520 cm-1 decrease in intensity. These changes suggest possible surface 

etching, formation of interfacial new produces, and/or a decrease in surface coverage. For 

the F5PPA-modified IZO surface, a new band at 1265 cm-1 grows in after 1 week storage 

in Ar suggesting etching of the IZO and exposure of gold oxide.  

 In total, the spectra in Figures 5.7 and 5.8 reveal that surface acid modifiers on IZO 

may introduce long term interfacial degradation. The consistent appearance of a new band 

at 1265 cm-1 suggests that the nature of the change in surface chemistry is consistent, 

regardless of functional group and linker type, at least within the modifiers explored above.  

 Occasionally, long term IZO surface degradation upon PA deposition is also 

revealed by changes in the (OH) region. Figures 5.9a-h show PM-IRRA spectra from 

OPA-modified IZO after a series of surface treatments. Interestingly, new bands appear at 

3348, 3359 and 3314 cm-1 after 1 h of vacuum treatment at room temperature. The bands 

at 3348, 3359 and 3314 cm-1 are likely due to ν(O-H) vibrations from In or Zn defects;198, 

199, 200, 201, 202, 203 their narrow widths suggest a relatively ordered and homogeneous defect 

structure on the IZO surface induced by PA modification. These defects remain stable 

through UV-ozone, air, and EtOH treatments. However, when the sample is incubated in 
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water, the sharp ν(O-H) band due to these defects irreversibly transforms back to a broad, 

H-bonded ν(O-H) of the IZO surface and absorbed water. These results are not totally 

reproducible under the above experimental conditions, indicating that other factors, 

including humidity and temperature, may affect this defect formation chemistry as reported 

previously.198, 199, 200, 201, 202, 203 These preliminary results reveal the possibility of surface 

defect formation and rearrangement after PA deposition. Further vibrational spectroscopic 

experiments under more controlled conditions (e.g. vacuum and controlled deposition 

conditions) are needed to further explore this chemistry.  

 In order to quantify the possible extraction of metal cations during IZO surface 

etching, ICP-MS experiments were performed on a 10 mM OPA/EtOH deposition solution 

after incubation of an IZO surface for 1 week. After the OPA deposition process and 5 min 

of sonication, the 9.43 cm2 IZO surface was removed from the solution and the EtOH was 

evaporated at 70-75 ºC. The remaining solids were then digested in 1 mL of HNO3 at 100ºC 

until all solids dissolved. Then, 4 mL of water was added to dilute the solution. A method 

blank was prepared using an 8.92 cm2 IZO surface soaked in pure EtOH for 1 week and 

digested by an identical procedure. The method blank was used to identify any possible 

surface etching that occurs due to contact of IZO with the EtOH solvent itself. A reagent 

blank was also prepared with the EtOH used to make the solutions and the blank. This 

reagent blank allows correction for any Zn and In introduced during the experimental 

procedure.  ICP-MS experiments were immediately carried out after solution preparation.  

 Table 5.1 shows the concentrations of Zn and In measured ICP-MS and the 

corresponding total numbers of Zn and In atoms as well as the calculated atom densities in 

the IZO layer from the known bulk compositions of ZnO and In2O3. As shown in Table  
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Table 5.1 Percentage of Zn and In etched from IZO film after 1 week exposure to EtOH 

or to 10 mM OPA/EtOH solution.  

 

Treatment Conc (g/L) Atoms Atoms/cm2 % IZO layer 

thickness 

etched of 

metal 

 Zn 

EtOH blank 32.73 1.5071015 --- --- 

EtOH soak 87.61 2.5261015 2.6791014 122%-150% 

OPA soak 56.50 1.0941015 1.2271014 56%-69% 

 In 

EtOH blank 0.05 1.3111012 --- --- 

EtOH soak 29.24 7.6641014 8.1261013 32%-42% 

OPA soak 15.75 4.1161014 4.6161013 18%-24% 
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Table 5.2 Estimated Zn and In surface density of IZO surfaces. 

 

Metal density on 

non-polar oxide 

surface (1014 cm-2) 

Metal oxide 

ratio wt% at 

IZO surface 

Metal atom 

percentage on 

IZO surface 

Metal density on IZO 

surface (1014 cm-2) 

ZnO In2O3 ZnO In2O3 Zn In Zn In 

4.734204, 

218 
3.858219 20% 80% 46.2% 53.8% 1.782-2.187 1.929-2.547 
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5.1, extraction of both Zn and In occurs during the deposition process. However, perhaps 

somewhat surprisingly, incubation of the IZO film in pure EtOH leads to greater metal 

extraction than exposure to the OPA/EtOH solution. In other words, OPA acts to protect 

the IZO from further etching once the monolayer forms. 

Using the densities from crystal structures of ZnO 204, 220 and In2O3,
219 the amount 

of IZO that has been etched can be roughly estimated. The IZO surfaces used in these 

experiments were sputtered from a 20:80 (wt%)  ZnO:In2O3 target. Therefore, the Zn to In 

atom ratio in the IZO can be estimated from the molar masses of ZnO and In2O3. As 

reported in many previous studies,204, 220 crystalline ZnO surfaces usually contain different 

faces of the Wurtzite crystal structure which has axes of a0 of 3.25 Å and c0 of 5.2 Å. The 

density of the Zn-rich polar single crystal ZnO surface has a Zn density of 9.467  1014 

atoms/cm2. 204, 220 In our case, due to the amorphous nature of the IZO film, a nonpolar 

stoichiometric model with half of the Zn density (4.734  1014 atoms/cm2) was used in this 

estimation. The density of a nonpolar stoichiometric In2O3 model has an In atom density 

of 3.858  1014 atoms/cm2 which is half of the polar In2O3 (001) surface.219 Assuming that 

the metal density in this amorphous IZO is in the range of 3.858  1014 to 4.734  1014 

atoms/cm2, combining the metal atom ratio data, the range of possible Zn and In densities 

per cm2 can be estimated. Table 5.2 summarizes the estimated results for Zn and In in these 

IZO films.  

Using these values and the measured concentrations of metal atoms in the etch 

solutions, the % of the IZO film that has been etched of each metal by EtOH soaking or 

OPA deposition can be calculated. After correcting for the trace Zn and In in the ethanol 

solvent or picked up from handling during the experiments, essentially all of the Zn and  
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Figure 5.10 Schematic of possible IZO surface etching and metal extraction chemistry as the result of PA deposition.
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32-42% of In in the IZO film were etched by soaking in EtOH for a week. However, only 

56-69% of the Zn and 18-24% of the In were extracted from the IZO film by soaking in 

the OPA/EtOH solution. These results suggest that compared to In, Zn atoms are 

preferentially extracted from the IZO by EtOH solution exposure for a week, and secondly, 

that OPA monolayer formation reduces the amount of metal extraction by about 50%. 

Further experiments should include metal extraction analysis induced by other possible 

deposition solvents (e.g. tetrahydrofuran, chloroform, dichlromethane) and surface 

modifiers (e.g. PAs or modifiers with other linker types.)   

 In total, the combined PM-IRRAS and ICP-MS results indicate that PA deposition 

on IZO surfaces is a complicated chemical process involving changes in both the IZO film 

as well as eventual PA monolayer formation. As shown in Figure 5.10, metal extraction 

and water adsorption both occur, likely contributing to surface etching processes.  

 

Conclusions 

  The solution deposition kinetics for F5BnPA modification of IZO surfaces indicates 

that the majority of the monolayer is deposited within the first 10 s of exposure with 

equilibrium reached in about 48 h. In contrast to PA/Al2O3 systems, F5BnPA adsorption 

on IZO surface is energetically favorable and occurs rapidly at room temperature, thereby 

not requiring post annealing to overcome the physisorption to chemisorption transition.  

 PM-IRRAS analysis has also been performed on PA-modified IZO surfaces using 

48 h solution deposition at room temperature, 48 h solution deposition at 70 °C with post 

annealing, 1 week solution deposition at room temperature, microcontact printing and 

spray coating for three modifiers, PPA, F5BnPA, and F13OPA. The results indicate that 1) 
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48 h is a sufficient time for high-quality SAM formation using a solution deposition process 

and that elevated temperatures during deposition or post annealing are not necessary. Soak-

free techniques, including microcontact printing and spray coating, do not routinely 

provide full, uniform monolayers. Microcontact printing is a much less reproducible 

modification strategy.  

 Evidence for surface etching of the IZO was also observed using these fabrication 

methods. Spray coating results in the greatest formation of a hydrous gold oxide layer in 

our stratified sample assembly consistent with the greatest amount of IZO etching.  This is 

most likely the result of the high temperatures used in this process and not to anything 

inherent to the spray coating process itself. Nonetheless, these observations do indicate that 

caution in the use of temperatures much above 70 °C for extended periods when modifying 

TCOs with PA may result in significant degradation of the TCO surface, with its 

concomitant effects on further steps of device assembly or in device performance. Thus, 

high temperatures should be avoided.  

 Additionally, evidence for long term IZO surface etching induced by PA deposition 

was observed from PM-IRRA spectra; the results indicate partial loss of the monolayer and 

the IZO film, partly exposing the Au substrate beneath the IZO. New interfacial products 

are possibly formed. Surface etching was further confirmed by significant metal extraction 

identified in the deposition solution. Interestingly, OPA deposition reduces metal 

extraction compared to soaking in pure EtOH.  The important observation of IZO surface 

etching by metal extraction not only explains some of the nature of the etching chemistry 

and the role of PA modifier but also provides methods to determine the best deposition 

solvent choice and possibly the best PA deposition concentration.  
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CHAPTER 6 

RAMAN INVESTIGATION OF REACTION CHEMISTRY AT THE 2,2’:5’,2”-

TERTHIOPHENE/LOW WORK FUNCTION METAL INTERFACE 

 

Thiophene-based oligomers and polymers have attracted great attention because of 

their unique π-conjugation which allows them to be utilized as building blocks of next 

generation functional materials in environmental science,221 biological sensing 

technologies,222 and organic electronic technologies.223, 224, 225, 226 The majority of these 

applications involve the formation of interfaces between metal and thiophene-based 

molecules. Examples include uses such as terthiophene-functionalized Ag nanoparticles 

for use as H2O2 sensors,221 or for immunoassays in biological system,222 using 

oligothiophene-functionalized metal nanoparticles as the “dendron” to immobilize and 

stabilize dendrimers on highly ordered metals surfaces for energy storage applications,227 

or employing oligo- or poly-thiophene as an active layer in organic photovoltaic devices in 

which thiophenes directly contact Al or Ag/Mg alloyed electrodes.225, 226 Therefore, 

understanding the fundamental nature of the chemistry at oligothiophene/metal interfaces 

is essential to facilitate and improve materials design and applications at the molecular 

level.  

Of particular interest is the interface between oligo/polythiophene (OT/PT) and 

metals that are ubiquitous in organic electronic devices. The final step in the fabrication of 

such devices is typically physical vapor deposition (PVD) of metal or metal alloy 

electrodes onto organic functional materials. Current applications tend to assume that 
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interfacial chemistry between the organics and the metals is negligible, which has been 

proven invalid.29, 38, 39 In fact, the evolution of the interface is of considerable concern 

because of the potential depth of reaction. The nature and fate of the specific interfacial 

products formed will strongly affect charge carrier pathways and interfacial energetics 

which ultimately dictate device performance. Although some insights regarding changes 

in  the morphology of both the OT/metal interface fabricated via physical vapor deposition 

under vacuum conditions228 and PT surfaces fabricated through spin coating24 or drop 

casting229 in an inert nitrogen atmosphere have been reported, to the best of the author’s 

knowledge, few details about molecular processes at these interfaces have been described. 

The reaction chemistry between common organic acceptor materials (e.g. Alq3 and 

C60) and their model building blocks (e.g. benzene and pyridine) with PVD low work 

function metals including Ag, 29, 40, 41 Al,28, 29, 40, 42 Mg38, 40, 42 and Ca39, 41 has been 

previously explored in this laboratory using Raman spectroscopy under ultra-high vacuum 

(UHV) conditions. Interfacial molecular and structural changes due to chemical reactions 

between the metal and organic were commonly identified in all systems when post-coated 

with Al28, 29, 40, 42 and Ca.39, 41 The extent of chemical reaction has been shown to be strongly 

correlated with the interfacial energetics of the two materials, both the low work function 

metals and the organic thin film. Although OT-based donor materials can be found 

throughout the organic electronics literature, no experimental studies aimed at 

understanding molecular processes at thiophene/metal interfaces have been conducted to 

date.  

Among the OTs, α-sexithiophene (α-6T) and 2,2’:5’2”-terthiophene (α-3T) are the 

most widely studied representatives.228, 230, 231, 232, 233, 234 α-6T exhibits much more 
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flexibility for further structural modification and functionalization when compare to longer 

thiophene based polymers; in addition, it exhibits an extended π-conjugated system and 

maintains the good functionality of the commonly used electron donors polythiophene (PT) 

and  poly(3-hexylthiophene-2,5-diyl) (P3HT).228 The three thiophene unit structure, 2, 

2’:5’, 5”-3T, is also commonly used as a model system to explore structure-function 

relationships of polythiophene and its derivatives.235, 236 Thus, this chapter presents Raman 

spectral evidence of chemistry between α-3T and metals including Ag, Al, Ca and Mg upon 

physical vapor deposition. The goals of this work are to 1) investigate the detailed 

molecular processes occurring at -3T/metal interfaces from Raman spectral analysis; 2) 

capture evidence of metal-to--3T electron transfer events, if any; 3) interpret the 

information extracted from spectral data in the context of the fundamental interface 

energetics that govern the interfacial chemistry and electron transfer processes.  

Results and Discussion 

Pristine α-3T Films 

The vibrational spectral behavior of oligothiophene (OT) has been widely studied 

in the previous literature experimentally237, 238, 239 and computationally240, 241. The planar 

-3T molecule exhibits C2v symmetry giving rise to 63 normal vibrational modes. These 

modes include 22 A1 modes (ip), 21 B2 modes (ip), 10 A2 modes (oop) and 10 B1 modes 

(oop).  The A2 and B2 modes are Raman active.240 Due to the fact that the activation energy 

for inter-ring carbon-carbon rotation is only on the scale of van der Waals forces (0.41 

kcal/mol), 242, 243 and any conformational changes dramatically affect the optical band bap 

and conductivity of the molecular solid state, the correlation between molecular 
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conformation and vibrational behavior garners considerable attention. Raman spectra of 

OTs are typically dominated by vibrational modes correlated to the effective conjugated 

coordinate (ECC) due to strong electron-phonon coupling. The most widely discussed 

modes of OT are all present in the frequency range of 400 to 1800 cm-1, since they are also 

very important handles for understanding the effective conjugated length (the range of 

electron phonon coupling) of the one-dimensional OT molecule. Lopez et al. reported a 

frequency decrease of the ECC modes as the effective conjugated length increases.241 

Additionally, the Raman intensities of the two most intense ECC modes are also governed 

by the effective conjugated length. Computational and experimental results by Lopez et al. 

show that the relative intensities of the ECC modes decrease with a decrease in effective 

conjugated length.241 Thus, these important indicators can be used for monitoring changes 

in molecular conformation or packing. As typical building blocks of organic donor 

molecules, the vibrational spectra of both chemically244, 245 and electrochemically246, 247 

oxidized OTs and their derivatives have been studied previously. However, to the best of 

the author’s knowledge, little information about the vibrational behavior of reduced forms 

of OTs has been reported.  

The Raman spectrum of a pristine 5L α-3T film on a polycrystalline Ag substrate 

at 120 K is shown in Figure 6.1. Wedl et al.248 characterized the crystallographic properties 

of -3T-based organic films using X-ray diffraction (XRD) techniques and also observed 

the surface morphology of these films using atomic force microscopy (AFM) and optical 

microscopy. These results indicated that physical vapor deposition of α-3T results in 

predominantly polycrystalline films. In the Raman spectrum of these α-3T films, seventeen 

normal vibrational modes can be assigned based on previously reported experimental   



211 

 

211 
 

 

Figure 6.1 Raman spectrum of a pristine 5 L α-3T film at 120K on a Ag substrate.

500 1000 1500 2000 

1
5

6
5

1
5

3
9

1
4

6
9

1
4

3
2

1
3

7
5

1
2

3
21
2

2
5

1
1

8
8

1
1

6
5

1
0

6
9

1
0

5
9

8
4

5

7
5

4
7

0
2

6
9

0

3
5

0

Raman Shift (cm-1)

In
te

n
si

ty
 (

a.
u

.)

2200 3000 3800 2600 3400

2
5

1
2

 

2
5

8
3

2
9

2
1

2
9

9
1

3
0

7
8

3
1

0
8

3
0

5
9

5

6



212 

 

212 
 

observations249, 250, 251, 252, 253 as well as results from force field calculations and potential 

energy distribution (PED) calculations.239, 240, 250, 251, 252, 253, 254, 255, 256, 257 Detailed peak 

assignments are reported in Table 6.1. 

In addition to the α-3T normal modes, several high frequency bands at 2512, 2583, 

2921 and 2991 cm-1 are observed which have not been assigned to any -3T vibration 

either by calculation or in past experimental results. Here we note that bands at 2512/2583 

cm-1 and 2921/2991 cm-1 show up in pairs and share similar frequency differences (71/70 

cm-1), consistent with the peak frequency differences between the most pronounced 

effective conjugation coordinate (ECC) modes at 1539 and 1469 cm-1.   These high 

frequency bands are thus assigned to overtones and combinations as a result of the surface 

enhanced Raman (SERS) effect of ultra-thin films (15 Å) in the near-surface region. 

