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                                           ABSTRACT 

 

This dissertation focuses on the electrical, structural, and compositional 

characterization of atomic layer deposited ZnO, and the structural characterization 

of modified titanyl (TiOPc 6 and TiOPc 9) and copper phthalocyanines (Pc 5). All 

materials studied have application in organic photovoltaic devices, either as an 

interlayer (ALD ZnO) or as part of the active layer (TiOPcs and Pc 5). The goals of 

this research are to advance the understanding of defect chemistry and electronic 

properties of ALD ZnO after exposure to oxygen plasma, Ar+ sputtering, and aryl 

phosphonic acid modifications, and to understand the relationship between the 

chemical structure of modified phthalocyanines and their molecular organization.     

Based on X-ray photoelectron spectroscopy and photoluminescence, it was 

determined that the predominant defects in as-received ALD ZnO are zinc vacancies 

mostly located in the top layer of the ZnO film. Oxygen plasma treatment of as-

received ALD ZnO changed the predominant defects to oxygen interstitials, which 

migrated out of the sample when left exposed in air. Phosphonic acid modification of 

oxygen plasma treated ALD ZnO was found to suppress the migration of oxygen 

interstitials from the ALD ZnO sample.    

Ultraviolet photoelectron spectroscopy was used to study the electronic 

properties of ALD ZnO. It was determined that surface chemistry strongly influences 

the work function of ALD ZnO. Oxygen plasma treated ALD ZnO showed the highest 
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work function and as-received ALD ZnO the lowest work function. The phosphonic 

acid modification of ALD ZnO decreased the work function and surface free energy 

when compared to oxygen plasma treated ALD ZnO. Near edge X-ray absorption fine 

structure spectroscopy results showed planes of benzyl rings in aryl phosphonic 

acid modifiers tilted at approximately 30 - 38° with respect to the surface normal.    

  X-ray diffraction studies on modified phthalocyanines powders and thin films 

were performed to correlate their chemical composition with their crystal structure. 

It was determined that strong interactions between molecules lead to higher-order 

lattices (monoclinic or triclinic). However, upon annealing at higher temperatures, 

higher-order lattices were transformed to columnar phases because of the side 

chains incorporated into the modified phthalocyanines.        
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1 CHAPTER 1 

1 1 INTRODUCTION 

1.1. Organic photovoltaic devices 

 Harvesting energy from sunlight is being increasingly recognized as an essential 

component for future global energy production.1,2 However, photovoltaic 

contribution to the global electricity supply is less than 0.1%.3 The biggest challenge 

for solar energy conversion is its high cost. High efficiency, crystalline silicon solar 

cells that are commercially available require highly-pure silicon crystals; the 

purification and handling of silicon wafers increases the fabrication cost of these 

devices. Application of amorphous silicon significantly reduced the cost of 

production of devices. However, solar cells utilizing amorphous silicon are less 

efficient and undergo degradation when exposed to light.4-8  

Organic photovoltaic devices (OPVs) that utilize semiconducting small organic 

molecules or polymers have the potential to replace inorganic photovoltaics 

because of their lower cost of production and abundance of materials.9-15 In 1986, 

Tang and co-workers presented the first viable solar cell made from a 

heterojunction of copper phthalocyanine and a perylene derivative with 1% 

efficiency.16 This work inspired new research towards improving the efficiency of 

OPVs such as identifying new organic materials, and understanding the 

fundamentals and architecture of organic devices. Recent reports show that the 
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efficiency of OPVs has reached 10.0% (by The Mitsubishi Chemical Group), which is 

comparable to efficiencies of amorphous silicon devices (~12.5%).3,17 The German 

company Heliatek recently achieved 9.8% efficiency with its tandem solar cell that 

incorporates a thiophene derivative.9   

The significant advantages for OPVs over other solar energy conversion devices 

are: i) lower production costs; ii) higher abundance of raw materials; iii) light 

weight; iv) flexibility; v) potentially high processing speeds; and vi) low fabrication 

costs. All of these advantages motivate researchers to work on understanding and 

improving the performance of organic devices.   

Therefore, the ongoing research in academe and industry is focused on 

understanding fundamental aspects that control the efficiency and lifetime of OPVs. 