Although overtone and combination bands have not been previously reported for 

terthiophene thin films, the observation of overtones and combination bands associated 

with SERS has been extensively studied and observed for many organic thin film 

systems.258, 259, 260, 261  As shown in Table 6.1, the frequencies of these combination bands 

are shifted in frequency by the same amount; this shift is likely due to the fact that the 

SERS effect for -3T molecules very near Ag surface slightly alters the frequencies of the 

fundamentals, thereby changing the frequencies of the overtone and combination bands. 

Two more low intensity bands at 1188 and 1165 cm-1 can be attributed to the C-C 

inter-thiophene-ring stretch of oligothiophenes with inter-ring torsion.262, 263 The presence 

of these two bands suggests the existence of a small amount of inter-ring torsion in the α-

3T thin film due to coordination interaction with the Ag substrate. Finally, the low 

frequency band observed at 350 cm-1 is not assigned to any α-3T normal modes but may  
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Table 6.1 Raman peak frequencies and assignments for α-3T films before and after Ag, Al 

and Ca deposition. 

Pristine α-3T α-3T/Ag α-3T/Al α-3T/Ca Assignments 

   3366 (C-H) in –C≡C-H264 

3108 3108 3108 3108 C-H stretching249, 250, 251, 254 

3078 3078  3078 C-H stretching240, 252 

+ overtone (15392) 

3059     

2991 2991  2991 Combination (1469+1539) 

2921 2921  2921 Overtone (14692) 

  2853  Overtone (14312)? 

 2750   Combination (1539+1225) 

 2679   Combination (1469+1225) 

2583 2583  2583 Combination (1059+1539) 

2512 2512 2512 2512 Combination (1059+1469) 

  2400-3200 2400-3200 a-C  2D band & (D+G) band265, 266, 

267, 268 

   2128 

2070 

2052 

 

(-C≡C-)264 

  1400-1600 1400-1600 a-C G-band265, 266, 267, 268 

1565 

1539 

1531 

 

1469 

1432 

1564 

1539 

1531 

1496 

1469 

1432 

1392 

  as(-C=C-)250, 251, 254 

(ECC modes) 

 

s(-C=C-)250, 251, 254 

(ECC modes) 

1539 1539 

  

1469 1469 

1431 1431 

   

Overtone (7002) 

  1100-1400 1100-1400 a-C D-band265, 266, 267, 268 

  1314   

1375 1375   (C- C)250, 251, 254 

   1280 CaH/CaH2
269 

1232 1232 1232  (C- C) inter-ring250, 251, 254 
1225 1225   

1188 1186 1185 1183 (C- C) inter-ring250, 251, 254 

torsion262, 263 1165 1162 1162 1162 

1069 1069   (C-H)def250, 251, 254 

1059 1059 1059 1056 (C-H)bending250, 251, 254 

   957 (S-C-H) in S-C≡C-H264 

845 850 850 850  

754 756 754 755 (C-S) 250, 251, 254 

702 700 700 700 (C-S-C)def250, 251, 254 

690 682 682 688 (C-H)oop+ torsion270 

   661 

643 
(C-H) in -C≡C-H264 

 545  545 Ring torsion270 

   503  

 455  455 Ring torsion270 

   373  

 350 350  Ag-S 

   323  

 250   Ag-S34, 271 & Ring torsion270 
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suggest S-Ag coordination at the interface upon α-3T deposition. Although the frequencies 

for ν(Ag-S) modes previously reported are at ~200-250 cm-1 for thiophene derivatives272 

and thiols34on Ag, these frequencies may vary due to molecular structure and binding 

geometry. Four types of binding geometry between thiophene and the transition metals Cr, 

Re and Mn were reported by Mills et al.271 In these cases, the metal-S or metal-ring 

frequencies were generally below 400 cm-1 but varied as a function of metal, packing, and 

binding geometry.  

Metallization with Ag 

Figure 6.2 shows surface Raman spectra of a pristine 5-L α-3T before and after 

progressive deposition of 5, 10, 15 and 20 Å of Ag. Upon Ag deposition, significant 

spectral enhancement is observed across the entire frequency range in these spectra. This 

enhancement can be attributed to the surface enhanced Raman scattering (SERS) effect, 

presumably due to the formation of Ag nanoparticles at the surface of the α-3T film.  New 

bands appearing at 2679 and 2750 cm-1 in the high frequency region are attributed to 

additional combination modes that are activated due to the SERS effect. Figure 6.3 shows 

the relative intensity plot of the originally existed modes as a function of Ag coverages. 

The intensities are normalized to Raman bands of the pristine film. Global enhancement is 

observed within which the degree of enhancement for all overtone and combination bands 

is similar whereas the (C-H) mode at 3078 cm-1 is enhanced the most and the (C-H) 

mode at 3108 cm-1 is enhanced the least. This observation may indicate molecular 

symmetry change as Ag coverage increases.  

The overall peak intensities in the low frequency region of these spectra are also 
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Figure 6.2 Raman spectra of a pristine 5 L 3T film at 120K before (black) and after deposition of 5 (blue), 10 (green), 15 (yellow) and 

20 (red) Å of Ag. Inset I shows the 665-730 cm-1 region , the black spectrum represents the pristine 5 L 3T film and the red spectrum 

represents the spectrum of the film after deposition of 20 Å Ag. The spectral intensity in inset I is normalized to the 700 cm-1 peak of 

the pristine film spectrum. Inset II shows the spectral region of 1300-1650 cm-1 with the same color code as the main spectra. 
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Figure 6.3 Relative intensities as a function of Ag thickness for the spectral regions of a) 2200-3500 cm-1 and b) 200-2250 cm-1; c) 

relative intensities of the less enhanced ECC bands at 1469 and 1539 cm-1 (in red) and the new ECC bands at 1356, 1432, 1531 and 

1564 cm-1 (in black) induced by symmetry changes as a function of Ag coverage. Intensities of all bands are normalized to their 

intensities in the pristine film. 
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greatly enhanced. Figure 6.3b shows relative intensity plots for all original bands in the 

low frequency region. The intensities are normalized to the Raman intensity from the 

pristine -3T film.  The new 250 cm-1 band and the increase in intensity of the ν(Ag-S) 

bands at 350 cm-1 are likely due to interaction between α-3T and the deposited Ag 

nanoparticles,271, 272 as well as ring torsion270 caused by Ag-S coordination. Two additional 

bands that appear at 455 and 545 cm-1 after Ag deposition are also attributed to ring 

torsion.257, 270  The most substantial evidence for inter-ring torsion is in comparison of the 

relative intensities of the ring symmetric bending bands at 700 and 682 cm-1 for coplanar 

α-3T molecules and α-3T molecules under torsion, respectively, before and after Ag 

deposition.257 A detailed look at this region is shown as inset I in Figure 6.2 where spectra 

of the pristine film is shown in black and the -3T film with 20 Å of Ag is shown in red. 

The intensity of the red spectrum is plotted normalized to the intensity of the 700 cm-1 band 

in the -3T pristine spectrum. As can be observed, the intensity of the torsion mode at 682 

cm-1 increases relative to the coplanar band at 700 cm-1, suggesting an increase in the 

amount of inter-ring torsion of α-3T molecules within the film. Moreover, the appearance 

of the two inter-ring ν(C-C) bands at 1162 and 1186 cm-1 support the argument for more 

torsion within the portion of the α-3T film immediately adjacent to the Ag nanoparticles.262 

The collective presence of these bands indicates α-3T twisting upon deposition of Ag 

nanoparticles.  

It is likely that the Raman spectroscopy is probing the entire thickness of the 5 L 

-3T film since it sufficiently thin for the SERS from the Ag nanoparticles to sample the 

entire depth. The depth of metal nanoparticle impact is dictated by the aggregation behavior 
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of these metals when coming in contact with the -3T film. A detailed discussion of the 

metal penetration behavior on oligothiophenes will be presented in Chapter 8.  

This variation in molecular symmetry also leads to band broadening, intensity 

changes, and the appearance of new bands for the “effective conjugation coordinate” (ECC) 

modes between 1350 and 1600 cm-1.254  Zerbi and Lopez et al. have reviewed both 

experimental and computational results for the correlation between ECC band frequencies 

and intensities and the effective length of the conjugated -C=C- backbone. This length is 

strongly impacted by molecular packing, conformational changes, and doping of the 

material with charge carriers.241, 254  Presumably, extension of the effective length of the 

conjugated system facilitates electron delocalization, thereby decreasing the force 

constants for the ECC modes, and consequently, reducing their frequencies. Conversely, a 

decrease in effective conjugation length due to molecular torsion will strengthen the ECC 

force constants and increase the frequencies of the ECC modes.  

It has also been shown that, due to electron-phonon coupling of the effective 

conjugated chain with the incident radiation, a higher intensity of the ECC bands relative 

to the other α-3T normal mode bands should be observed.237, 240, 241 As a result, lower 

intensity ECC bands are expected for systems with shorter effective conjugation lengths. 

As shown in the inset II in Figure 6.2, in the pristine α-3T film, the two ECC bands, the 

s(-C=C-) band at 1469 cm-1 and the as(-C=C-) band at 1539 cm-1, are the most intense. 

However, upon Ag deposition, both are enhanced to a much smaller degree compared to 

bands at 1356, 1432, 1531 (peak shoulder) and 1564 cm-1. Figure 6.3 shows a plot of the 

normalized intensities of the major ECC bands at 1469 and 1539 cm-1 (red triangles) and 
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the ECC-related new bands at 1357, 1432, 1531, and 1564 cm-1 (black circles) as a function 

of Ag thickness. All the Raman intensities are normalized to the intensity if the pristine 

film which is set to 1. This plot clearly illustrates that the major ECC bands are less 

enhanced than the new ECC bands. This distinction is consistent with a decrease in average 

effective conjugation length for α-3T molecules within the film upon Ag deposition. 

The appearance of ECC-related bands at both higher and lower frequencies than 

the major ECC bands indicates several things. On the one hand, the appearance of ECC-

related bands at higher frequencies suggests a decrease in effective conjugation length due 

to molecular torsion and possibly defects in the conjugated system of at least a portion of 

the α-3T film. In contrast, the appearance of ECC-related bands at lower frequencies is 

indicative of extension of the α-3T effective conjugation length due to changes in packing 

and electron delocalization upon deposition of Ag. Zade et al. reported the results of 

theoretical calculations that indicate an energy barrier for molecular torsion of only 0.75 

eV, or in other words, on the order of van der Waals interactions.242 The energy required 

to induce such a change in molecular torsion may result from binding between the α-3T 

and the deposited Ag nanoparticles. Ag nanoparticles may also act as electron pools, 

extending the -electron delocalization between close-packed neighboring α-3T molecules. 

This effect would lead to an extension of the effective conjugation length resulting in shifts 

to lower frequency of the ECC modes. The fact that the ECC bands of the pristine film at 

1469 and 1538 cm-1 are less enhanced is therefore concluded to be due to the net effect of 

SERS and disruption of the effective conjugation length. The appearance and preferential 

enhancement of the new ECC bands at 1357, 1432, 1531, and 1564 cm-1 indicate new α-

3T conformational populations. Appearance of the Raman inactive mode251 at 1496 cm-1 
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also supports a symmetry change of α-3T from C2v due to molecular torsion,241 likely due 

to Ag-S binding with the Ag nanoparticles.   

As the thickness of deposited Ag approaches 20 Å, a loss in overall spectral 

intensity is observed due to Ag metallization, with the Ag film becoming increasingly 

optically opaque. The metallization processes of metal atoms landing on organic films 

affects significantly the depth into the organic film over which the deposited metal has any 

impact, which is relevant to the functionality of organic electronic devices.  This important 

notion is further studied in Chapter 8 of this Dissertation.  

Metallization with Al 

Figure 6.4 shows the Raman spectra of a pristine 5-L α-3T film before and after 

progressively deposited 5, 10, 15 and 20 Å of Al. Similar to the α-3T/Ag interface, an 

increase in the intensity of the torsional inter-ring ν(C-C) bands at 1165 and 1185 cm-1 262, 

263 relative to the inter-ring ν(C-C) bands for coplanar molecules at 1232 cm-1 suggests that 

Al deposition also induces molecular torsion. Additional evidence for molecular torsion 

upon Al deposition is observed within the region containing vibrational bands due to the 

ECC modes (1400 – 1600 cm-1). The presence of these torsion bands indicates variations 

of the effective conjugation length of α-3T similar to those observed for Ag. A new band 

at 1314 cm-1 cannot be assigned to any original -3T band which must indicate new 

interfacial product formation. However, with limited spectral evidence, it is difficult to 

interpret the structure of these new interfacial species.  

In addition, several prominent broad bands grow in as a function of Al thickness: 

one between 1100 and 1400 cm-1 and the second between 1400 and 1600 cm-1. At higher 
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Figure 6.4 Raman spectra of a pristine 5L α-3T film at 120K before (black) and after deposition of 5 (blue), 10 (green), 15 (yellow), 

and 20 (red), Å of Al. Inset shows a zoom of the 1100-1650 cm-1 region with the same color code as the main spectra.
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frequencies, a third complex envelope of bands between 2400 and 3200 cm-1 is also 

observed. These broad Raman bands are well studied by Casiraghi et al.,267 Chowalla et 

al.,265 and Ferrari et al.268 and can be assigned to amorphous carbon (a-C). Specifically, 

these bands are assigned to the D-band (1100-1400 cm-1), the G-band (1400-1600 cm-1), 

the 2D and (D + G) bands (2400-3200 cm-1) of a-C, respectively.  Formation and growth 

of a-C bands at the expense of the original α-3T bands is observed throughout the spectral 

data suggesting degradative reaction chemistry at the α-3T/Al interface upon Al deposition. 

However, no evidence for the presence of other reaction products and/or intermediates is 

observed in the Raman spectra.  

Previous studies from this laboratory on various organic thin film systems, 

including Alq3,29  benzene,40 pyridine,42 and C60
28 with vapor deposited Al, exhibit similar 

patterns of a-C formation with no other species. These observations indicate that the 

chemical nature of the vapor deposited Al (e.g. electronegativity, chemical reactivity, 

wetting of organic films) dominates the interfacial reaction chemistry with the identity of 

the organic having less of an impact. Al-to--3T electron transfer is dictated by interfacial 

energy level alignment. As the building blocks of typical organic donor materials unlike 

previously studied organic molecules, energy level mismatch between the LUMO of -3T 

and the Fermi level of Al make the electron transfer energetically less favored. The 

energetic analysis at Al/-3T interface is discussed further in this chapter below with the 

analysis of Ag and Ca. 

It is interesting that no intermediate reaction species are observed in the spectra, 

indicating that whatever reaction chemistry happens occurs essentially instantaneously on 

the time scale during which the measurements are made (spectra are acquired tens of 
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seconds after metal deposition).  Matz et al. discussed this aspect of interfacial reaction 

chemistry for pyridine film/Mg interfaces under similar reaction conditions.42 In this 

previous work, no changes in the spectral response of the pyridine/Mg interface were 

observed after the initial changes induced by Mg deposition over the course of 174 h after 

deposition of 20 Å of Mg. These results suggest that this reaction chemistry occurs 

essentially instantaneously upon metal contact.63 It is likely that intermediate products of 

low stability are formed quickly but decompose to a-C on the time scale of these 

measurements. Thus, a-C is the final reaction product at the α-3T/Al interface and no 

further insight into reaction pathway or mechanism can be extracted from the Raman 

spectral data due to reaction kinetics that are faster than the measurement time.   

Metallization with Ca 

Figure 6.5 shows the Raman spectra of α-3T before and after deposition of 5, 10, 

15 and 20 Å of Ca. At first glance, upon Ca deposition, significant spectral evolution can 

be observed indicating that reaction chemistry occurs at the interface. First, new bands at 

455 and 545 cm-1 grow in upon Ca deposition. Ab inito self-consistent field (SCF) 

calculation results and quantum chemical calculation results of thiophene ring torsion 

modes at 455 and 545 cm-1 have been reported previously by Ehrendorfer et al.257 and 

Lopez et al.240 Thus, the presence of these new bands suggests that Ca deposition induces 

ring torsion. Secondly, similar to the α-3T/Al interface chemistry discussed above, the 

formation of a-C is indicated by the presence of the a-C D band at 1100-1400 cm-1, the  G-

band at 1400-1600 cm-1, and the 2D and (D+G) bands in the envelope between 2400 and 

3200 cm-1.  
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Figure 6.5 Raman spectra of a pristine 5 L 3T film at 120K before (black) and after deposition of 5 (blue), 10 (green), 15 (yellow), 

and 20 (red), Å of Ca. Inset shows a zoom of the 1100-1650 cm-1 region with the same color code as the main spectra.
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In addition to the broad a-C bands, new vibrational signatures suggest the presence 

of C≡C moieties. Specifically, the 3366 cm-1 band is assigned to a ν(≡C-H) mode,264 bands 

at 2052, 2070 and 2128 cm-1 are assigned to ν(C≡C) modes,264 the new band at 951 cm-1 is 

assigned to a ν(S-C≡C-H) mode,264 and less intense bands at 643, 661 and 688 cm-1 are 

attributed to δ(≡C-H) modes. Collectively, these bands suggest the formation of alkyne 

bonds, most likely due to a ring opening reaction of α-3T.  

A similar reaction mechanism that starts with electron transfer from Ca to the 

organic and leads to ring opening reactions has been previously reported for thin solid-state 

films of pyridine with Ca.39, 41 These reactions with pyridine similarly lead to a complex 

array of alkyne-containing products. Interestingly, however, such products were not 

observed with benzene, implicating the presence of the heteroatom as the likely source of 

the increased instability of the radical species formed by the initial electron transfer step.  