New device architectures and molecular designs are proposed that limit 

recombination, improve charge collection, increase charge carrier mobilities and 

exciton diffusion lengths, and increase the absorption range of active layers.13-15,18-22      

One way to improve the performance of OPVs is to employ new device 

architectures such as bulk heterojunctions that circumvent limited exciton diffusion 

lengths in organic materials. The active layer in a bulk heterojunction cell consists of 

a donor – acceptor (D/A) intimate blend of small molecules or polymers that results 

in a large D/A interfacial contact area. The phase segregation of small-molecular-

weight materials is achieved by annealing at high temperature. The geometry of 

bulk heterojunctions allows for excitons to be generated within ca. 10 nm (i.e., the 

distance that an exciton can travel before it non-radiatively, or radiatively, decays) 
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from the D/A interface.23-25 As an example, Bazan, Heeger and coworkers reported a 

solution processed bulk heterojunctions solar cell with 6.7% efficiency that was a 

blend of DTS(PTTh2)2 (5,5’-bis(4-(7-hexylthiophen-2-yl)thiophen-2-yl)-

[1,2,5]thiadiazolo[3,4-c]pyridine}-3,3’-di-2-ethylhexylsilylene-2,2’-bithiophene) and 

PC70BM ([6,6]-phenyl C7-butyric acid methyl ester) in the configuration 

ITO/MoOx/DTS(PTTh2)2:PC70BM/Al.13 The blend of active layers was deposited 

from solution. The improved performance of the device was attributed to a small 

percentage of solvent additive incorporated during the film–forming process, which 

reduced domain sizes in the bulk heterojunctions layer.  Other ways to increase 

efficiencies of photovoltaic devices is to improve charge collecting efficiencies by 

incorporation of selective interlayers, as discussed later in Section 1.4, and 

synthesizing small molecules that have a broad absorption range and good charge 

carrier mobilities.   

 

1.2. Basic principles of organic solar cells 

OPVs usually consist of two active materials: p-type (electron donor, hole 

carrier) and n-type (electron acceptor, electron carrier) (Figure 1.1). Active layers 

are sandwiched between the top (usually ITO) and bottom (low-work function 

metal such as Al or Ag) contacts. Interlayers are also incorporated into the device 

architecture and their role is to efficiently and selectively collect charges, and 

improve the device efficiency. The electron-collecting interlayer (e-collecting 
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interlayer) is placed between the metal bottom contact and the n-type active layer, 

and the hole-collecting

  

 

 

 

Figure 1.1 The schematic representation of a solar cell (a bilayer heterojunction), 

with a discotic liquid crystal as the p-type semiconductor and C60 as the n-type 

semiconductor. 
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interlayer (h-collecting) is placed between the p-type active layer and the top 

contact (Figure 1.1). 

The process of converting light into electric current in organic photovoltaic 

devices takes place in four consecutive steps as shown in Figure 1.2.26-28 The exciton 

is formed in the active layer upon light absorption. Then, the exciton diffuses to the 

D/A interface due to the exciton concentration gradient. In the subsequent step, 

charge separation occurs in which the exciton dissociates into an electron and a 

hole. In the last step, charges are collected at the appropriate electrodes (holes at 

the hole-collecting electrode and electrons at the electron-collecting electrode). The 

charge transport to the appropriate collection electrodes is driven by concentration 

gradients (diffusion) and by internal fields (migration) depending upon how close to 

VOC the device is operated.12 For OPVs operating near VOC, diffusion along 

electrochemical potential gradients is the primary charge transport mechanism. For 

OPVs operating near short-circuit, JSC, migration along the internal field lines 

dominates the charge transport. 

The photo-generated exciton is an electron – hole pair bound together by 

relatively large Coulombic forces (ca. 0.3 – 1 eV) compared to the much smaller 

exciton binding energies in crystalline silicon of less than 60 meV.12,29-31  The net 

charge of the exciton is zero and it cannot carry current. 

The exciton freely diffuses through the active layer until it is annihilated via 

recombination, thermal relaxation, or dissociation at a D/A interface. The 

dissociation of excitons at the D/A interface 
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Figure 1.2 Steps in the photocurrent generation process. The horizontal lines to the 

right and left of the donor and acceptor correspond to the Fermi energies (EF) of the 

contacts. Blue circles and dots represent holes and electrons respectively, with blue 

dashed lines between them to represent an exciton. ηA is the absorption efficiency, 

ηED is the exciton diffusion efficiency, ηCT is the charge transfer efficiency, and ηCC is 

the charge collection efficiency. (Figure adapted from reference 32) 
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produces free electrons and holes, which can then immediately recombine 

(geminate recombination), recombine later along their path toward collection (non-

geminate recombination), or can be collected to produce the photocurrent. The 

driving force for the charge separation at the –D/A interface is the energy offset 

between the HOMO of the donor and the LUMO of the acceptor. This energy offset 

should be high enough to overcome the exciton binding energy.  