Ring opening and subsequent alkyne formation in the α-3T film is proposed to be initiated 

by electron transfer from the highly reactive Ca nanoparticles. This electron transfer creates 

an unstable radical species and causes a loss in aromaticity of the α-3T molecules, leading 

to further ring opening reactions and triple bond formation. Given that the carbon atoms in 

α-3T are essentially chemically equivalent due to aromaticity, multiple radical species of 

comparable energies can be formed upon electron transfer leading to many types of ring 

opening products. Possible reaction pathways for α-3T ring opening reactions are proposed 

on the right side of Figure 6.6. The production of multiple chemically similar products 

from these ring opening reactions results in overlap of the Raman spectral bands, leading 

to band broadening, and the inability to definitively distinguish individual ring opening 

products.  
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Figure 6.6 Proposed reaction mechanism between thiophene and Ca (top) and possible α-3T polymerization (bottom left) and ring 

opening (bottom  right) pathways induced by Ca deposition
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In further support of this electron transfer-initiated explanation for the reaction 

chemistry observed, Matz et al. observed formation of calcium hydride at solid 

statebenzene/Ca and pyridine/Ca interfaces, suggesting a possible reaction pathway that 

includes the formation of CaH and/or CaH2 by hydride abstraction after electron transfer 

from Ca to the organic. In further support of this explanation, the new band that grows in 

at 1280 cm-1 is ascribed to the ν(CaH) and/or ν(CaH2)
269 mode which is only made possible 

by hydride abstraction initiated by Ca to α-3T electron transfer. 

Spectral broadening and the appearance of new bands in the frequency region 

containing the ECC modes after Ca deposition is also worth noting. These new bands occur 

at both higher and lower frequencies than the major ECC modes and overlap the a-C D and 

G bands. Their appearance is consistent with the formation of regions of the film with 

different effective conjugation lengths that may arise from a combination of reaction 

chemistry, as well as torsion and metal-assisted extension in conjugation length.  

More importantly, Ca has a lower work function273 than Ag or Al and exhibits a 

greater tendency toward electron transfer when deposited onto organic thin films. Once 

electron transfer occurs, two proximate α-3T radical species can form a bond resulting in 

a polymerization product. As an example, the left side of Figure 6.6 shows formation of α-

6T as the product of such a polymerization reaction between two α-3T radicals.  This 

polymerization reaction as shown would occur readily with minimal steric effects, leading 

to an α-6T product with a maximum conjugation length.  Presumably, radicals with other 

conformations could form a variety of different thiophene oligomers and polymers with 

different conformations and conjugation lengths. This would increase the complexity of 

these interfacial reactions, further complicating the spectral bands observed. 
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 Figure 6.7 depicts the normalized Raman intensities of different α-3T bands as 

afunction of deposited Ca thicknesses. Figure 6.7a shows that the intensities of the pristine 

α-3T bands at 1067, 1056, 1467 and 1536 cm-1 diminish in intensity with a concomitant 

increase in new product bands at 373, 323, 957 and 503 cm-1. Figure 6.7b shows the 

evolution in intensity of both intermediate and final reaction product bands; final reaction 

product bands at 1280 and 2062 cm-1 increase while the bands at 1168, 2128 and 2052 cm-

1 all diminish in intensity after an initial increase, suggestive of the existence of 

intermediate species. The band at 1162 cm-1 is assigned to an inter-ring ν(C-C) torsion 

mode of an intermediate product, and the bands at 2128 and 2052 cm-1 are assigned to 

(C≡C) modes of intermediate alkyne species. The appearance of two (C≡C) bands 

suggests the presence of different molecular conformations at smaller Ca thicknesses.  

Metallization with Mg 

 Unlike Ag, Al and Ca, physical deposition of Mg onto -3T results in unexpected 

and different phenomena.  Figure 6.8 shows the Raman spectra of a pristine 5 L -3T film 

before (black) and after deposition of 5 (blue), 10 (green), 15 (yellow) and 20 Å (red) of 

Mg. As can be observed, neither reaction chemistry nor metallization occurs as indicated 

by no spectral changes in either peak frequencies or intensities.  These results suggest poor 

reactivity and metallization by Mg on the 5 L -3T film. The cause of this unusual behavior 

is elaborated and discussed in Chapter 8. 

Figure 6.9 shows plots of the relative intensity of the 1467 cm-1 band from α-3T as 

a function Ag (blue), Mg (black), Al (pink) and Ca (orange) coverage. Upon metal 

deposition, the relative intensity of the 1467 cm-1 band changes in very different ways for  
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Figure 6.7 Normalized Raman intensities of  a) original α-3T bands  at 1536, 1467, 1067,  

and 1056 cm-1 and “product modes” at 323, 373, 957, and 503 cm-1; b) final product bands 

at 2062 and 1280 cm-1 and intermediate product modes at 2131 and 2045 cm-1 as a function 

of Ca coverage. 
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Figure 6.8 Raman spectra of a pristine 5 L α-3T film at 120K before (black) and after deposition of 5 (blue), 10 (green), 15 (yellow), 

and 20 (red) Å of Mg. 
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the different metals. Ag forms nanoparticles and induces the SERS effect before 

metallization of an opaque Ag layer occurs which covers the film. Mg shows no change in 

intensity with coverage indicating that no chemical reactions or metallization occurs. Ca 

and Al deposition cause the intensity of the 1467 cm-1 band to decrease due to both -3T 

consumption by reaction chemistry and surface metallization. These observations reveal 

different behaviors of these metals when they impinge on the -3T surface. A further 

understanding of the physical and/or chemical nature of these differences would provide 

significant implications for OPV device fabrications. A detailed comparison of the 

penetration ability and chemical reactivity of Ag, Mg, Al and Ca on oligothiophene 

surfaces will be discussed further in Chapter 8. 

Energetic Considerations of α-3T Reaction Chemistry with Ag, Al, Ca and Mg 

In rationalizing the chemistry observed between Ag, Al and Ca and α-3T thin films, 

it is essential to consider the energetics of the relevant frontier orbitals, especially to assess 

the directionality and probability of electron transfer. Assuming that the metals are 

deposited as collections of atoms and clusters from the evaporative source and that once 

on the surface of the organic film, which is poorly wet by these metals, such atoms and 

clusters rapidly nucleate to form small metallic nanoparticles with electronic properties 

that are close to those of the bulk metal, then it is the work function of the metal that is 

relevant. The Fermi energies are indicated for these metals in Figure 6.10. The frontier 

orbitals of the α-3T film that are relevant are the HOMO and LUMO levels which have 

been reasonably well established.274 Figure 6.10 shows energy level diagrams for the α-

3T/Ag, Al, Ca and Mg interfaces. For the α-3T thin films, the HOMO and LUMO levels  
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Figure 6.9 Relative intensities of the 1469 cm-1 band from a 5 L -3T film as a function 

of Ag (blue), Mg (black), Al (pink) and Ca (range) coverage. Intensities normalized to that 

of the pristine 5 L -3T spectra. 
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Figure 6.10 Band diagram of Ag, Al, Ca and Mg and 3T interface. Arrows illustrate direction of electron transfer
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are represented as energy distributions instead of a single discrete energy level to allow for 

a variety of different conformational states and packing geometries within the film, as well 

as the presence of defects.275 A Gaussian-like distribution of energy levels is often 

considered and applied in such cases for both inorganic276 and organic systems.277 

Mehraeen and coworkers calculated the density of states (DOS) distribution for P3HT as 

exponential or Gaussian depending on the charge carrier density.278 Thus, Gaussian DOS 

distributions for α-3T are assumed in Figure 6.10, with a long, low DOS tail on the LUMO 

that extends into the energy gap to account for so-called “gap states”. 

Ag has the highest work function (-4.26 eV) of the metals studied.273 Thus, its Fermi 

energy lies within the upper tail of the of α-3T HOMO distribution, making electron 

donation from Ag to α-3T unfavorable; therefore, no reaction chemistry is observed in this 

system. In fact, as will be further detailed in Chapter 7, electron donation from α-6T to Ag 

and formation of positive polarons has been observed in α-6T/low work function metal 

systems. At the opposite extreme, Ca has a much lower work function of -2.87 eV.273 Thus, 

its Fermi energy lies within the lower energy tail of the α-3T LUMO band, making electron 

transfer from Ca to α-3T highly favorable. Similarly, with an intermediate work function 

of -4.24 eV,273 the Fermi energy of Al also overlaps the tail of the α-3T LUMO, allowing 

for electron donation into the organic film. Mg exhibits a lower work function than Al (-

3.68 eV);273 however, no electron transfer was observed. This behavior falls outside of 

expectations, the possible reasons for which will be discussed further in Chapter 8.    

 In summary, the experimental results observed using Raman spectroscopy are 

consistent with the known energetics for the α-3T/Ag, Al and Ca interfaces.  No chemistry 

is observed at α-3T/Ag interface, whereas clear evidence for a-C carbon formation initiated 
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by Al-to-α-3T electron transfer at the α-3T/Al interface, and radical formation by Ca-to-α-

3T electron transfer followed by ring opening at α-3T/Ca interface are observed. 

Collectively, these results document the dominant role of energetics in dictating interfacial 

molecular processes at these low work function metal/organic interfaces relevant in 

organic-based optoelectronic devices.  
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CHAPTER 7 

 

REACTION CHEMISTRY AT THE INTERFACE OF α-SEXITHIOPHENE AND 

VAPOR DEPOPSITED SILVER, ALUMINUM, MAGNISIUM AND CALCIUM 

 

 Oligothiophenes (oT), polythiophene (nT), and their derivatives are conjugated 

molecular systems which exhibit narrow and tunable optical band gaps and high 

conductivity.243, 279, 280, 281 Because of these outstanding molecular properties, they have 

been widely used as functional materials in organic electronic devices such as field effect 

transistors (OFETs),282, 283, 284, 285, 286, 287 organic light emitting diodes (OLEDs),288, 289 and 

organic photovoltaic devices (OPVs).290, 291 As a derivative of nT, poly(3-hexylthiophene-

2,5-diyl) (P3HT) is widely used as donor material blended with phenyl-C61-butyric acid 

methyl ester (PCBM) as bulk heterojuctions (BHJs) in OPVs.290, 291 As a small molecule 

alternative to polymeric based BHJs, sexithiophene (6T)-based BHJs are considered to be 

more structurally tunable.228, 230, 292, 293, 294, 295 Due to shallow (i.e. not far in energy below 

the vacuum level) HOMO and LUMO levels, oT and nT are most commonly used as 

electron donors in organic electronic devices. Previous studies have shown that multiple 

oxidation states are accessible for the oligothiophenes and their derivatives via 

electrochemical247, 296 and chemical oxidation;245 however, there have been no instances of 

oT reduction chemistry reported to date.  

Research on OPVs shows that one of the biggest challenges to achieving high 

energy conversion efficiency correlates significantly to the mismatch of interfacial energy 
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levels between hybrid materials.297, 298, 299, 300, 301, 302 The last step of typical OPV device 

fabrication, vapor deposition of the low work function metal (LWFM) electrode onto the 

BHJ, may result in unexpected reaction chemistry between the deposited metal and the 

organic semiconductor molecules. This reaction chemistry can lead to heretofore 

unidentified interfacial layers that may impact interfacial charge transfer efficiencies, 

thereby altering the energy conversion efficiency of the device. Previous research from this 

laboratory shows that Al, Mg and Ca deposition under ultrahigh vacuum onto the organic 

acceptor tris(8-hydroxyquinolinato)aluminum (Alq3)
29, 38, 39 induces significant Alq3 

degradation through metal adduct formation at the interface. The final products of these 

degradation pathways are metal dependent and include the formation of metal-Alq3 adducts 

with Al,38 Mg38 and Ca,39 and graphitic carbon formation with Ca deposition.  

Matz et al. reported similar reaction chemistry between C60 and vapor deposited 

Al.28 C60 anion radicals are observed due to Al-to-C60 electron transfer leading to the 

degradation of C60 and the formation of graphic carbon.28 Also, thin film solid state small 

molecules, used to model the building blocks of acceptor materials, namely benzene and 

pyridine, react with physical vapor deposited metals Al, Mg and Ca by accepting electrons 

from the metals to form radicals and/or dimers as well as graphitic carbon.40, 42 In total, 

these studies indicate that: 1) interfacial energetics cannot be assumed based on the energy 

levels of the bulk materials alone; molecular and energetic understanding of interfacial 

chemistry is essential in terms of guiding the choice of materials and device fabrication 

processes; and 2) electron transfer from LWFMs to any organic film is likely.  

From the perspective of energy levels, when compared to organic donors, acceptor 

molecules possess lower LUMO levels which match well with the work functions (Φ) of 
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low work function metals. This makes electron transfer from a LWFM to an organic 

acceptor possible. In contrast to acceptors, when donor molecules, with relatively shallow 

HOMO and LUMO levels such as P3HT, come in contact with electrodes, experimental 

evidence for electron transfer from the organic donor film to the electrode has been 

observed in cases in which the electrode possesses a sufficiently large (i.e. below the donor 

HOMO level) work function. This electron transfer from donor to electrode leads to 

interfacial band bending due to interfacial contact doping and can extend as far as 20 nm 

into the bulk organic material.275, 303 However, although the energetics of such 

donor/electrode interfaces have been studied, to the best of our knowledge, an 

understanding of the interfacial chemistry between donor materials and LWFMs at the 

molecular level has not been achieved.  

Beyond possible interfacial electron transfer and any subsequent chemistry, oT, nT 

and their derivatives have unique one-dimensional conjugated structures with highly 

flexible chains. The optical band gap and conductivity of these materials are directly 

correlated to the effective conjugation length (ECL) of these one-dimensional chains.242, 

270, 304, 305 ECL is defined as the length of the effective conjugated coordinates (ECC). 

Density functional theory (DFT) calculations indicate that ECL extension leads to an 

increase in conductivity by narrowing the HOMO-LUMO gap. Conversely, a reduction in 

ECL results in a conductivity decrease due to an increase in the HOMO-LUMO gap. For 

example, these DFT results showed that a 30° inter-ring twist in nT results in a decrease in 

ECL, reducing the conductivity by increasing the HOMO-LUMO gap by 0.75 eV.242 The 

energy barrier to this inter-ring twist is only 0.41 kcal/mol/monomer unit, which is on the 

order of crystal packing or van der Waals forces.242  
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In addition to intramolecular twisting, variations in intermolecular packing and 

ordering of oT also affect charge transfer by varying both the efficiency of electron hopping 

between neighboring conjugated systems and the reorganization energy for electron 

transfer from the organic to the electrode. These effects further limit the energy conversion 

efficiency of real devices.306, 307, 308 Also, the packing geometry of oTs has been found to 

exhibit templating effects on the orientation of donor molecules such as C60 with which 

they are in contact in BHJs.309 Such orientation effects could also impact charge separation 

processes at the donor-acceptor interface. Therefore, understanding molecular 

conformational changes and possible chemical reactivity upon metal deposition is a key 

factor to unravel the variations observed in interface materials properties. 

In this chapter, thin film α-6T is chosen as a molecular model for thiophene-based 

organic donor systems in BHJs that form interfaces with low work function metal contacts. 

These α-6T films are subjected to interface formation by vapor deposition of Ag, Mg, Al 

and Ca under ultra-high vacuum conditions to both eliminate side reactions in the ambient 

and to mimic the last step of OPV device fabrication. X-ray photoelectron spectroscopy 

(XPS) and surface Raman spectroscopy are employed to understand the chemical and 

physical changes within these interfaces with high molecular specificity and sensitivity.   

 

Results and Discussion 

α-6T/Ag Interface  

 The vibrational spectrum of -6T in the high frequency region (3000-3500 cm-1) 

contains less useful information than in the low frequency region (300-1800 cm-1). To the 
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author’s best knowledge, only computational results have been published previously for -

6T in the high frequency region.240, 241, 251 Although from these calculation results, selection 

rules predicts 48 Raman bands for -6T in the low frequency region, the experimentally 

observed Raman spectrum for -6T is surprisingly simple in that only 7 Raman bands are 

usually observed, including the symmetric and asymmetric carbon backbone stretching at 

1457 and 1504 cm-1, the C-C vibration at 1366 cm-1, the C-C inter-ring vibration at 1220 

cm-1, the C-H bending at 1050 cm-1, the C-S-C ring deformation at 740 cm-1, and the out-

of-plane C-H deformation at 690 cm-1.251 The most intense bands in the spectrum are those 

due to symmetric and asymmetric backbone stretching for excitation in the visible 

wavelength region between 400 and 650 nm that is in resonance with the -* transition 

of the conjugated backbone.251 

The black spectrum in Figure 7.1 is from a pristine 5 ML α-6T film on a chemically 

polished, smooth polycrystalline Ag substrate. Previous studies have shown evidence for 

templating of vacuum deposited α-6T by single crystal Ag surfaces that varies depending 

on crystal face.310, 311, 312, 313 Due to the polycrystallinity of the Ag substrates employed in 

this work, pristine α-6T thin films are likely amorphous. Normal vibrational modes of α-

6T are assigned to the Raman spectrum based on previously reported work by Casado and 

others.240, 241, 314, 315, 316, 317 Complete band assignments for α-6T vibrational modes are 

given in Table 7.1. The most notable vibrational bands observed in the spectrum of the 

pristine film are the ring deformation modes at 704 and 742 cm-1, the (C-H) mode at 1054 

cm-1, the inter-ring ν(C-C) mode at 1225 cm-1, and the νs(-C=C-) and νas(-C=C-) of the α-

6T backbone at 1467 and 1511 cm-1, respectively. Due to the small energy barrierfor inter-

ring torsion (~0.41 kcal/mol, on the scale of the van der Waals forces),242, 243 the possibility 
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Table 7.1 Vibrational peak frequencies and assignments for a 5 ML -6T film before and 

after deposition of 5 Å of Ag, Al and Mg. 
 

 Frequency (cm-1)  Refs 

Vibrational 

assignment 
5L -6T 

Post 5 Å 

Ag 
Post 5 Å Al Post 5 Å Mg 

Vibrational 

Mode 
 

 309 309 308 309 Ag-S 271 

    386 Mg-S  

    588  (Mg-S-C) 
This 

work 

Ring 

deformation 

655 651 651 652 Distorted 262, 263 

682 682 682 682 Distorted 262, 263 

704 704 704 703 Coplanar 240, 316 

742 742 742 742 
Coplanar & 

Distorted 
240 

  802  797   

  814     

  852  847   

    930 Mg-(C-H) 
This 

work 

  1006     

(C-H) 1053 1053 1052 1052 Coplanar 240, 316 

(C-C) 

inter-ring 

1162 1162 1162 1161 Distorted 
240, 262, 

263 

1181 1181 1181 1180 Distorted 
240, 262, 

263 

1225 1225 1225 1225 Coplanar 240, 316 

    1273 Mg-(C-C) 
This 

work 

Backbone 

s(-C=C-) & 

as(-C=C-) 

- 1367 Broadening 

towards L 

Broadening 

towards L 
ECL extension 

due to packing 
241 

 1406 

1467 1467 1467 1467 s (-C=C-) 
240, 314, 

315, 316 

1511 1511 1511 1511 as (-C=C-) 
240, 314, 

315, 316 
 1577 Broadening 

towards H 

Broadening 

towards H 
Distorted 

 
241, 316  1612 

Overtone & 

Combination 

1756 1756 1756 1756 704+1053  

1774 1774 1774 1773   

1818 1818  1818   

 1884   1225+651  

 1925  1925 1225+704  

2105 2105 2105 2104 10532  

2168 2168 2168 2167 1467+704  

2212 2212 2212 2211 1511+704  

 



242 

 

242 
 

of molecular conformational changes induced by various effects must be considered. 

Thiophene-based semiconductor properties, including conductivity and optical band gap, 

are very sensitive to inter-ring torsion.304 The vibrational behavior of the bands correlated 

with this torsion has been previously investigated by Akimoto and Furukawa.262, 263 

Satellite peaks from ring deformation near 651 and 685 cm-1 and (C-H) bending near 1162 

and 1181 cm-1 are the most noticeable torsion signatures.   

Figure 7.1 also shows Raman spectra from the 5 ML α-6T film after subsequent 

deposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) Å of Ag. Upon Ag deposition, 

significant Raman intensity enhancement of all bands is observed due to the surface 

enhanced Raman scattering (SERS) effect. In addition, the bands at 651, 682, 1162 and 

1181 cm-1 are considerably enhanced relative to their intensities in the spectrum of the 

pristine film after Ag deposition as shown in insets I and III in Figure 7.1. These vibrational 

features have been thoroughly discussed in previous work in which they are called small 

“satellite” bands and assigned to vibrations from minor populations of -6T molecules 

with inter-ring torsion as opposed to the coplanar majority population of -6T 

molecules.262, 263 The ring deformation bands at 651 and 684 cm-1 (spectral region I), and 

the inter-ring ν(C-C) bands at 1162 and 1181 cm-1 (spectral region III) of the twisted 

minority population of molecules have as their counterparts the corresponding bands of the 

majority coplanar population at 702 cm-1 and 1225 cm-1, respectively.262, 263 Figure 7.2 

plots the relative intensity evolution of these torsion bands (651, 682, 1162 and 1181 cm-1) 

and those attributed to the coplanar population (704 and 1225 cm-1) as a function of Ag 

coverage. All intensities are percentages normalized to the Raman intensity of the 704 cm-

1 band of the pristine -6T film. As observed in Figure 7.2, the surface enhancement 
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Figure 7.1 Raman spectra of 5 ML 6T thin film before (black) and after 5 Å (blue), 10 Å (green), 15 Å (yellow) and 20 Å (red) post 

mass thickness deposition of Ag. Frequency regions labeled as I, II, III and IV are discussed in the text.
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Figure 7.2 Relative intensity of the bands assigned to coplanar (704 and 1225 cm-1) and 

torsion (651, 682, 1162 and 1181 cm-1) populations in the 5 L -6T film as a function of 

Ag coverage. All intensities are normalized to that of the ring deformation mode in the 

pristine -6T film at 704 cm-1. 
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observed shows similar trends for both types of vibrational bands. The first 15 Å of Ag 

causes intensity enhancement, with further Ag deposition covering the film and attenuating 

the Raman intensities, consistent with Ag metallization into an opaque layer that covers 

the α-6T film. Interestingly, the relative intensity increase per unit Ag coverage is higher 

for the two coplanar bands at 704 and 1225 cm-1. Additionally, The intensities of the torsion 

bands (651, 684, 1162 and 1181 cm-1) compared to the corresponding non-torsion bands 

(704 and 1225 cm-1) as a function of Ag thickness are plotted as the blue data points in 

Figure 7.3. The relative intensity of the torsion bands increases more dramatically relative 

to the coplanar bands despite the much stronger intensity enhancement for the coplanar 

bands as a function of Ag coverage. This behavior suggests that Ag deposition induces 

inter-ring torsion. The largest relative intensity increase for the torsion bands occurs after 

deposition of the first 5 Å of Ag, followed by only small intensity changes upon subsequent 

Ag depositions.  This behaviors suggests that perturbation of the molecular conformation 

occurs predominantly in -6T molecules right at the Ag/-6T interface and is primarily 

caused by the first 5 Å of Ag.  

The spectral region labeled IV in Figure 7.1 and shown as an inset contains the νs(-

C=C-)  and νas(-C=C-) modes of the -6T backbone. These are often referred to as the 

“effective conjugated coordinate” (ECC) modes. The frequencies of these bands are 

correlated to the effective conjugation length (ECL) which is directly related to molecular 

conformation and packing within the film. Variation in the ECL caused by inter-ring 

torsion can vary the strength of the ECC modes and lead to shifts in frequency. Upon 

deposition of 5 Å of Ag, slight broadening of the νs(-C=C-) band at 1467 cm-1 towards 

lower frequencies is observed, suggesting extension of the electron delocalization and a 
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Figure 7.3 Relative intensities of the distortion bands relative to the coplanar bands upon 

Ag (blue), Al (green) and Mg (orange) deposition for the band ratios a) 651 cm-1/704 cm-

1, b) 685 cm-1/704 cm-1, c) 1162 cm-1/1225 cm-1, and d) 1180 cm-1/1225 cm-1. 
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longer ECL. This effect may be additionally supported either through molecular packing 

changes assisted by Ag nanoparticles or an extended π electron delocalization along the 

conjugated system that is “bridged” by Ag nanoparticles embedded within the α-6T film. 

No obvious broadening on the high frequency side is observed, suggesting that the inter-

ring torsion induced by Ag deposition is insufficient to cause a spectroscopically 

observable ECL decrease. So far, no apparent Raman spectroscopic evidence suggests any 

electron transfer.  

In order to further explore the possibility of electron transfer between α-6T and 

these low work function metals, x-ray photoelectron spectroscopy (XPS) was employed. 

As previously reported by Grobosch and others,275, 318, 319 the binding energies of the S 2p 

electrons are very sensitive to the electron density of their local environment, and thus, 

would be expected to be sensitive to any electron transfer reaction chemistry. Figure 7.4a 

shows the peak fits for the S 2p1/2, 3/2 signals from a pristine 5-ML α-6T film on the Ag 

substrate. The red lines with peak binding energies of 164.8 and 163.6 eV represent those 

for bulk α-6T,320, 321, 322 while the blue lines represent the S 2p signals from a polaron 

state.275 The binding energies of 164.3 and 165.4 eV associated with this polaron state are 

slightly higher than in bulk, resulting from slight donation of the S lone pair electrons to 

the conduction band of the Ag substrate. This phenomenon represents partial electron 

transfer from the α-6T film to the vacant states of the Ag and is known as “contact doping”. 

It has been shown to occur predominantly at the interface between S-based organics and 

relatively high work function (Φ > 4.0 eV) substrates.323, 324 This contact doping can 

penetrate up to 20 nm into bulk.275 Here, the Ag substrate work function is close to 4.6 

eV,273 and thus, contact doping occurs for the pristine α-6T film when deposited onto the
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Figure 7.4 XPS S 2p data from a) a pristine 5 L -6T film and b) a 5 L -6T film with 10 

Å post deposited Ag; peaks shown in red and blue represent the neutral and polaron states 

of -6T, respectively. XPS C 1s data from c) a pristine 5 L -6T film and d) a 5 L -6T 

film with 10 Å post deposited Ag. 
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Ag substrate.  

When 10 Å of Ag is deposited onto the α-6T film, a significant growth in population 

of the polaron state is observed as shown in Figure 7.4b. The peak fitting results for 

different S 2p populations are shown in Table 7.2. Comparing the pristine -6T film with 

the -6T/Ag, the polaron state increases from 13.5 ± 3.3% of the α-6T in the pristine film 

to 20.5 ± 1.7% after deposition of 10 Å Ag, presumably from additional contact doping.  

This result suggests possible hole doping from Ag to -6T occurs very likely through Ag-

S binding during Ag nanoparticle formation.  

C 1s spectra from a pristine 5 L -6T film before (Figure 7.4c) and after (Figure 

7.4c) 5 Å of Ag depositions were also acquired. Three distinct C 1s populations are 

observed for the 5 L -6T film after Al deposition. The peak at 284.4 eV is typical of 

aromatic carbons325, 326 and is close to the binding energy of 284.9 eV previously reported 

for -6T;321 this peak likely represents the -C atoms in pristine -6T overlapped with a 

small amount of contamination. The low intensity shoulder at lower binding energy is 

assigned to the -C atoms in -6T that experience a higher charge density environment 

compared to the -carbons. The low intensity third population near 286.7 eV is the “shake 

up” satellite peak.325, 326 No change can be observed in C 1s spectra before and after Ag 

deposition indicating no chemistry occurring.   
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α-6T/Mg Interface  

Figure 7.5 shows Raman spectra from a pristine 5 ML α-6T film before (black) and 

after deposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) Å of Mg. The initial 5 Å 

deposition of Mg is marked by a significant intensity enhancement, followed by rapid 

intensity attenuation upon further deposition of 10, 15, and 20 Å of Mg. A plot of the 

intensity evolution of the coplanar (703 and 1225 cm-1) and torsion bands (651, 683, 1162 

and 1180 cm-1) upon Mg deposition is shown in Figure 7.6. Although significant intensity 

enhancement is observed, as for Ag deposition, the greatest enhancement in these spectra 

occurs with 5 Å of Mg deposition for all six bands with further deposition leading to 

intensity attenuation. The enhancement response induced by Mg deposition is much less 

reproducible than that induced by Ag with the greatest enhancements occuring for Mg 

depositions ranging from 5 to 20 Å. This behavior suggests that the metallization processes 

is complicated. A more comprehensive description of the metallization process and metal 

penetration by Ag, Mg, Al and Ca is deferred until Chapter 8.  

Similar to what is observed with Ag deposition, the intensities of the coplanar bands 

show larger changes with Mg coverage compared to the torsion bands, which suggests that 

coplanar bands are affected more by the surface enhancement effect. However, relative to 

the corresponding coplanar bands, the torsion bands show a dramatic intensity increase 

upon Mg deposition as shown by the orange data points in Figure 7.3. Similar to what was 

observed for Ag deposition, the greatest increase in relative intensity of the torsion bands 

occurs with deposition of the first 5 Å of Mg before reaching a plateau. This behavior 

suggests that the α-6T conformational change is initiated by Mg deposition and only 

happens at the top interface. Moreover, the relative intensity values of the torsion bands 
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Table 7.2  Populations of neutral, + polaron, and reduced species from fits to XPS S 2p 

region before and after deposition of 10 Å Ag. 
 

Assignments 
5L -6T 5L -6T + 10 Å Ag 

BE (eV) Area% BE (eV) Area% 

S 2p3/2 Polaron 164.3 9.0  2.2 
13.5  3.3 

164.4 13.6  1.2 
20.5  1.7 

S 2p1/2 Polaron 165.4 4.5  1.1 165.6 6.9  0.6 

S 2p3/2 Neutral 163.6 57.7  2.2 
86.5  3.3 

163.6 53.1  1.1 
79.6  1.8 

S 2p1/2 Neutral 164.8 28.8  1.1 164.8 26.5  0.6 
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Figure 7.5 Raman spectra of 5 ML 6T thin film before (black) and after 5 Å (blue), 10 Å (green), 15 Å (yellow) and 20 Å (red) post 

mass thickness deposition of Mg. Frequency regions labeled as I, II, III and IV are discussed in the text. Intensities shown in inset II, 

III and IV are normalized to the most intense peak in each range.
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Figure 7.6 Relative intensities for the coplanar (703 and 1225 cm-1) and torsion bands (652, 

682, 1161 and 1180 cm-1) from a 5 L -6T film as a function of Mg coverage. All intensities 

normalized to that of the ring deformation mode in the pristine -6T film at 703 cm-1. 
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are higher upon Mg deposition than what was observed for Ag indicating that a larger 

population of α-6T with inter-ring torsion is formed relative to the α-6T planar population. 

The major ECC bands at 1467 and 1511 cm-1 depicted in region IV of Figure 7.5 show 

considerable band broadening towards both higher and lower frequencies.  This broadening 

suggests that Mg deposition not only promotes α-6T molecular packing and/or facilitates 

electron delocalization but also causes a significant amount of α-6T inter-ring torsion and 

subsequent ECL reduction, consistent with observation of the greater intensity of the 

torsion bands.   

In addition to the growth of inter-ring torsion, several new Raman bands at 386, 

588, 930 and 1273 cm-1 are also observed upon Mg deposition. These are assignable to any 

-6T normal modes. These bands are also not observed from the -6T/Ag interfaces, 

indicating that they are not due to surface enhancement. Although these bands are much 

less intense than the normal -6T modes, they may result from either unique chemical 

interactions or reaction chemistry at the -6T/Mg interface. The band at 386 cm-1 is 

tentatively assigned to a ν(Mg-S) mode based on the similarity in its frequency to the band 

for the ν(Ag-S) mode at 309 cm-1.  The new band at 588 cm-1 might be due to a (Mg-S-C) 

mode based on its proximity in frequency to the (Al-O-C) mode29 at 577 cm-1 and the 

(Mg-O)38 at 614 cm-1 observed previously at Alq3/metal interfaces. The new band at 930 

cm-1 could be a frequency-shifted (C-H) mode and similarly, the 1273 cm-1 band could be 

a shifted inter-ring (C-C) mode. Collectively, these new bands are all consistent with 

formation of an adduct between Mg and -6T.  

Further evidence for Mg adduct formation is observed from the XPS core level S 
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2p spectra. Figure 7.7 shows the S 2p spectra from a pristine 5 L -6T film before and after 

deposition of 5 Å of Mg. Similar spectral results are observed before and after Ag 

deposition. Table 7.3 shows the peak fit results. Compared to the pristine -6T film, after 

Mg deposition, the polaron population increases slightly to 17.1 ± 3.5%, suggesting slight 

contact electron doping from α-6T to Mg. This behavior is also consistent with the Raman 

spectral indicators of possible Mg adduct formation through unique interactions with the 

sulfur. Similar to the case of Ag deposition, Mg deposition does not introduce any 

significant change in C 1s spectra of -6T film suggesting interfacial reaction chemistry is 

not occurring.  

 

α-6T/Al Interface 

Figure 7.8 shows Raman spectra from a pristine 5 ML film of α-6T before (black) 

and after deposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) Å of Al. Spectral 

regions highlighted in insets I and III show the behavior of the inter-ring torsion bands at 

651, 685, 1162 and 1180 cm-1. The plots of intensity of these torsion bands and the 

corresponding coplanar bands at 704 cm-1 and 1225 cm-1 are shown in Figure 7.9. No 

surface enhancement is observed upon Al deposition for any spectral bands. The increase 

in intensity of the torsion bands with the first 5 Å of deposited Al suggests that Al induces 

inter-ring torsion. The change in intensity of the torsion bands relative to that of the 

coplanar bands as a function of Al coverage is plotted as the green data points in Figure 

7.3. As was observed for both Ag and Mg, the intensities of the α-6T torsion modes are 

most increased by deposition of the first 5 Å of Al, followed by a plateau at higher 

coverages suggesting a predominantly interfacial conformational change. 
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Figure 7.7 XPS S 2p data from a) a pristine 5 L -6T film and b) a 5 L -6T film with 10 

Å post deposited Mg; peaks shown in red and blue represent the neutral and polaron states 

of -6T, respectively. XPS C 1s data from a c) pristine 5 L -6T film and d) a 5 L -6T 

film with 10 Å posted deposited Mg. 
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Table 7.3 Percentages of neutral, + polaron, and reduced species from fits to XPS S 2p 

region before and after deposition of 10 Å of Mg. 
 