For simple, small molecule OPVs, based on phthalocyanine (Pc) donors and C60 

as an acceptor, charge separation can be modeled by the electron transfer at the Pc 

donor/C60 acceptor interface:33  

 

 Pc + hv → Pc*     

 Pc* + C60 → Pc+. + C60 -. 

 

Electrons are transferred from the donor (Pc), with lower ionization potential, to 

the acceptor (C60) that has a higher electron affinity. The separated holes and 

electrons are subsequently transported to the appropriate collection electrodes. The 

driving force for charge transport is the concentration gradient of respective 

charges in the device.33  

In the last step, charges are collected by top and bottom electrodes. In general, 

the transparent conducting electrode indium tin oxide (ITO) is used for hole-

collection and an aluminum or silver electrode is used for electron collection. It is 

believed that for efficient charge collection, the HOMO level of the donor material 
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should match the work function of ITO, and the LUMO level of the acceptor material 

should match the work function of the aluminum cathode.33  These solar cells can 

also be built in “inverted” configurations, using thin ZnO or TiO2 interlayers over the 

ITO electrode, in which electron collection occurs through the transparent contact 

and hole collection occurs at the top metallic contact (e.g., Au or Ag over MoOx or 

another interlayer).34-38 

 

1.3. Critical parameters in solar cell efficiency   

The current - voltage response of an OPV is diode-like where the current 

increases exponentially in a forward direction, whereas the reverse current is very 

small and constant until breakdown.32,33,39 Under illumination, generated carriers 

drift or diffuse to the charge-collecting electrode resulting in additional current, Jph, 

which becomes  the short circuit current density at zero bias, Jsc. The current – 

voltage characteristic under illumination are shown in Figure 1.3.  

The current-voltage characteristics of the OPV under illumination can be 

expressed by Equation 1.1:40 
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Equation 1.1 

where J is current density (mA/cm2), J0 is the reverse saturation current, V is the 
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Figure 1.3 Current – voltage plots (J-V) of a solar cell under illumination. The 

maximum power output (PMP) is a product of voltage at the maximum power point 

(VMP) and current density at the maximum power point (JMP), and is defined by the 

rectangular area. (Figure adapted from reference 41)   
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applied voltage, kB is the Boltzmann constant, T is the temperature in Kelvin, Jph is 

the generated photocurrent, e is the charge of an electron, and n0 is the ideality 

factor or diode-quality factor.  

The OPV device is typically characterized by Jsc, open circuit voltage (Voc), and 

the fill factor (FF) (Figure 1.3).32,41 Open circuit voltage is the voltage at zero 

current. It was found that in organic solar cells Voc depends on the energy difference 

between the HOMO level of the donor and the LUMO level of the acceptor (Figure 

1.4), but is generally smaller than this difference by at least the exciton binding 

energy.33 Reductions in open circuit voltage occur mostly from charge carrier losses 

and charge recombinations.42 

 Short circuit current density is the current density at zero applied bias, and it 

corresponds to the maximum current produced by the device under illumination. JSC 

depends on the difference between the LUMO energy of the donor and the LUMO 

energy of the acceptor: the higher the LUMOdonor – LUMOacceptor difference, the 

greater the driving force for exciton dissociation and the higher the JSC (Figure 1.4). 

The short circuit current is influenced by the nanoscale morphology of the active 

layer film (resistance to charge transport) and the contact resistance at the organic 

– electrode interfaces.   

Improvements in efficiency are not possible by only adjusting the HOMO and 

LUMO levels of the donor and acceptor, since the increase in JSC would result in a 

decrease in VOC, and vice versa. However, improvements in efficiency can be 

achieved by increasing the fill factor.  
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Figure 1.4 The schematic showing parameters that determine the values of: JSC – 

energy difference between LUMOdonor and LUMOacceptor; VOC – energy difference 

between LUMOacceptor and HOMOdonor. 
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Fill factor depends on the number of photogenerated charges that reach the 

electrodes.33,41 Fill factor is defined by the equation: 

                  
           

            
                                                      Equation 1.2 

in which VMP and JMP are the voltage and current density at the maximum power 

point (Figure 1.3). The fill factor depends on the lifetime of charge carriers, losses of 

carriers due to recombination, and charge carrier mobility.   