Assignments 
5L -6T 5L -6T + 10 Å Mg 

BE (eV) Area% BE (eV) Area% 

S 2p3/2 Polaron 164.3 9.0  2.2 
13.5  3.3 

164.2 11.5  2.3 
17.1  3.5 

S 2p1/2 Polaron 165.4 4.5  1.1 165.5 5.7  1.2 

S 2p3/2 Neutral 163.6 57.7  2.2 
86.5  3.3 

163.7 55.3  2.3 
82.9  3.6 

S 2p1/2 Neutral 164.8 28.8  1.1 164.8 27.7  1.3 
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Figure 7.8 Raman spectra from a 5 ML -6T thin film before (black) and after deposition of 5 Å (blue), 10 Å (green), 15 Å (yellow) 

and 20 Å (red) of Al. Frequency regions labeled I, II, III and IV are discussed in the text.
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Figure 7.9 Relative intensities of the coplanar bands (704 and 1225 cm-1) and the torsion 

bands (651, 682, 1162 and 1181 cm-1) from a 5 L -6T film as a function of Al coverage. 

All intensities are normalized to the ring deformation mode in the pristine -6T film at 704 

cm-1. 
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Figure 7.10 XPS S 2p data from a) a pristine 5 L -6T film and b) a 5 L -6T film with 

10 Å post deposited Al; peaks shown in red and blue represent the neutral and polaron 

states of -6T, respectively; peaks shown in purple and green are the reduced forms of 

sulfur. XPS C 1s data from a c) pristine 5 L -6T film and d) a 5 L -6T film with 10 Å 

posted deposited Al. 
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The 1469 cm-1 ECC mode in spectral region IV in Figure 7.8 shows significant 

broadening toward predominantly lower frequencies, indicating induced inter-ring torsion 

and an ECL decrease which also facilitates changes in molecular packing and charge 

delocalization. Unlike Ag and Mg, in spectral region II of Figure 7.8, a slight systematic 

shift toward lower frequency and asymmetric broadening on the low frequency side is 

observed for the δ(C-H) band at 1054 cm-1 with Al deposition. This suggests growth of a 

second lower frequency band within this envelope which could be an indication of electron 

transfer. However, no other new bands are observed in the spectrum; thus, definitive 

evidence for α-6T reduction upon Al deposition is not observed in the Raman spectra. 

From the XPS core level S 2p spectra shown in Figures 7.10a and b, deposition of 

Al yields two other reduced S 2p populations that appear on the lower binding energy side 

in addition to reduction of the oxidized polaron state population on the high binding energy 

side compared with the XPS of the pristine 5 L -6T film. The presence of the new 

populations at lower binding energies is consistent with reduced S species that are 

presumed to be due to Al-to-α-6T electron transfer. The existence of more than one reduced 

population illustrates the complexity of the reaction processes occurring at the interface. 

The population with the peak fit lines shown in green at binding energies of 162.1 and 

163.3 eV are shifted by up to 1.6 eV to lower binding energy from the neutral form of S 

2p. The detailed peak fitting results and the peak percentages for S 2p peaks of 5 L -6T 

before and after 10 Å Al depositions are shown in Table 7.4. The reduced S 2p populations 

grow at the expense of the neutral and polaron forms. The reduced population of S 2p with 

the lowest binding energy in the spectrum is close to that of the tetrahydrothiophene 

form.327 In fact, this has also been observed previously for Al/polythiophene.321, 322 In this  
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Table 7.4 Percentages of neutral, + polaron and reduced species from fits to XPS S 2p 

region before and after deposition of 10 Å of Al. 
 

Assignments 
5L -6T 5L -6T + 10 Å Al 

BE 

(eV) 
Area% 

BE 

(eV) 
Area% 

S 2p3/2 Polaron 164.3 9.0  2.2 
13.5  3.3 

164.8 3.4  1.3 
5.1  1.8 

S 2p1/2 Polaron 165.4 4.5  1.1 166.0 1.7  0.5 

S 2p3/2 Neutral 163.6 57.7  2.2 
86.5  3.3 

163.7 37.9  1.1 
56.7  3.1 

S 2p1/2 Neutral 164.8 28.8  1.1 164.8 18.8  5.2 

S 2p3/2 Reduced A 
- - - 

162.7 8.6  4.9 
12.9  3.6 

S 2p1/2 Reduced A 163.9 4.4  2.3 

S 2p3/2 Reduced B 
- - - 

162.1 16.9  4.7 
25.4  3.5 

S 2p1/2 Reduced B 163.3 8.5  2.3 
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Figure 7.11 Proposed molecular structure for the Al4-6T complex proposed by Dannetun 

et al.328 (Used with permission.) 
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Table 7.5 Peak fit results for the XPS C 1s region before and after deposition of 10 Å of 

Al or Ca. 

 

Pristine 5L -6T 5L -6T + 10Å Al 5L -6T + 10Å Ca 
BE (eV) FWHM (eV) % BE (eV) FWHM (eV) % BE (eV) FWHM (eV) % 

283.6 0.662 12.2 282.9 1.5 10.8    

284.4 1.17 83.0 284.4 1.17 46.5 284.6 1.18 4.0 

   285.2 1.24 39.5 285.6 1.67 89.3 

286.7 1.46 4.8 287.2 1.56 3.2 287.7 2.00 6.7 
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past work, Al-to-polythiophene electron transfer was proposed to induce new S 2p peaks 

near 162.5 eV, although the S 2p1/2 and S 2p3/2 peaks were not well resolved and no peak 

fitting was attempted.321, 322 Although reduced sulfur in the form of sulfide (S2-) typically 

shows a binding energy lower than 162 eV, the reduced sulfur forms observed here may 

be due to the appearance of S- by Al-to--6T electron transfer and/or formation of Al-S-C 

bonds. Overall, these spectra indicate the complexity of the interfacial molecular processes 

occurring. Unfortunately, there are few insights into all of the possible Al/-6T reaction 

products. Ab initio quantum calculations reported by Boman et al.329 suggest that Al is 

preferentially bound to the -C of the thiophene rings. Instead of binding to every 

thiophene unit, the binding event is more energetically favorable for localization on certain 

thiophene units. The proposed -6T-Al complex published previously by Dannetun321 is 

shown in Figure 7.11. The Al-C bond length was calculated to be 2.08 Å, comparable to 

that of the Al-C bond in trimethylaluminum (1.96 Å).330 Thus, all evidence suggests a 

strong charge redistribution which modifies the geometric structure of the chain and 

induces localization of  electrons.  

The evolution of the XPS core level C 1s electrons was also monitored before and 

after deposition of 10 Å of Al; the spectra are shown in Figures 7.10c and d, respectively. 

Detailed peak fits are tabulated in Table 7.5. In contrast to the unchanged C 1s peaks at the 

-6T/Ag (Figures 7.4c and d) and -6T/Mg interfaces (Figures 7.7c and d), addition to the 

three C 1s population observed from pristine -6T film, upon Al deposition, a broad, low 

binding energy peak grows in at 282.9 eV which is close to the previously reported C 1s 

peak in metallic carbides.331, 332 Additionally, an extra C 1s peak grows in at the slightly 

higher binding energy of 285.2 eV which is close to the C 1s peak in C-O-Al,331, 332 and in 
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this case could suggest formation of Al-S-C bonds. All evidence points to electron transfer-

induced reaction chemistry at the Al/-6T interface, consistent with the conclusions drawn 

from the S 2p spectra that Al may be bound to carbon or sulfur.  

 

α-6T/Ca Interface  

Figure 7.12 shows the Raman spectrum of a pristine α-6T film before (black) and 

after deposition of 5 (blue), 10 (green), 15 (yellow) and 20 (red) Å of Ca. In addition to the 

α-6T normal modes, significant new spectral signatures are observed suggesting chemical 

reaction at the interface. Complete peak assignments are tabulated in Table 7.6. Upon Ca 

deposition, two new broad envelopes emerge in the spectral regions between 1180 and 

1400 cm-1 and 1470 and 1600 cm-1. These bands are assigned to the D- and G-modes of 

amorphous carbon (a-C),265, 268 respectively. In fact, a-C is a common product as the result 

of reaction chemistry between aromatic systems and post-deposited Al and Ca. As has been 

shown in multiple cases in previous work from this laboratory, a-C formation is usually 

initiated by aromatic ring reduction by these metals.29, 39, 41, 42  

Additional new weak bands in the spectra from the α-6T/Ca system appear at 650, 

950, 1150 and 2070 cm-1. These are assigned to (C-H),264 (S-C-C-H),264 (S-C≡C-H),264  

and (C≡C)264 modes, respectively, which additionally confirms the occurrence of 

chemical reaction/degradation initiated by the deposited Ca. Based on the presence of the 

Past results41 also suggest that electron transfer drives hydride extraction from aromatic 

organics by Ca to form CaH and subsequently CaH2, thereby forming the alkyne species. 

As was observed for the -3T/Ca interface, a peak for the ν(CaH)/ν(CaH2) bands269
 near  
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Figure 7.12. Raman spectra for a pristine 5 ML -6T film before (black) and after 5 Å (blue), 10 Å (green), 15 Å (yellow) and 20 Å 

(red) deposition of Ca.
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Table 7.6 Peak frequencies and assignments for a 5 ML -6T film before and after 

deposition of 5 Å of Ca 
 

Frequency (cm-1)   

5L -6T Post 5 Å Ca 
Conformation 

& Packing Implications 
Refs 

704 704 Coplanar 240, 316 

 650 (C-H) in -C≡C-H+torsion 264 

 750 Coplanar & Distorted 240 

 950 (S-C-H) 264 

1057 1054 (C-H) 240, 316 

 1150  (C≡C-S-H) 264 

- 1162 Distorted 
240, 262, 

263 

- 1184 Distorted 
240, 262, 

263 

1225 1227 Coplanar 240, 316 

- 1286 CaH/CaH2 
269 

1468 1468 s (-C=C-) 
240, 314, 

315, 316 

- 
1510 

1525 

as (-C=C-) of multi-

population ECL 

240, 314, 

315, 316 

1536 1536 as (-C=C-) 
240, 314, 

315, 316 

 1360-1660 
D-Band & G-Band  

1725 

1766 
 Impurities  

- 2100 
(-C≡C-) 264 
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1289 cm-1 is also observed, further validating this assertion. In comparison to the previous 

experimental results for the reaction of Ca with solid state benzene or pyridine,41 thiophene 

has a smaller ring size, and therefore, the inter-ring strain caused by triple bond formation 

is much higher. As a result, ring opening products may be more favored.   

Possible reaction mechanisms for pathways between α-6T and post-deposited Ca 

are proposed in Figure 7.13. Any of the hydrogens in the α-6T anion radical formed by 

electron transfer from Ca may be extracted by Ca+ resulting in the formation of α-6T 

radicals of different forms that are unstable. These can undergo ring opening reactions to 

form triple bonds either within the terminal thiophene ring or anywhere in the middle of 

the system. Once radicals are formed, an alternative pathway can occur, namely radical-

induced polymerization, which may form a variety of different products with different 

conjugation lengths as shown in the lower left box in Figure 7.13. Band broadening in the 

ECC range of the α-6T/Ca spectra suggests that more than one ECC population exists, 

which is possibly due to the presence of these polymerization products possessing different 

molecular conformations and chain lengths. 

Additionally, XPS spectra of the S 2p region for the α-6T/Ca interface were also 

acquired and shown in Figures 7.14a and b. Up to three populations of reduced α-6T are 

observed at 161.7 and 162.9 eV, 160.8 and 162.0 eV, and 160.2 and 161.4 eV for the S 

2p1/2 and 2p3/2 peaks, respectively. As shown by the data in Table 7.5, these grow in at the 

expense of the neutral and polaron α-6T populations. The major population of reduced 

species whose signals are shown as the green lines exhibits a shift to lower binding energy 

by up to 3.4 eV. This large shift is consistent with the formation of fully reduced S2- 

species,333 likely in the form of CaS. Recall that the Raman spectra suggest reaction 
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chemistry initiated by electron transfer from Ca to α-6T, ultimately resulting in the 

formation of a-C and alkyne-containing products. These observations, in combination with 

the XPS evidence of S2- formation, imply that the formation of a-C and alkynes is the result 

of sulfur extraction from the thiophene rings in pathways initiated by the initial thiophene 

reduction.  

Evolution of the -6T C 1s spectra before and after 10 Å Ca deposition were also 

acquired, and the results shown in Figures 7.14c and d. Peak fit results are given in Table 

7.5. Similar to the -6T/Al interface, upon deposition of Ca, a single high binding energy 

C 1s population grows in at the expense of the original two C 1s populations; these may 

indicate formation of a thioether (C-S-C), which exhibits slightly lower binding energies 

than the C 1s peak for a C-O-C species at 285.4 eV,331, 332 or a slightly reduced sp3 C 1s 

species with a binding energy in the range of 285.3 to 285.7 eV.325   These XPS data are 

consistent with evidence in both the Raman and S 2p spectra that indicates sulfur extraction 

from -6T initiated by Ca-to--6T electron transfer, leaving a variety of carbon forms 

behind. Compared to the C 1s spectra from the Al/-6T interface, the C1s peak of the 

pristine -6T is consumed to a much greater extent with Ca, suggesting that the reaction is 

closer to completion when -6T contacts Ca than Al.   

Comparing all four -6T/LWFM interfaces, vapor deposited metal atoms impact 

the -6T surface through different pathways that include metal nanoparticle formation and 

metallization, penetration and reaction chemistry. Figure 7.15 shows a plot of the relative 

Raman intensities of the -6T band near 1467 cm-1 as a function of Ag (blue), Mg (black), 

Al (pink) and Ca (orange) coverage. A plot containing only the Al and Ca data is shown as 
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Figure 7.13. Proposed pathway for reaction of thiophene with Ca (top) and possible α-6T polymerization (bottom left) and ring 

opening (bottom right) pathways induced by Ca deposition.
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Figure 7.14 XPS of S 2p signals from a) a pristine 5 L -6T film and b) a 5 L -6T film 

with post-deposited Ca; peaks shown in red and blue represent the neutral and polaron 

states -6T, respectively; peaks shown in light blue, purple and green are three reduced 

forms of sulfur. XPS C 1s signals from c) a pristine 5 L -6T film and d) a 5 L -6T film 

with post-deposited Ca. 
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Table 7.7 Percentages of neutral, + polaron and reduced species from fits to XPS S 2p 

region before and after deposition of 10 Å of Ca. 
 

Assignments 
5L -6T 5L -6T + 10 Å Ca 

BE 

(eV) 
Area% 

BE 

(eV) 
Area% 

S2p 3/2 Polaron 164.4 2.31.0 
3.41.3 

164.4 2.31.0 
3.41.3 

S2p 1/2 Polaron 165.6 1.10.4 165.6 1.10.4 

S2p 3/2 Neutral 163.6 23.53.2 
35.54.8 

163.6 23.53.2 
35.34.8 

S2p 1/2 Neutral 164.8 11.81.6 164.8 11.81.6 

S2p 3/2 Reduced A 
- - - 

161.7 4.10.1 
6.10.3 

S2p 1/2 Reduced A 162.9 2.00.2 

S2p 3/2 Reduced B 
- - - 

160.8 8.81.4 
13.22.1 

S2p 1/2 Reduced B 162.0 4.40.7 

S2p 3/2 Reduced C 
- - - 

160.2 28.03.0 
42.14.5 

S2p 1/2 Reduced C 161.4 14.11.5 
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Figure 7.15 b. All peak intensities in these plots are normalized to that of the pristine 5 ML 

-6T film prior to metal deposition. The variety of intensity trends suggests very different 

metallization processes and chemical reactivity.  Mg and Ag form nanoparticles which 

support SERS prior to metallization with its concomitant intensity attenuation.  Al and Ca 

both initiate -6T Raman intensity changes upon deposition in which, after an initial 

intensity increase due to possible spectral overlap with underlying new product peaks, Ca 

deposition induces more drastic intensity attenuation indicating a more reaction chemistry 

and metallization.  All of these observations indicate that Raman intensity evolution upon 

metal deposition is the result of a combination of the effects of SERS, metallization, and 

reaction chemistry. The four metals behave differently, possibly due to intrinsic properties 

and/or for extrinsic reasons. A detailed discussion of metallization behavior and the 

correlation with reaction chemistry is contained in Chapter 8. 

 

Implications for Interface Energetics 

The proposed chemistry for each of these interfaces is the result of the interfacial 

energetics of the two contact materials, α-6T and the metals. Proposed energy level 

diagrams for each interface are shown in Figure 7.16.  The HOMO and LUMO levels for 

bulk α-6T have been reported to be at -5.2 and -2.2 eV274 with respect to the vacuum level, 

respectively. These levels are represented as Gaussian-like distributions about these central 

values for convenience in Figure 7.16. The LUMO is represented with a long tail on the 

low energy side representing low density of state “gap states”, justified on the basis of the 

expected non-idealities in molecular conformation, packing, orientation, substrate
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Figure 7.15 a) Relative intensities of the 1467 cm-1 band from a 5 ML -6T film as a function of Ag (blue), Mg (black), Al (pink) and 

Ca (orange) coverage. b) Zoomed-in plot of the Al and Ca data. All intensities are normalized to that of the pristine 5 ML -6T spectrum.

0 5 10 15 20

0

2

4

6

8

10
 5 ML -6T+Mg

 5 ML -6T+Ag

 5 ML -6T+Al

 5 ML -6T+Ca

R
el

at
iv

e 
In

te
n

si
ty

Metal Coverages (ML)

a

0 5 10 15 20

0.8

1.0

1.2

1.4

1.6

1.8

 5 ML -6T+Ca

 5 ML -6T+Al

 

 

Metal Coverages (ML)

R
el

at
iv

e 
In

te
n

si
ty

b



276 

 

276 
 

properties, and the possibility of small amounts of contaminants (see work by Matsushima 

and others306, 320, 334, 335, 336) within these films. 

As shown in Figure 7.16, the work functions of Ca at 2.9 eV273 and Al at 4.2 eV273, 

both fall below the central energy of the LUMO distribution; however, due to the tailing 

states that extend into the optical band gap, electron transfer from Ca and Al into the 

LUMO becomes feasible. The work function of Ag is 4.6 eV273 and falls deep within the 

HOMO level of α-6T, having no overlap with the LUMO levels; the position of the Fermi 

energy of Ag below the HOMO levels makes electron back donation from α-6T to Ag 

feasible to create the polaron state.  

 The interface of α-6T formed with Mg stands out among this group of metals. Bulk 

Mg has a work function of 3.7 eV273 which would be expected to have some overlap with 

the α-6T LUMO levels depending on the breadth of the LUMO density of states. If this 

were true, then one would predict a greater tendency for electron transfer from the Mg to 

α-6T than for Al, which has a work function of 4.2 eV. However, the experimental results 

obtained here using both Raman spectroscopy and XPS are clear that such metal-to-α-6T 

electron transfer does not occur. Instead, an increase in the polaron state population is 

observed with Mg deposition indicating partial electron donation from α-6T to Mg. Despite 

the possibility of reaction products hindering further reaction, unexpected interface 

energetics could also be the reason for the poor reactivity of vapor deposited Mg with α-

6T. 

In these experiments, metals are vapor deposited onto the organic films from a 

Knudsen cell. Although the size distribution of the evaporated metals striking the organic
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Figure 7.16 Band diagrams for Ag, Mg, Al, and Ca interfaces with α-6T. Arrows illustrate direction of electron transfer.
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film surface is not known, it is expected that the vapor impinging on the surface is a mixture 

of isolated atoms and metal clusters of a variety of sizes. For organic surfaces poorly wet 

by these metal forms, it is expected that at least some of the metals aggregate into small 

nanoparticles with bulk-like properties. However, the distribution of metal sizes on the 

organic surface is also unknown. Therefore, the energy needed to extract one electron from 

the metal may be somewhere between the metal ionization potential and the bulk metal 

work function depending on the size distribution of metals on the surface. Based on the 

behavior observed for Ag, Al, and Ca, the energetics of the deposited metals appear to be 

closer to those of the bulk metal work functions than the isolated atom ionization potentials. 

However, the “apparent work function” for Mg under these experimental conditions is 

clearly much larger than the bulk metal value since electron transfer from Mg into the α-

6T LUMO level is clearly not observed. Moreover, the slight increase in polaron state 

population indicated by the XPS results suggests at least partial charge transfer from the α-

6T HOMO to the Mg. Thus, Mg seems to be unique among these four metals for α-6T 

films in that, instead of forming large bulk-like nanoparticles, Mg appears to form smaller 

clusters which have a larger work function.   

More insight into this disaggregated behavior of Mg is also observed at the interface 

of 2,2’:5’,2’-terthiophene (α-3T) with Mg, the details of which are discussed in Chapter 8 

of this Dissertation. 
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Conclusions 

This chapter reports unexpected chemistry at the interface between the organic 

donor molecule α-6T and Ag, Mg, Al and Ca. Combined vibrational and electron 

spectroscopy evidence shows 1) α-6T conformation changes upon metal deposition; 2) hole 

doping from Ag and Mg to -6T; and 3) electron transfer from Al and Ca causing reduction 

of the α-6T film to products that include an Al--6T complex, and CaS and a-C, 

respectively. The proposed scenarios for this reaction chemistry are shown in Figure 7.17.  

In a real OPV device, the interfacial energy levels are likely to change drastically 

upon metal deposition. As shown in Figure 7.18, -6T to high work function metal (Ag/Mg) 

“electron transfer” will cause α-6T HOMO level depletion and ultimately a decrease in the 

vacuum level. In contrast, low work function metal (e.g. Al, Ca) to α-6T electron transfer 

will induce filling of the α-6T LUMO levels, eventually causing an increase in the vacuum 

level. These results not only reveal the complicated interfacial chemistry that is possible 

when metal electrode materials are vapor deposited onto organic donor molecules as the 

last step of organic photovoltaic device fabrication, but also provide some insight into the 

effect of the metallization processes of the first several metal atoms landing onto organic 

films on metal reactivity.    
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Figure 7.17 Proposed -6T/metal interface chemistry.
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Figure 7.18 -6T/metal interface vacuum level shifts induced by metal deposition.
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CHAPTER 8 

 

PENETRATION AND IMPACT DEPTH OF PHYSICALLY VAPOR 

DEPOSITED SILVER, MAGNESIUM, ALUMINUM AND CALCIUM 

 

Metal-organic interfaces are widely relevant to a variety of applications including 

organic photovoltaics (OPVs),337 organic light emitting diodes (OLEDs),338, 339 organic 

field effect transistors (OFETs),340 and organic spin valves (OSVs).341, 342 Interface 

energetic barriers created during formation of the metal-organic contact is one of the most 

critical challenges for improving performance of these devices.339, 343 As discussed in 

Chapters 6 and 7 of this Dissertation and reported previously,28, 29 formation of new 

interfacial species can induce unexpected changes in interfacial energetics. Even if no 

interfacial chemistry occurs, intermixing of the metal with the organic will create a built-

in electric field gradient.46 Therefore, understanding the nature of the interfacial chemistry 

and the depth of their intermixing could provide critical guidance for materials choices and 

also answer key questions regarding modification of interface fabrication protocols.   

Most current research on metal penetration into organic films is mainly from 

molecular dynamics simulations. Popular metal electrode candidate materials are selected 

as representatives for calculation including Au,44 Ag,31 Co,30 Al344 and Ca.45 From theory, 

in general, it is predicted that the metal-organic interface is soft with respect to metals and 

there is possible interface barrier formation. However, the penetration depth of the metals 

is limited to within 50 Å and varies for different metals. Agapito et al. claim that individual 

Au atoms tend to form clusters when contacting dodecanethiol self-assembled monolayers 
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(SAMs), and the penetration behavior of Au is temperature dependent.43 For Ag, the size 

of the clusters formed also dictates the penetration behavior. Small clusters (<55 atoms) 

are able to move more freely and roll over the surface, and are thus less likely to metalize, 

while heavy clusters are substantially impeded by the organic film and easy to metallize.31 

Giro et al. claimed that organic surface morphology is the key factor for Al penetration. 

Based on their calculations, amorphous regions and grain boundaries would not only offer 

more opportunities for atoms to migrate but also provide more freedom of movement to 

soft surfaces.344  Experimentally, Lee et al. observed from medium energy ion scattering 

analysis (MEIS) that Al diffuses up to 200 Å into tris(8-hydroxyquinolinato) aluminum 

(Alq3) and that deep diffusion is diminished when sufficient Al aggregates at the surfaces.49  

The penetration of Ca is complicated by possible reaction chemistry.41 Previous 

literature reports contain considerable controversy regarding the behavior of Ca.  Ronaldo 

et al. suggest that diffusion of Ca atoms into ordered organic surfaces is not favored and 

that the interaction between metal and organic is very weak. Therefore, electron doping is 

less likely to occur.45 This result is inconsistent with other calculations supporting little to 

no penetration of Ca.47 However, Raman spectroscopy41 and other photoelectron 

spectroscopy results support significant interfacial chemistry and penetration depths up to 

70 Å,328, 345 respectively. The Co/Alq3 system is another extensively studied system due to 

its application in OSVs. Xu et al.48 and Borgatti et al.342 both show photoelectron 

spectroscopy and microscopy data to argue that Co only reacts with Alq3 at the very surface 

and forms a complex with no significant penetration beyond 10 Å.   

Most research has focused on theoretical calculations that necessarily neglect the 

imperfections of organic films and the complexity of interfacial molecular processes when 
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these metals are brought in contact with organics. The limited experimental observations 

are not very systematic or conclusive; more importantly, these also tend to lack 

consideration of these processes at a molecular level. Moreover, no reports have been 

published comparing candidate metal electrodes, which is absolutely essential in terms of 

metal electrode material choices and fabrication protocol modification.  

Following spectroscopic study of metal-organic interfacial molecular processes 

between Ag, Al, Mg and Ca and oligothiophenes, including 2,2’:5’,2”-terthiophene (α-3T) 

and α-sexithiophene (α-6T), that were discussed in Chapters 6 and 7, this Chapter describes 

the spectroscopic estimation of both the penetration depth of different metals as well as the 

impact depth of the reaction chemistry. Raman spectroscopy is combined with depth 

sensitive angle-dependent x-ray photoelectron spectroscopy (XPS) to explore 

oligothiophene reduction chemistry as a function of deposited metal thicknesses. 

 

Results and Discussion 

Metal Thickness-dependent 3T/Ca and 3T/Mg Interface Chemistry: Evidence from Raman 

Spectroscopy  

Figure 8.1a shows Raman spectra of a pristine 5 ML (15 Å) -3T film at 120 K 

before (black) and after deposition of 5 (blue), 10 (green), 15 (yellow), 20 (red), 25 (light 

blue) and 30 (magenta) Å of Ca. As reported in Chapter 6, significant molecular processes 

are observable upon Ca deposition due to Ca-to--3T electron transfer.  Complicated 

reaction chemistry is suggested by the Raman spectra and multiple interfacial products are 

formed including products with carbon triple bonds formed from thiophene ring opening 



285 

 

285 
 

 

Figure 8.1 Raman spectra of pristine a) 5 ML (15 Å) and b) 17 ML (50 Å) -3T films before (black) and after deposition of 5 (blue), 

10 (green), 15 (yellow), 20 (red), 25 (light blue) and 30 (magenta) Å of Ca at 120 K.
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processes as well as multiple radical-induced polymerization products. The multiplicity of 

new bands evident in Figure 8.1a suggests new bonds are formed. Figure 8.1b shows the 

Raman spectra from a pristine 17 ML (500 Å) -3T film before and after deposition of 5, 

10, 15, 20, 25 and 30 Å of Ca. Compared to the spectra in Figure 8.1a, the same Raman 

bands from new interfacial products grow in with Ca deposition, however with much lower 

intensity relative to the normal -3T modes. Raman spectroscopy samples the entire 50 Å 

film, suggesting that a significantly larger percentage of the -3T film is reduced in the 5 

ML film with the same amount of Ca deposition compared to the 50 ML film.  

Quantitatively, this is consistent with the fact that the Ca atom-to-organic molecule doping 

ratio in the 5 ML film is approximately three times that in the 17 ML film.  

 A second important observation in Figure 8.1b is that the Raman intensity is 

attenuated with Ca thickness indicating Ca metallization on top of the 17 ML film. Little 

to no intensity attenuation is observed with the 5 ML film after deposition of 20 Å of Ca 

indicating penetration of Ca into and underneath the film instead of metallizing on the 

surface. This observation can be explained by stronger attractive interactions between 

metal atoms compared to those between metal atoms and -3T molecules. A similar 

observation has been reported previously in which it was suggested that the metal atoms 

tend to form aggregates on the organic surface, because they are less able to move freely 

due to poor wetting.31, 44 Presumably, on thick -3T films, Ca atoms fail to penetrate the 

entire film thickness and are forced to form islands and metallize on the surface, while on 

thin -3T films, Ca tends to pass through most of the film to form clusters, nanoparticles 

and islands on the underlying substrate.   
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Figure 8.2 Raman spectra of pristine a) 5 ML (15 Å) and b) 50 ML (150 Å) -3T films before (black) and after deposition Mg up to 

200 Å at 120 K.
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Compared to Ca, Mg exhibits significantly different behavior on -3T films. 

Figures 8.2a and b shows the Raman spectral results at 5 ML (15 Å) versus 50 ML (150 Å) 

-3T/Mg interfaces, respectively, with increasing Mg thickness. As can be seen in Figure 

8.2a, deposition of up to 160 Å of Mg does not introduce any new bands, or cause any 

frequency shifts or intensity attenuation in the spectrum of the pristine 5 ML -3T film 

indicating that no reaction chemistry or metallization occurs. With the 50 ML film, no 

spectral changes indicative of reaction chemistry are observed until Mg thicknesses of 65 

Å and greater are reached. Moreover, no significant metallization is observed with up to 

200 Å of Mg. Collectively, these observations reveal that Mg exhibits a greater ability to 

penetrate -3T films compared to Ca. Similar to Ca, the Mg atoms tend to penetrate the 

entire 5 ML thin film and metallize on the substrate; this is likely due to the poor wetting 

of the -3T by Mg and less retention of Mg within the -3T matrix. However, in contrast 

to Ca, Mg is less reactive and therefore causes no chemical changes in the -3T film. Also, 

compared to Ca, Mg exhibits a greater ability to penetrate into the thicker 50 ML (150 Å) 

films as indicated by the absence of any signal attenuation with increasing Mg deposition 

(Figure 8.2b.) Interestingly, for the 50 ML film, new Raman bands grow in when the Mg 

thickness reaches 65 Å and beyond. This is the first time that reaction chemistry is only 

observed with high metal-to-organic doping ratios for thick organic films.  

As discussed in Chapters 6 and 7, OT/metal interface chemistry is strongly 

correlated with interface energetics. If the surface work function of metal nanoparticles 

overlaps the LUMO distribution of the organic, metal-to-organic electron transfer can 

occur. As noted above, the energy levels within the 3T film are assumed to have 

asymmetric Gaussian distributions with tailing states located within the HOMO-LUMO  
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Figure 8.3 Band diagram of 3T/Mg interface. Arrows illustrate direction of electron 

transfer. 

 

 

 

 

Evac

LUMO

-2.0 eV

3T

EA
IP

E
Mg

=-3.68 eV

HOMO

-6.2 eV

IP=-7.66 eV

LT*

HT*

*HT: High Metal Thickness

*LT: Low Metal Thickness

e-

Nano

particle

Cluster

Atom

Surface

Tail states



290 

 

290 
 

 

Figure 8.4 Relative Raman intensity of -3T mode 1469 cm-1 upon a) Ca deposition onto 5 ML (pink) and 17 ML (purple) -3T film; 

b) Mg deposition onto 5 ML (pink) and 50 ML (purple) -3T film. All Raman intensities are normalized to that of the corresponding 

pristine -3T film with the same thickness before metal deposition.
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band gap.306, 320, 334, 335, 336, 346 For the -3T/Mg case, as shown in Figure 8.3, the long tail 

of the LUMO states are intended to represent gap states that may be caused by packing 

irregularities in the -3T film, grain boundaries, or unknown defects of other sorts. The 

work function of bulk Mg is proposed to barely align with these states, making Mg-to-3T 

electron transfer and -3T reduction possible. However, the Raman spectra show that the 

first 55 Å of Mg deposition does not cause any reaction chemistry or metallization. These 

observations lead to several conclusions. First, the excellent penetration ability and poor 

wetting of the -3T surface by Mg makes the percentage of Mg retained in the film low, 

requiring at least 65 Å of Mg to accumulate sufficient Mg within the film to induce reaction 

chemistry. Secondly, given the limited extent of reduction, the small amounts of Mg that 

are retained in the -3T film must largely exist in the form of isolated metal atoms or small 

clusters for which electron donation ability is better described by the Mg ionization 

potential instead of that of the surface work function as shown in Figure 8.3. The large 

ionization potential of Mg prevents electron transfer into the -3T LUMO. Therefore, 

electron transfer events only occur with larger Mg thicknesses that allow sufficient Mg 

accumulation to form nanoparticles or surfaces with work functions closer to that of the 

bulk, adding to strong electron donation ability.  

Additionally, the Raman intensities attenuate differently for different metal 

deposition and different -3T film thicknesses. Figure 8.4 shows the relative intensity 

change of 1469 cm-1 mode upon Ca deposition onto 5 ML (pink) and 17 ML (purple) -

3T film. The steeper slope of the latter indicates more rapid metallization of Ca on thicker 

(17 ML) than on a thinner (5 ML) -3T film. This observation speaks to the direct 

correlation between Ca penetration and metallization ability. With similar interface 
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reactivity, (refer to the discussion of reaction chemistry between Ca and -3T in Chapter 

6) the thicker film is more capable of retaining Ca atoms and facilitating metallization 

compared to the thin film which provides a greater possibility for Ca penetration. The 

penetration behavior of Mg into -3T films of different thickness is further consistent with 

this reasoning. A plot of Raman intensity evolution of the 1469 cm-1 mode from 5 ML (pink) 

and 50 ML (purple) -3T films as a function of Mg coverage is shown in Figure 8.4b. 

Consistent with the observation from the Raman spectra in Figures 8.2a and b, due to the 

strong penetration and poor reactivity ability of Mg, deposition does not cause any intensity 

attenuation from the 5 ML -3T film; however, in the thicker film (50 ML) no intensity 

attenuation is observed until the Mg coverage reaches 50-65 Å at which point reaction 

chemistry occurs. A very dramatic loss in intensity is observed once the reaction chemistry 

starts. This observation clearly reveals the strong correlation between reactivity and 

metallization ability. Initially, less reactive Mg atoms and/or clusters disperse and penetrate 

through the upper-most layers of the -3T film without metallization. Once a sufficient 

amount of Mg is deposited and starts aggregating into nanoparticles, surface reaction 

chemistry occurs.  Interfacial reaction could possibly serve as a critical “retention factor” 

to immobilize metal nanoparticles and accelerate the metallization process. 