The power conversion efficiency (η) of the OPV is given by the equation: 

       
           

   
                                                Equation 1.3  

where Pin is the incident light power density. 

 

The external quantum efficiency (ηEQE) is the product of four efficiencies that 

correspond to the efficiencies of four steps involved in charge generation, as shown 

in the equation:                                              

                                                              Equation 1.4 

where ηA is the efficiency of light absorption, ηED is the efficiency of exciton diffusion 

to the interface, ηCT is the efficiency of the charge transfer (exciton dissociation), and 

ηCC is the efficiency of charge migration/diffusion and charge collection at the 

electrodes.43   

The efficiency of light absorption is limited by the poor spectral overlap between 

organic molecules and the solar spectrum. The problem arises from the high band 

gap in organic molecules (>1.4 eV). In order to increase absorption of light, 
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molecules with high absorption coefficients have to be used or thick films of active 

materials have to be implemented. However, thick layers result in exciton losses 

since excitons cannot travel longer distances than the exciton diffusion length.  

Excitons in organic materials can travel ca. 5 – 30 nm before they decay to the 

ground state.15,27,44,45 The electron and hole in an exciton can recombine to produce 

a photon, or recombine via thermal relaxation, before arriving at the donor – 

acceptor interface and thereby reducing the efficiency of the device. Thus, disorder 

impurities, and defects in the active layer film contribute to the recombination. To 

improve the efficiency of exciton diffusion to the donor-acceptor interface, thin (10-

20 nm) films of organic materials should be utilized in devices. But, thin films limit 

light absorption which leads to the “exciton diffusion bottleneck”. New device 

architectures like bulk heterojunctions (described in Section 1.1) are shown to help 

with this problem. Therefore, designing and synthesizing molecules with broader 

absorption ranges that reach the NIR region is crucial for improvements in 

efficiency. This issue is discussed broadly in Chapters 5 and 6.   The critical 

parameter that combines absorptivity and exciton diffusion length is the product 

α·LD, where α is the absorptivity (cm-1) and LD is the exciton diffusion length (cm). 

Charge carriers are lost due to recombination in the bulk of an active layer, or 

are lost at electrodes. The improved order in the active layer, with the limited 

number of traps (as defects, impurities), improves the efficiency of the charge 

transport to electrodes. To minimize charge carrier losses, the HOMO level of the 

donor should be matched with the work function of the hole-collection electrode, 
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and the LUMO level of the acceptor should be matched with the work function of the 

electron-collection electrode. However, it has been shown that solely matching 

energy levels at the interface is not sufficient to optimize the performance of 

devices; implementation of charge-collecting interlayers is necessary.10,12,18,19,21,46,47  

The role of interlayers is discussed in Section 1.4.    

 

1.4.  Charge-collecting interlayers 

Some of the most crucial aspects of solar energy conversion efficiency are the 

processes that occur at an active layer/contact interface.48,49 At these interfaces the 

lattices differ from the bulk, and they are terminated with dangling bonds, defects, 

reconstructed surfaces, and adsorbates that lead to charge losses due to 

recombination or trapping. 12,49-52  

One way to improve the efficiency of solar cells is to reduce the recombination at 

active layer/contact interfaces. The recombination at the active layer/contact 

interface takes place when charges diffuse to the opposite (“wrong”) electrode, i.e., 

electrons diffuse to the hole-collecting electrode and holes to the electron-collecting 

electrode. This process is particularly relevant for blended heterojunctions. 

Marks et al. have provided a description of the origin of recombination at the 

active layer/contact interface as a competition between charge diffusion (driven by 

the concentration gradient of the charges) and charge drift (driven by the electric 

field across the active layer).12 In a solar cell, the built–in potential creates the 

electric field that drives charges to their respective electrodes in the device (the 
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drift of electrons to the electron-collecting electrode and holes to the hole-collecting 

electrode). Under normal operating conditions, voltage applied to the solar cell acts 

against the built-in potential. When applied voltage increases, the electric field 

across the active layer ( ⃗ ) decreases as described by the equation: 

 

                                                                     ⃗  
       

 
                                        Equation 1.5 

 
where: V0 is built-in electric potential, V is applied potential, d is active layer 

thickness.12  

For low applied voltages the built–in potential (the electric field across the active 

layer) is relatively strong and the charge drift toward the respective electrodes 

predominates (Figure 1.5 a). For high applied voltages (close to the VOC) the electric 

field across the active layer is weak and charge diffusion predominates (Figure 

1.5b). When charge diffusion predominates more charges are collected at the 

“wrong” electrode, which is populated by the opposite charge, and that leads to 

recombination losses.12 The high recombination results in lower current and lower 

fill factor.  