In total, the Raman spectral evidence for -3T/Ca and 3T/Mg interfaces reveals 

that, in general, Ca and Mg do not wet -3T surfaces and exhibit significant penetration 

ability into -3T films. Ca causes reaction chemistry at the interface and tends to metallize 

on thicker -3T films, while Mg is more inert and penetrates -3T more readily compared 

to Ca. Reaction chemistry only occurs when significant amounts of Mg are retained in the 

film that possibly form nanoparticles which behave closer to bulk Mg. 
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XPS of Ag, Al, Mg and Ca Metallization on -6T Surfaces 

Other widely used metal electrode materials in the organic electronics industry are 

Ag and Al. In order to compare differences in metallization processes among different 

metals in organic films and investigate the depth of the reaction chemistry, XPS is 

employed. Semi-quantification of OT S 2p core levels allows one to accurately explore OT 

film reduction and evaluate the depth of this reaction chemistry from attenuation of the 

photoelectron intensity. Limitations of the sampling environment of the XPS system used 

here require that these studies be done at room temperature in contrast to the Raman 

spectroscopy studies described above which were performed at 120 K. Therefore, for these 

studies, α-6T is used instead of -3T due to the higher vapor pressure of -3T under UHV 

conditions.  

XPS spectra in the S 2p binding energy region from a 5 ML (5 Å) α-6T film before 

and after deposition of 15 Å of metal was discussed in Chapter 7. New S 2p peaks with 

binding energies lower relative to the original S 2p peaks are observed with Al and Ca 

deposition indicating formation of reduced -6T forms. In contrast, deposition of 

equivalent amounts of Ag and Mg do not result in generation of any new S 2p peaks 

indicating no electron transfer reactions at these interfaces.   

In order to better observe metal penetration processes and allow exploration of 

greater penetration distances, thicker organic films are desirable. Toward this end, the 

normalized intensities of the S 2p peaks from a 50 ML thick -6T film are plotted in Figure 

8.5 as a function of metal deposition thickness for Ag, Al, Mg and Ca. The intensities 

plotted in this figure include the summed integrated areas of all observed S 2p populations. 
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Figure 8.5 Intensity attenuation of the -6T S 2p signal upon Al (pink), Ca (orange), Ag 

(blue) and Mg (black) deposition. 
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Figure 8.6 Evolution of S 2p peaks of a 50 ML (150 Å) -6T film upon Mg deposition at 

0º XPS take-off angle. The relative intensities shown in this figure are on the same intensity 

scale. Cps values of the highest peak (near 164.2 eV) are labelled in the spectra 
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Mg depositions of up to 500 Å in thickness do not cause any attenuation of the S 2p 

intensities indicating that Mg penetrates through the entire thickness of the 50 ML film 

with little metallization on the film surface. Also, as shown in the XPS data in Figure 8.6, 

throughout the entire course of deposition of 500 Å of Mg, no S 2p peaks due to reduced 

species are observed either at the very surface or in the bulk. These observations are 

completely consistent with the results for the -3T/Mg interfaces discussed above that 

confirm the relative chemical inertness and strong penetration ability of Mg on OT films. 

Nonetheless, the penetration of Mg in -6T at room temperature is greater than in the -

3T film at 120 K. This may be due to the higher reactivity of -3T in contact with Mg than 

-6T or simply a function of the temperature difference. In sum, the proposed scenario for 

Mg deposited onto a 150 Å -6T film is that it penetrates through the entire film thickness 

with little metallization on the surface or retention within the film.  

In contrast, deposition of Ag, Al or Ca onto a 50 ML α-6T film causes significant 

S 2p peak intensity attenuation to varying degrees indicating metallization of these metals 

on the surface of the α-6T film. Plots of normalized S 2p intensities upon Al and Ca 

deposition are given as pink and orange data points in Figure 8.5, respectively; the 

intensities with these metals show the most dramatic attenuation. The S 2p intensities 

diminish to almost zero with 4.0  1016 metal atoms for Al and Ca, respectively, which is 

equivalent to only 45 Å of Al and 135 Å of Ca. This intensity reduction indicates the high 

propensity for metallization of these metals and their poor penetration ability into α-6T 

films. Ag shows the same metallization ability with the first 8.0  1016 atoms deposited, 

yet no metallization with further deposition up to 210 Å in thickness. This behavior 

suggests that further deposition of Ag beyond 8.0  1016 atoms tends to penetrate through 
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Figure 8.7 Evolution of S 2p peaks for a 50 ML (150 Å) -6T film upon Ag deposition at 

0º take-off angle. The intensities of these spectra are normalized to the S 2p3/2 signal from 

a 150 Å -6T film. Relative intensities of the S 2p bands decrease with Ag coverage as 

shown; a decrease in signal level is also observed with an increase in Ag coverage. Cps 

values of the highest peak (near 164.2 eV) are labelled in the spectra. 
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the film instead of metallizing on the α-6T surface.  It is also noted that Ag does not reduce 

the α-6T film as evidenced by the absence of any new peaks in the XPS spectra in Figure 

8.7. 

 Metal penetration into organic films has been discussed extensively in the previous 

literature. The diverse and unusual penetration behavior observed here could be due to 

differences in the initial kinetic energy across this series of metals when landing on the 

organic surface. Wang et al. calculated the penetration depth of Co atoms with 0.15 eV, 

1.0 eV, 5.0 eV and 10.0 eV initial kinetic energies. Their results show larger penetration 

depths with higher initial kinetic energies. These authors also point out that penetration is 

dictated by the metal-to-organic energy transfer during the first 3-4 ps after landing.30  

 In the work reported here, the kinetic energies of the metal atoms deposited by 

physical vapor deposition have a relatively narrow distribution compared to other 

deposition methods such as sputtering.327 In vapor deposition, the initial kinetic energy is 

approximately equal to kBTb, where kB is the Boltzmann constant and Tb represents the 

boiling temperature of the metal. From the Tb values for Ag, Al, Mg and Ca of 2485.15 

K,347 2740.15 K,348 1380.15 K349 and 1757.15 K,350 respectively, the kinetic energies are 

calculated to be 0.21, 0.23, 0.11 and 0.15 eV, respectively. Thus, the initial kinetic energies 

for all of these metals are on the same order of magnitude leading to no expectation of any 

differences in penetration based on kinetic energy. Moreover, Mg, with the smallest kinetic 

energy, penetrates -6T films the most, whereas Al, which has the largest kinetic energy, 

penetrates the least. This evidence clearly indicates that differences in metal penetration 

are less likely to be due to initial kinetic energies of the atoms but more dependent on the 
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chemical nature of the metals themselves, including their ability to wet the organic film of 

interest and the reactivity of the metals when in contact with organics. 

 

The Depth of α-6T Reduction Chemistry Induced by Ca and Al Deposition 

With knowledge of the penetration and film retention behavior of these different metals in 

hand, it is important to further explore the depth and profile of the interface reduction 

chemistry in α-6T for the reactive metals Ca and Al. Figure 8.8 shows the S 2p spectra for 

a pristine 50 ML (150 Å) α-6T film after deposition of Ca thicknesses up to 135 Å. The 

spectra are taken at two take-off angles of 0º and 60º to provide further insight into reaction 

depth. The electron intensity Is emitted from a depth of d below the surface can be represent 

by equation 8.1, first developed by Seah et al.351 from Beers law. 

𝐼𝑠 = 𝐼0exp(
−𝑑

𝜆∙𝑐𝑜𝑠𝜃
)                                                 (8.1) 

Here, I0 is the electron intensity when generated,  represents the inelastic mean 

free path of the electron, d is the depth of the electron from the top of the surface, and  is 

the electron take-off angle.  If one defines the sampling depth as the depth from which 95% 

of all photoelectrons escape from the surface, in other words Is/I0 = 95%, the sampling 

depth of XPS with a 0º take-off angle using Al Kα (1486.6 eV) incident radiation is about 

three times the inelastic mean free path (IMP) of S 2p electrons in -6T. The inelastic mean 

free path for S 2p electrons in -6T can be estimated using the NIST Electron Inelastic 

Mean-Free-Path database (Version 1.2) developed by Powell and Jablonski.352 The 

calculation performed with the Tanuma, Powell, and Penn algorithm (TPP-2M)353 provides 
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Figure 8.8 Evolution of S 2p peaks for a 50 ML (150 Å) α-6T film upon Ca deposition at 

0º and 60º take-off angles. Cps values of the highest peak are labelled in the spectra 
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Figure 8.9 Evolution of relative intensity of reduced α-6T S 2p to pristine α-6T S 2p as a 

function of Ca deposition thickness (top x-axis) or numbers of Ca atoms (bottom x-axis) at 

0º (black) and 60º (red) take-off angles. 
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an IMP of 33.7 Å, yielding sampling depths for 0º and 60º take-off angles of 101.1 Å and 

50.6 Å, respectively. Using the Gires (G-1) equation,353 the IMP is calculated to be 46.5 Å, 

which yields sampling depths for 0º and 60º take-off angles of 140 Å and 70 Å, respectively. 

Considering both of these calculation results, a rough estimate for the 0º take-off angle 

sampling depth is 100-140 Å and that for the 60º take-off angle is 50-70 Å. The former 

value represents almost the entire thickness of the 50 ML film while the latter value 

represents only the top half of the film. Therefore, comparison of the XPS data taken at 

these two take-off angles provides insight into the depth of the reaction chemistry by 

exploring compositional differences at different film depths.  

 Figure 8.8 shows the evolution of the S 2p peaks at both 0º and 60º take-off angles 

upon Ca deposition. As Ca thickness increases, two S 2p peaks due to reduced species grow 

in at lower binding energies depicted by the light blue and green lines in Figure 8.8. Using 

the summed integrated intensities of the S 2p3/2 and 2p1/2 peaks for the native and reduced 

forms, the peak intensity ratio of reduced α-6T to the native α-6T increases with Ca 

thickness for both 0º and 60º take-off angles as shown in Figure 8.9. The slopes of the 

increase in this ratio with Ca thickness are the same for both take-off angles, although the 

relative amount of the reduced species is slightly higher in the top half of the -6T film 

during the first 65 Å of Ca deposition, indicating that this reduction reaction initially occurs 

more at the surface than deeper in the film. As Ca thickness exceeds 65 Å, the relative 

intensities of the reduced S 2p species become constant at the surface while they continue 

to increase in deeper regions of the film until the native form of α-6T almost completely 

disappears.  These observations are consistent with reduction of significant portions of the 

entire 150 Å α-6T film by Ca. The reduction occurs more at the surface for the first 65 Å 
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of Ca deposited, yet impacts the bulk film eventually. This behavior indicates the strong 

reactivity of Ca in contact with -6T. 

Al deposition onto α-6T also causes film reduction, giving rise to an increase in the 

secondary S 2p population indicated by reduced species at lower binding energies in Figure 

8.10 in XPS spectra acquired with both 0º and 60º take-off angles. The S 2p peaks due to 

the reduced species are depicted by the green lines in Figure 8.10. In contrast to the Ca/-

6T interface, Al does not convert all native -6T to its reduced form before Al metallization 

dramatically attenuates the XPS intensities both at surface and for the entire film, 

suggesting lower reactivity of Al compared to Ca.  

Figure 8.11 shows plots of the S 2p intensities for the reduced species population relative 

to those for native α-6T as a function of Al thickness. For data acquired with the 60º take-

off angle, the relative intensities increase initially with 5 Å of Al deposition, but then 

remain relatively constant. The relative intensity values at a 60º take-off angle for Al 

thicknesses up to 35 Å are higher than those at a 0º take-off angle, suggesting that the 

surface composition in the top 50-70 Å remains relatively constant regardless of Al 

thickness.  In contrast, the spectra acquired with a 0º take-off angle exhibit a systematic 

increase in the intensity of the reduced population relative to the native α-6T suggesting 

some systematic Al penetration into the full -6T film. At low metal doping ratios, the 

fraction of the reduced population throughout the film is lower than that within the first 50-

70 Å, but as the doping ratio increases, reduction continues to occur in the entire film such 

that eventually, the fraction of reduced species in the entire film exceeds that within the 

near-surface region.  
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Figure 8.10 Evolution of the S 2p peaks for a 50 ML (150 Å) α-6T film upon Al deposition 

at 0º and 60º take-off angles. Cps values of the highest peak (near 164.4 eV) are labelled 

in the spectra.  
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Figure 8.11 Evolution of relative intensity of reduced α-6T S 2p to pristine α-6T S 2p as a 

function of Al thickness (top x-axis) or number of Al atoms (bottom x-axis) at 0º (black) 

and 60º (red) take-off angles. 

 

 

 

 

 

 

0 5 10 15 20 25 30 35

0.0

0.1

0.2

0.3

0.4

0.5

0.6

 0 degree

 60 degree

 

 

# of Al atoms (10
15

)

I R
ed

u
ce

d
/I

O
ri

g
in

al

0 10 20 30 40 50

 

 

Al coverages (Å)



306 

 

306 
 

 

Figure 8.12 Proposed metal penetration behavior for a) Mg/-6T and b) Ca (or Al)/-6T interfaces.
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 Figure 8.12 provides schematics depicting the proposed mixing scenarios for -6T 

films when Mg (Figure 8.12a), Al or Ca (Figure 8.12b) are deposited. The majority of 

deposited Mg penetrates all the way through the film to the underlying  substrate, probably 

due to the low reactivity of Mg in its atomic state. In comparing the penetration ability of 

Ca and Al, they both penetrate at least 100-140 Å into the -6T film. However, Ca tends 

to be almost evenly distributed throughout the entire 100-140 Å film regardless of Ca 

thickness in the initial stages of Ca doping until a critical thickness is reached at which 

point Ca-to--6T electron transfer within the top 50-70 Å of the film stops and similar 

reaction chemistry within the bottom of the portion begins.  Deposited Al appears to be 

initially concentrated on the surface of the film and gradually penetrates deeper with greater 

metal thicknesses. The other significant difference between these two metals is that Ca is 

able to deplete the film of the native -6T to form CaS due to strong reactivity. Al is only 

able to partially reduce the native -6T population of the film due to its inherently lower 

reactivity even though Al penetrates the entire film thickness.  

 

Conclusions 

The unexpected and diverse penetration ability of Ag, Mg, Al and Ca into OT films 

is observed using Raman spectroscopy and XPS. Mg exhibits the strongest penetration 

ability with almost no metallization or retention in either -3T or -6T films. Deposition 

of Ag results in partial penetration as well as metallization on -6T surfaces; deposition of 

Al and Ca on -6T mainly causes surface metallization as well as metal penetration up to 

100-140 Å.  
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Al-to-OT and Ca-to-OT electron transfer events are observed by monitoring the 

reduction of -6T from the S 2p core level XPS signals and molecular structural evolution 

of -3T from Raman spectra. In general, the reduction chemistry impacts the entire 100-

140 Å -6T film upon either Al or Ca deposition. Ca is evenly distributed into 100-140 Å 

of the film regardless of thickness; Al concentrates in the 50-70 Å top half of the surface 

with small Al thicknesses and starts to penetrate up to 100-140 Å while metallizing with 

higher Al thicknesses.  The rapid metallization by Ca and Al compared to Ag and Mg on 

-6T is not a function of initial kinetic energy of the metal atoms during physical vapor 

deposition but is likely due to the greater reactivity of Ca and Al when interacting with -

6T.  

These observations imply large variation in the penetration behavior of different 

metals upon physical vapor deposition. The differences in penetration depth are less likely 

to be due to different deposition temperatures; instead, these differences are more likely 

due to metal nucleation processes.  Fast nucleation facilitates the formation of metal islands 

and metallization starting from a localized position which inhibits further metal penetration. 

Several factors impact the nucleation and penetration processes of metals, including 1) 

good wetting by metal atoms on specific organic surfaces could facilitate nucleation; 2) 

strong reactivity of metals with organics could prevent further penetration; and 3) strong 

interactions between metal atoms could improve metal nucleation leading to metallization.   

These considerations suggest that, from the perspective of organic electronic device 

fabrication, the morphology and thickness of metal/organic interfaces may be highly 

variable depending on deposition protocol and choice of metal. Most of the time, metal-

organic interface chemistry and strong penetration are both undesirable. Therefore, in 
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addition to choosing metal materials with the best energy level alignment with the specific 

organic materials, finding the most chemically inert materials with good wetting on 

organics is equally critical if not more. Modification of deposition protocols may be useful; 

presumably higher deposition rates could increase the possibility of metal nucleation, 

although more experimental evidence is still necessary to further understand these effects. 

Different metals will require their own optimized deposition protocols to achieve minimal 

penetration. 
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CHAPTER 9 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Overview 

 Thin film organic photovoltaics are of great interest due to their flexible and low 

cost nature.3, 354 When compared to other solar energy conversion and storage technologies, 

organic based solar cells suffer from relatively low energy conversion efficiencies.354, 355 

In the past three decades, OPV-related research has grown dramatically, although the 

current device energy conversion efficiencies still need improvement to satisfy growing 

energy demands.  

 Interfacial chemistry within multi-layer cell structures is believed to be one of the 

key factors that dictates energy conversion efficiencies of these devices. Changes in 

interfacial electronic structure can induce energy level band bending and possible 

interfacial molecular processes occurring during device fabrication can lead to formation 

of unpredictable interfacial products, both of which can affect electron or hole injection 

efficiencies of OPV devices. Toward this end, the work in this dissertation has been 

focused on obtaining a better understanding of the chemistry at two important interfaces, 

namely, the organic/metal oxide interface and the organic/metal interface.  