Deibel et al. performed a theoretical investigation of the influence of surface 

recombination rates on power conversion efficiencies for organic solar cells.53 The 

authors considered the Langevin type of recombination, which assumes that 

charges recombine when they are in a close proximity (i.e., within/close to the 

columbic radius)  
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Figure 1.5 The schematic representation of the interface between the hole-

collecting electrode and an acceptor active layer; (a.) an absence of the electron-

blocking interlayer for a strong electric filed (low applied voltage). The drift of 

electrons (Jdrift) to the cathode predominates, which results in a low recombination 

probability; (b.) an absence of the electron-blocking interlayer for a low electric filed 

(applied voltage close to Voc). The diffusion of electrons (Jdiff) to the “wrong” 

electrode predominates resulting in a high recombination probability; (c.) presence 

of an electron-blocking layer that selectively collects holes and blocks electrons 

results in reduced recombination, even at high applied voltages. (Figure adapted 

from reference 12) 
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and when their thermal energy is lower than their columbic attraction. It was 

determined that the power conversion efficiency of organic photovoltaic devices 

depends on the mobility of charges. A mobility of 10-7 m2/Vs was determined to lead 

to the highest power conversion efficiencies, assuming equal mobility for holes and 

electrons.  

The investigators also addressed the question of how the majority surface 

recombination (electrons/holes recombining at the electron/hole-collecting 

electrode) and the minority surface recombination (electrons/ holes recombining at 

the hole/electron-collecting electrode) influence the power conversion efficiency.53 

The results indicated that reduced minority surface recombination enhances the 

solar cell efficiency up to a saturation level. The improvement of efficiency under the 

reduced minority surface recombination was attributed to the fact that minority 

charges are prevented from the recombination with majority carriers (the 

recombination with minority carriers does not contribute to the loss of majority 

carriers). The reduced minority surface recombination was found to lead to a lower 

collection efficiency of charges at the “wrong” electrodes and improvement of the 

overall device efficiency.53 

 

The charge recombination and trapping can be enhanced by compositional- and 

electronic-heterogeneity at the interface.52 The compositional heterogeneity, or 

adsorbates, may act as charge traps or recombination centers when their energy 

levels are in the band gap of the semiconductor, as described in Chapter 3.15 The 
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compositional heterogeneity may also lead to poor local electronic activity and the 

presence of “hot spots” and “dead spots” at the contact, which results in a decreased 

charge collection efficiency.52,54-57 

The incorporation of the interlayer between the active layer and the contact has 

been found to improve the efficiency of charge collection.18,47,58 The incorporation of 

an interlayer that selectively collects only one charge, and blocks the opposite 

charge, is the focus of research described in several recent reviews (Figure 1.5 

c).12,18,19,21,47,51,59 It was shown for  ITO/interlayer/CuPc/C60/Alq3/Al devices that 

incorporation of a Au or MoO3 interlayer between ITO and the CuPc/C60 active layer  

led to removal of the s-shape form in the J-V curve, and increased FF (from 29% to 

ca. 50%) and efficiency (from 0.5% to 2%) despite both Au and MoO3 not being 

charge selective.60 It was found that these materials work by enhancing the charge 

collection efficiency.11,51 

Interlayers can improve the charge collection efficiency by: (i) control of 

wettability of the typically inorganic contact by an organic active layer (preventing 

dewetting and delamination, improving stability of the interface, and improving 

charge injection)15; (ii) control of the energy barrier for the charge collection15,51; 

(iii) protection of the active layer from damage during the top metal contact 

deposition61,62; (iv) increase of the charge collection selectivity (incorporation of the 

electron-selective and hole-blocking interlayer at the metal contact or/and the hole-

selective and electron-blocking interlayer at the ITO contact)51; and (v) preventing 

an exciton quenching at the organic/electrode interface.10,12,15,18,47,51,61,63-67   
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The requirement for the p-type or n-type interlayers is to show thermodynamic 

(achieve the ohmic contact with an active layer) and kinetic selectivity (rapid 

collection of only one charge) for holes or electrons respectively.51 The selectivity 

can be achieved by adjusting valence bands, conduction bands, and band gaps to 

prevent injection of the unwanted charge.12,51 As shown in Figure 1.5 c, using a 

broad band gap h-selective layer, and matching the energy of HOMO levels for the h-

selective interlayer and an active layer, leads to favorable hole collection and 

inhibited electron collection.12 Interlayers should have good charge transport 

properties for the selectively harvested charge.51 Interlayers should also be 

transparent in the visible region (at least in the region where an active layer 

absorbs), passivate trap sites in the contact (direct charges to a “hot spot” on the 

contact), and have templating effects on active layers if necessary.10,19,21 The 

interlayer should also be electronically and compositionally homogeneous to 

prevent the formation of “dead spots” for charge collection, and to prevent charge 

trapping and recombination.52  

Recently, more attention has been focused on making interlayers selective 

towards a particular charge (either electrons or holes).19,20,31,33,18 Würfel compared 

the role of selective contacts and interlayers to a semipermeable membrane that 

allows for rapid harvesting of only one charge type.50 However, what exactly makes 

the contact or interlayer charge selective, and what is the role of defects and surface 

states in the charge collection, is still under the investigation. 
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Figure 1.6 The schematic representation of valence bands, conduction bands, and 

band gaps for semiconductor materials used in organic photovoltaic devices as hole-

collecting interlayers, donor materials, acceptor materials, and electron-collecting 

interlayers. Dashed lines represent estimated Fermi energies. (Adapted from 

reference51)  
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So far, polymers, small molecules, and metal oxides have been used as 

interlayers. The hole-collecting interlayer of PEDOT:PSS (poly (3,4-

ethylenedioxythiophene poly(styrene sulfonate)) is frequently incorporated 

between ITO and an active layer.68,69 An interlayer of PEDOT:PSS simultaneously 

satisfies many roles: (i) it forms a smoother electrode versus the ITO surface alone, 

which prevents ITO spikes from shorting out the device; (ii) it forms the ohmic 

contact with many organic materials; (iii) it unifies the electrical surface properties 

of ITO (reducing the influence of “dead spots” on the ITO surface); and (iv) it can 

sufficiently deliver charges into conductive regions (“hot spots”) of ITO due to the 

conductivity in the plane of the film.19,21 However, PEDOT:PSS is only modestly 

electron blocking.70,71 The biggest problem with PEDOT:PSS is its high acidity 

(pH=1) that leads to ITO corrosion and diffusion of indium ions through the polymer 

layer to the active layer, which can be detrimental to the performance of the 

device.19,72,73 

Efforts are focused on finding alternatives for PEDOT:PSS. TPD (N, N′-diphenyl-

N, N′-bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine) showed superior electron 

blocking properties to PEDOT:PSS (due to high LUMO energy) and thermal 

stability.15 Electrodeposited P3HT (poly(3-hexylthiophene)) shows potential as the 

electron-blocking layer with a tunable work function from 4.5 - 5.1 eV and a low 

electron affinity (Figure 1.6).15,74,75   

MoO3, V2O5, and WO3 were used as hole-collecting interlayers and they were 

shown to improve the performance of OPVs.76-78 These metal oxides have high work 
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functions and high ionization potentials (as shown in Figure 1.6) that make them 

good candidates for hole-collecting materials.51 Shrotriya et al. showed that 

ITO/interlayer/P3HT:PCBM blend/Cu devices with MoO3 or V2O5 interlayers result 

in comparable performance to devices with the PEDOT:PSS interlayer.78 The WO3 

interlayer was reported to improve the performance of bulk heterojunction devices 

(ITO/interlayer/P3HT:PCBM-60/Cu/Al) compared to devices without either a WO3 

or PEDOT:PSS interlayer.77 Higher VOC, FF, and efficiency were attributed to the 

reduction of recombination due to the WO3 interlayer. In addition, WO3 planarized 

the ITO surface and assisted in the ordering of the P3HT active layer, which also 

contributed to the increase in the efficiency.77 Despite the successful incorporation 

of oxide interlayers into devices, the semiconductive properties of these metal 

oxides are not well understood and require further investigation.19 

A p-type NiOx interlayer was successfully used to replace PEDOT:PSS.79-81 In a 

P3HT:PCBM bulk heterojunction the NiOx interlayer enhanced the device 

performance compared to devices with a PEDOT:PSS interlayer.54 The improved 

performance of devices with NiOx is attributed to its high work function (5 eV) and a 

broad band gap (3.6 eV) (Figure 1.6).51 

As electron-collecting interlayers, BCP (2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline), LiF, ZnO, and TiO2 are often used. BCP acts as the “exciton blocking 

layer” that prevents an exciton from quenching at the active layer/metal interface. 