 Transparent conductive oxides (TCOs) are popular bottom contacts used in OPVs 

as anodes. Interface heterogeneity and energy level mismatch at the donor-acceptor/TCO 

interface are potential causes of poor hole injection efficiencies. In order to improve the 

contact and tailor the TCO surface work function, phosphonic acids (PAs) have been used 
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as self-assembled monolayers on TCO surfaces. Orientation of PA SAMs on IZO surfaces 

dictates the interface dipole which ultimately determines the surface work function. Also, 

orientation of donor and acceptor molecules at interfaces affects the packing in bulk 

donor/acceptor materials which in turn affects charge transfer rates.37 A quantitative 

molecular orientation measurement method using PM-IRRA spectroscopy was applied to 

small PA modifiers (OPA, PPA, BnPA, F13OPA, F5PPA and F5BnPA) on IZO surfaces as 

models of modified OPV devices. The results obtained were comparable with orientations 

measured with near edge x-ray absorption fine structure spectroscopy (NEXAFS) and those 

predicted by DFT calculations. This method was also applied to PA-linked donor (ZnPc-

PA) and acceptor (PDI-phenyl-PA and PDI-diphenyl-PA)-modified IZO surfaces and 

proved to be useful for facilitating future research on controlling orientation of functional 

materials at interfaces.  

 Additionally, five different deposition methods, including several solution 

deposition processes and solution-free deposition protocols, at room temperature and 

elevated temperature, were explored to optimize the SAM deposition process. Evidence 

for IZO surface etching was also observed from evolution of the PM-IRRA spectra. Zn and 

In metal extraction from the TCO film by PA deposition was quantified.  

 The second half of this dissertation focuses on characterizing interfacial molecular 

processes between organic donors and low work function metals. As building blocks of 

P3HT donor materials, reaction chemistry of -6T and 2,2’,5’,2”-3T were both monitored 

by Raman spectroscopy and X-ray photoelectron spectroscopy under ultra-high vacuum 

(UHV) environments. The common cathode materials Ag, Al, Mg and Ca were used as the 
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metal contacts in this study. Metal penetration processes during physical vapor deposition 

(PVD) were also monitored and an accurate picture of penetration depth was developed.  

  

Characterization of Phosphonic Acids on IZO Surfaces  

 A full analysis of molecular orientation was performed on small molecule PAs on 

IZO surfaces for OPA, F13OPA, PPA, F5PPA, BnPA and F5BnPA. Through a careful 

quantitative analysis, it was observed that OPA forms a partially disordered SAM on IZO 

with a calculated average chain tilt angle from the surface normal of 57 ± 3º. F13OPA is 

more ordered and tilts 26 ± 6º from the surface normal; it is more upright due to its helical 

structure. A universal geometric analysis was established to analyze absolute phenyl ring 

orientation with measured orientation of two orthogonal ring modes.  The phenyl ring 

modes of PPA, F5PPA, BnPA and F5BnPA tilt 16 ± 1°, 23 ± 4º, 31 ± 5º, and 58 ± 5º, 

respectively, from the surface normal. The tilt angle values determined using PM-IRRAS 

match well with values from NEXAFS experiments and DFT calculations for these 

modifiers on ITO surfaces with similar properties. In general, fluorinated modifiers tilt to 

a greater degree from the surface normal in comparison to their non-fluorinated analogues. 

 As previously reported,37, 162 charge transfer shows preferentially higher rates 

through a “face-to-face” over an “edge-to-edge” direction within large -conjugated 

systems. Molecular packing in the bulk organic layer is strongly impacted by the molecular 

arrangement in the near-surface region due to strong intermolecular - interactions.34 

Therefore, understanding and ultimately being able to control the absolute orientation at 
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the surface, and further control the packing of the bulk functional materials, is helpful for 

achieving better devices.  

 Using the established methods, the orientations of functionalized PDI-PA and 

ZnPc-PA were also explored. PDI-phenyl-PA and PDI-diphenyl-PA with “rigid” phenyl 

linkers are arranged in a relatively upright manner on the surface. ZnPc-PA, with its 

“flexible” alkyl linkers, is randomly arranged on IZO surfaces. These results are essentially 

consistent with the orientation results from the small molecule PAs on IZO surfaces in that 

PPA is mostly upright and OPA is partially disordered. These results prove the feasibility 

of controlling interfacial molecular orientation using linkers with known and controllable 

orientation.   

 Taking the experiments one step further, the modifier formation process using 

several phosphonic acid modification methods was explored using the F5BnPA monolayer 

as a representative example. Results show prompt formation of the majority of the 

monolayer followed by a relatively long period in which the optimized orientation within 

the monolayer is achieved. The majority of the monolayers form in the first 10 s of soaking 

in a 10 mM F5BnPA in ethanol solution. The monolayer reaches its equilibrium within 48 

h, with no annealing necessary to overcome the physisorption to chemisorption transition.  

Using PPA, F5BnPA and F13OPA as model modifiers, the quality of SAMs 

prepared with five different deposition methods, including one week solution deposition at 

room temperature, 48 h solution deposition both at room temperature and 70 ºC, spray 

coating, and microcontact printing. Results show that 48 h is sufficient for forming high 

quality monolayers and elevated temperatures or post annealing is unnecessary. Soak-free 
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deposition methods including microcontact printing and spray coating do not reproducibly 

provide fully covered, uniform monolayers. Microcontact printing provides much less 

reproducible monolayers and spray coating induces IZO surface etching, likely the result 

of the very high temperature to which samples are exposed.  

Additionally, surface etching effects were monitored through vibrational 

spectroscopic evidence of bond formation between the phosphonic acid and the Au 

substrate beneath the IZO that is exposed after long term solution deposition and additional 

storage in Ar. This is likely the result of loss of IZO due to etching. This result indicates 

instability of the IZO thin films used here in PA deposition solutions. IZO surface etching 

due to PA modification was further investigated by quantifying the amount of Zn and In 

extracted from these IZO substrates in the deposition solution. Approximately one-half to 

the entire thin IZO film was etched off during the soaking processes based on the In and 

Zn concentrations and the known composition of the IZO film. Interestingly, comparison 

of the In and Zn amounts extracted by soaking in a 10 mM OPA solution with those 

extracted in pure EtOH shows that more significant metal extraction occurs in pure ethanol. 

Thus, the OPA layer actually protects the sputtered IZO film from degradation by the EtOH.  

Future Directions 

1. Following up on the orientation study of the six small molecule PA modifiers on 

IZO surfaces, the orientations of other modifiers, in particular a wider range of 

fluorinated PA modifiers is also of interest due to their potential for surface work 

function tuning. Shown in Figure 9.1 are twelve proposed fluorinated benzyl 

phosphonic acid derivatives which presumably adjust TCO surface work function  
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Figure 9.1 Proposed fluorinated benzyl phosphonic acid derivatives. a)-h) shows eight 

benzyl PAs with mono-, bi- and tri-fluorination at different phenyl ring positions; i)-l) 

shows four benzyl PAs with –CF3 modifications at different ring positions 
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to different extents. Figure 9.1a-h proposes eight molecules with mono-, bi- and tri-

fluorination, at different ring positions. Comparison of work function change 

correlate with orientation of these modifiers on TCO surfaces could provide insight 

into the effect of direction and strength of interface dipole on surface work function 

change and device performance improvement. Figure 9.1i-l proposes four PAs with 

-CF3 modifications. Compared to the PAs shown in Figure 9.1a-h, -CF3 

modification offers stronger interface dipoles. The complete data set of 

orientational information in this molecular library will provide a detailed picture of 

the interface modifier arrangement, which will be helpful to guide the selection of 

modifiers. The chemical nature of the acid linker group will also affect the surface 

binding chemistry and molecular orientation significantly. In order to optimize the 

choice of acid linkers used in surface modification, modifiers with various acid 

linker groups such as carboxylic acid, sulfuric acid, hydroxamic acid and thiol 

linkage can be further investigated in terms of binding modes, orientation and 

surface etching. 

2. Orientation measurements of PDI-phenyl-PA, PDI-diphenyl-PA and ZnPc-PA 

show excellent consistency of the modified PDI-PA and ZnPc-PA orientations with 

their corresponding linkage structures. PDI-phenyl-PA and PDI-diphenyl-PA are 

arranged mostly upright, similar to the orientation that their linkage core structure, 

phenyl-PA, exhibits. The arrangement of similar alkyl chain structure OPA on IZO 

surfaces was measured to be partially disorder with a tilt angle close to the magic 

angle, which dictates the random orientation of ZnPc-PA. These results reveal the 

feasibility of controlling orientation of surface attached organic semiconductor 
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materials by manipulating the linkage structures. Previous work suggests that -

conjugated systems that are oriented parallel with respect to the electrode surface 

exhibit higher heterogeneous charge transfer rates.37 Pc and PDI molecules with 

multiple acid linker structures can be designed such that “flat” orientations on TCO 

electrodes are achieved. The PM-IRRAS method developed facilitates the 

determination of orientation of these modifiers and allows further correlation of the 

modifier arrangement with their interfacial charge transfer rates.  

3. Modern OPVs are usually assembled with additional oxide interlayers as charge 

selective layers between both the top and bottom electrodes and the organic 

semiconductor materials. Some popular electron selective layers include ZnO356, 357, 

358, 359, 360 and TiOx;
359, 361 and hole selective layer including MoOx

357, 362, 363, 364 and 

NiOx
365, 366, 367. These metal oxides have been shown to be capable of selectively 

transporting electrons or holes between organic semiconductors and electrodes, 

thereby minimizing charge recombination processes.  Therefore, achieving better 

contact between the interlayer oxide materials and organic semiconductors by 

surface modification will also be beneficial. Surface modification of these oxide 

surfaces may help realize even better energy alignment. Similarly, with the 

established methods, possible research on all of these oxide surfaces could include: 

1) formation processes and binding modes of acids; 2) possible surface etching 

events on oxide substrates, and 3) molecular orientation of acid modifiers. 4) With 

the knowledge developed from a full orientational analysis of the different 

fluorinated modifiers proposed above, correlation of the oxide surface work 

function by the measured orientation value can be established. The results of this 
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series of experiments may provide a clearer picture of an optimized protocol to 

fabricate better contacts to facilitate charge transfer at metal oxides/organic 

interfaces.  

4. Oxide surface etching by solvent or deposition solution soaking is a critical problem 

in OPV device applications. As reported above,198, 199, 200, 201, 202, 203 surface defect 

formation and rearrangement could be affected initially by a variety of different 

factors including surface adsorption of small molecules in the ambient environment, 

especially water.   Therefore, in order to construct a fundamental understanding of 

surface etching and defect formation processes, observation of surface structural 

changes under carefully controlled environments (e.g. ultrahigh vacuum) is 

desirable. Experiments could be designed to look at oxide surface structural 

changes with controlled exposure to O2, H2O, CO2, CO and selective solvents such 

as EtOH, THF, etc. With a clear vibrational interpretation, the effect of PA 

deposition on oxide surface etching could be better understood.  

 

Reaction Chemistry at Low Work Function Metal and Oligothiophene Interfaces 

 Complicated molecular processes were observed at oligothiophene interfaces with 

low work function metals. In this Dissertation, chemistry at the interface of α-3T with Ag, 

Al, and Ca was investigated using Raman spectroscopy under ultrahigh vacuum conditions. 

Deposition of Ag and Al onto α-3T thin films causes inter-ring molecular torsion, 

molecular symmetry changes, and -conjugated system extension. Al deposition also 

initiates reaction chemistry; however, possibly due to fast reaction kinetics and the 
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instability of interfacial products, only a-C was observed as the final interfacial product 

and no intermediate products were observed, making definitive description of a reaction 

mechanism difficult. Ca deposition initiates α-3T ring opening, forming a-C as well as 

radical induced polymerization products. Mg exhibits poor reactivity with α-3T such that 

no interfacial reaction is observed. Also, a tremendous ability to penetrate into α-3T was 

observed for Mg, which will be further discussed below. 

 The chemistry of interfaces of α-6Twith Ag, Mg, Al and Ca was also explored by 

Raman spectroscopy and x-ray photoelectron spectroscopy. The combined results provide 

both interfacial molecular structural details as well as insight into the electron transfer 

process. Results suggest that Ag, Mg, Al and Ca deposition causes α-6T inter-ring twisting 

and changes in effective conjugation length. Additionally, Al deposition induces Al-to-α-

6T electron transfer and reduction of the thiophene subunits to tetrahedral thiophene. 

Similar to the α-3T/Ca interfacial chemistry observed, Ca deposition on α-6T causes α-6T 

ring opening reactions and possibly radical induced polymerization. Ca-to-α-6T electron 

transfer reduces α-6T to S2-, which may exist at the interface as CaS. These experimentally 

observed reactions are consistent with interfacial energetic predictions, which indicate that 

interfacial energy levels on the contacting materials dictate the nature of the interfacial 

chemical processes. 

 

Future Directions 

1. Analysis of the vibrational spectroscopy of oligothiophene and thiophene-based 

polymers still faces some challenges in terms of assignments, especially for modes 
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between 1300 and 1600 cm-1 where a large degree of spectral overlap exists. More 

structurally related information could be extracted if all vibrational bands could be 

resolved and assigned. In order to build a fuller picture of the reaction chemistry 

between the thiophene building block and low work function metals, fundamental 

studies of the molecular processes that occur when thiophene thin films are reacted 

with Ag, Mg, Al and Ca using UHV-Raman spectroscopy could be useful for 

clearly interpreting spectral features of oligothiophene and thiophene-based 

polymers as well as explaining the step-by-step reaction mechanism between 

oligothiophenes and low work function metals.  

2. Thiophene-based oligomers are usually considered n-type organic semiconductors. 

Although the vibrational spectroscopy of the oligothiophenes and polythiophenes 

is clearly understood,247, 368, 369 the vibrational signatures of reduced thiophene, 

thiophene-based oligomers and polymers are not clear from previous accounts in 

the literature. To fully understand the vibrational behavior and better interpret the 

reduced species from the interfacial reduction chemistry, vibrational 

spectroelectrochemical experiments could be performed to study the vibrational 

signatures of electrochemically-reduced forms of the oligothiophenes and 

polythiophenes. Complete understanding of the vibrational features of all reduced 

thiophene forms would provide great insight into this interfacial chemistry in OPV 

devices. 

3. With the foundation of understanding interfacial chemistry between thiophene and 

its oligomers and low work function metals, interfacial chemistry of real device-

relevant thiophene-based polymers such as polythiophene and P3HT with low work 
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function metal electrodes is ready to be explored. The observed interfacial 

molecular processes would guide the design of interface fabrication protocols and 

choices of metal electrodes in order to prevent undesirable interfacial chemistry and 

energy level misalignment.  

4. Due to the unique one-dimensional structure of thiophene-based oligomers and 

polymers, their excellent conductivity is one of the most important advantages to 

their use. However, the previous literature has predicted a reduction in conductivity 

and an increase in the optical bandgap due to inter-ring twisting. The work reported 

in this Dissertation has demonstrated that physical vapor deposition of metals also 

has an impact on the relative arrangement between thiophene ring units as well as 

inter-chain packing.  With the vibrational spectroscopic foundation developed by 

this work, inter-ring packing and intra-ring arrangement of bulk thiophene 

oligomers and polymers can be further explored by Raman spectroscopy under 

ultra-high vacuum conditions or in other controlled environments such as an Ar-

filled glove box. The effects of temperature and electrochemically-controlled film 

oxidation or reduction on molecular packing and arrangement could be explored. 

More information about desirable OPV device fabrication strategies could also be 

revealed by this work.  
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Penetration Depth of Physically Vapor Deposited Low Work Function Metals in 

Oligothiophene Thin Films 

Raman spectroscopy results for α-3T films with low work function metals revealed 

different abilities of the metals to penetrate through α-3T thin films. Further x-ray 

photoelectron spectroscopy experiments were carried out to compare the metal penetration 

ability in the α-6T film and the depth of chemical reaction of Al and Ca which induces α-

6T film reduction by metal-to-organic electron transfer. Results show that Mg penetrates 

all the way through α-6T films, with no chemical reaction, and builds a metal layer 

underneath the organic film. Ag is not reactive when deposited onto α-6T and showed 

moderate penetration ability. Deposition of Al and Ca on -6T predominantly causes 

dramatic surface metallization as well as metal penetration up to 10-14 nm. Ca is evenly 

distributed throughout the 10-14 nm film regardless of Ca deposition mass thickness before 

the critical point where Ca starts to impact the bottom half of the -6T film more. For small 

amounts of Al deposited, Al is concentrated in the top 5-7 nm of the film but eventually 

metallizes the entire film with deposition of greater amounts. The fast metallization of Ca 

and Al in comparison to Ag and Mg on -6T is not a function of initial kinetic energy of 

the metal atoms during physical vapor deposition but is possibly due to the greater 

reactivity of Ca and Al when deposited on -6T. 

 

Future Directions 

1. Due to the fact that metal penetration ability may be a function of cluster or 

nanoparticle formation of the metal atoms when landing on the organic surface, the 
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flux of atoms landing on the surface, the size of metal nanoparticles formed on 

organic surfaces, and the speed of atom aggregation should presumably impact 

metal penetration ability. Therefore, the effects of different metal deposition rates 

and substrate on metal penetration ability should be explored. These results could 

provide useful information to not only explain molecular dynamic simulation 

results about metal/organic interactions but also help guide OPV device fabrication 

methods and parameters. 

2. Metal penetration ability is also believed to be greatly affected by the reactivity and 

wetting ability30 of the different metals on the organic surfaces. Systematic study 

of metal penetration into organic films with chemical nature of the film and its 

packing is relevant for understanding the effects of metal-organic interaction on 

metal penetration.  

3. A complete library of experimentally-measured metal (including but not restricted 

to Ag, Mg, Al and Ca) penetration abilities into different types of organics should 

be developed to help build a more complete understanding of general metal/organic 

physical and chemical interactions.  
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