BCP also protects the active layer from damage during the metal electrode 
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deposition.15,62 The problem with BCP is its stability since it crystalizes in air, 

especially at high light illumination.     

A thin layer of LiF between an active layer and the metal electrode was found to 

enhance electron transport from an active layer to the metal electrode.15,82,83 The 

enhancement in the device performance with LiF is attributed to the protective 

character of the interlayer during the metal deposition, Li-doping of the active layer 

that increases VOC, and a surface dipole formed by LiF at the Al electrode that alters 

the work function of the metal electrode.15 

 N-type oxides ZnO and TiO2 are considered good candidates as electron-

collecting interlayers due to the position of their conduction band with respect to 

common electron conducting layers such as C60 and PCBM (Figure 1.6). These oxides 

have higher electron mobilities than hole mobilities, and high ionization potentials, 

which may make them good electron-selective interlayers.51 In addition, their broad 

band gap makes them transparent for visible light. However, the electronic 

properties and charge selectivity of these oxides strongly depend on their crystal 

structure and stoichiometry (defects). The stability of surface properties for ZnO is a 

problem, especially for polar surfaces. Metal oxides with high concentrations of 

defects and surface states may be problematic since these surface states and traps 

often serve as recombination centers.84 The chemical identity and role played by 

defects in oxides lattices is presently a major area of study. In Chapter 3 the identity 

of defects in ZnO are discussed, and how they change upon surface treatment and 

modification.  
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1.5. Instrumental techniques 

1.5.1.  Photoelectron spectroscopies 

Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron 

spectroscopy (XPS) are based on the photoelectric effect described by Einstein. The 

theory explained that photoelectrons can be formed when incident photons interact 

with the sample. The kinetic energy (EK) of the photoelectrons is based on energy 

conservation as described by the equation: 

                                                          Equation 1.6 

where    is the incident photon energy, EB is the electron binding energy, and φ is 

the work function of the instrument.  

 

 

Figure 1.7 Schematic of photoelectron spectroscopy. Incident radiation creates 

photoelectrons. 
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In XPS, the energy of core level electrons is measured, and in UPS the energy of 

valence electrons is measured. Both techniques provide information about the 

chemical nature of the sample since small changes in the chemical environment of 

an atom affects the energy of electrons.  

Both techniques are surface sensitive. The short mean free path (λ) an electron 

can travel in the sample is the reason for the high surface sensitivity of 

photoelectron spectroscopies. The photoexcited electron leaving the sample 

strongly interacts with the rest of the sample and loses energy due to the inelastic 

scattering. Therefore, the distance an electron can travel in the sample, before losing 

its energy, is short. The mean free path of an electron depends strongly on the 

kinetic energy of the photoelectron, and to a lesser extent, on the material. XPS and 

UPS probe the sample depth up to 5 nm and 2 nm respectively.85 

 

1.5.1.1. Ultraviolet photoelectron spectroscopy  

In UPS, incident He I photons with 21.2 eV energy are used to probe valence 

electrons in the sample. The benefits of UPS over XPS include: (i) higher resolution 

spectra of the valence region (the FWHM of the UV lamp line is about 20 meV);(ii) 

higher cross section for the interaction of UV light with valence electrons compared 

to X-rays; and (iii) less damage to the surface than X-rays.85     

The UPS spectrum for semiconductors is shown in Figure 1.8. The secondary 

electron edge (ELKE) corresponds to electrons with the highest binding energy, and 

lowest kinetic energy, that the 21.2 eV UV photon was able to eject from the sample. 
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By adding the energy of the UV photon to the secondary electron edge the energy of 

vacuum (Evac) can be determined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 A UPS spectrum of a semiconductor (ZnO) that was 90˚ rotated. WF is 

work function, IP is ionization energy, EHKE is high kinetic energy edge (HOMO), 

ELKE is low kinetic energy edge (secondary electron edge – energy of electrons with 

highest energy that 21.2 eV UV incident photons could eject), and Evac is vacuum 

level energy.  
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UPS provides information about the energy of valence electrons but also 

provides information about the electronic properties of the sample, such as the 

work function and the ionization energy.  The work function is the energy difference 

between the Fermi level (EF) energy and Evac (Figure 1.8), which can be calculated 

from the equation: 

                                                                                              Equation 1.7 

For semiconductors EF is positioned in the band gap where there is no density of 

states, and therefore, direct determination of EF is not possible. Hence, the Fermi 

energy is determined by examining the high kinetic energy edge of the UPS 

spectrum of Au.  

The ionization energy is the difference between the position of the high kinetic 

energy edge and the Evac (Figure 1.8), which can be determined from the equation: 

                                                                                            Equation  1.8 

where EHKE is the high kinetic energy edge (low binding energy edge). 

The resolution for UPS depends on the light source and the analyzer resolution, 

and is typically 0.1 eV. 

 

1.5.1.2.  X-ray photoelectron spectroscopy 

Typical X-ray sources are monochromatic Kα lines from Al or Mg with energies at 

1486.6 eV and 1254.6 eV respectively. XPS is based on the principle that the energy 

of an ejected photoelectron strongly depends on an element, and that the energy is 

additionally affected by the chemical environment of that atom. The typical 
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resolution for XPS with a monochromatic source is 0.5 +/- 0.1 eV, and the elemental 

sensitivity and accuracy is ca. 1%.85  

If XPS is conducted with the sample perpendicular to the detector axis (normal 

take-off angles) the measurement provides information about electron energy 

originating up to 5 nm from the sample surface. To improve the surface sensitivity, 

measurements can be performed with the sample tilted with respect to the detector 

axis (angle-resolved X-ray photoelectron spectroscopy), which reduces the electron 

take-off angle.     

Angle-resolved X-ray photoelectron spectroscopy is used to provide information 

about the very top surface. It is used to provide information about modified surfaces 

to get insight about binding modes of small molecules to substrates, and surface 

chemistry.   

 

1.5.2. X-ray diffraction 

X-ray diffraction is a nondestructive technique that provides information about 

the crystal structure of materials that are polycrystalline as powders and organic or 

inorganic thin films.  

Incident X-rays, typically 1.54 nm, are emitted from the X-ray tube with the Cu 

target. This wavelength is on the order of the atomic size, and is suited to probe 

distances between atoms in the sample if they form an ordered lattice. In the typical 

X-ray diffraction experiment the diffracted X-rays are collected at the angle equal to 

the incident X-ray angle.    
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When incident X-rays interact with atoms (electrons) in the sample they are 

being elastically scattered, e.g., the direction of incident X-rays is changed but the 

energy of X-rays stays the same (Figure 1.9). When X-rays are scattered by atoms 

that form a net of lattice planes, the process is called diffraction. The diffracted X-

rays that are leaving the sample interact constructively and destructively, which 

results in the modulation of the output intensity. The diffraction pattern is a 

collection of peaks that represent distances between different sets of planes in the 

lattice. 

 

Figure 1.9 Schematic showing diffraction of X-rays from the planes in the crystal 

lattice separated by distance d (left), which results in a diffractogram showing how 

intensity changes with the incident angle (right). Every peak corresponds to the 

different d value in the lattice 
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As described by the Bragg law, the distance between planes is a function of the 

order of diffraction (n), the wavelength of the incident X-rays (λ), and the angle of 

the incident X-rays (θ):      

                                                                  Equation 1.9 

 

X-ray diffraction provides information about the bulk of the sample. To make the 

X-ray technique more surface sensitive, grazing incidence X-ray diffraction (GIXRD) 

is used. In GIXRD, incident X-rays are kept at the grazing angle and the diffracted X-

rays are collected as a function of the diffracted angle. GIXRD is used for very thin 

films to maximize the signal from the film, and for samples (thin films) that have 

overlapping diffraction peaks with the substrate.       

 

1.5.3. Near Edge X-Ray Absorption Fine Structure Spectroscopy (NEXAFS) 

NEXAFS is a technique that refers to the absorption fine structure that is close to 

the absorption edge for a given element.86 In principle, the intensity of the absorbed 

incident X-ray energy is measured in NEXAFS spectroscopy.  

In NEXAFS spectroscopy, due to X-ray absorption, the electron is promoted to 

the unfilled energy state (Figure 1.10 a) or to the continuum (Figure 1.10 b). 

Therefore, transmission and electron yield methods can be employed to collect the 

data. In the transmission method the intensity of the X-rays that were not absorbed 

by the sample is measured (Figure 1.10 a). The intensity of transmitted X-rays 
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depends on the incident X-ray intensity (I0), the X-ray absorption coefficient (μ), and 

the sample thickness (t) according to the equation:    

                                                        

                                                    Equation 1.10 

 

Therefore, the transmission method is limited to samples that are thin foils. 

Total electron yield (TEY) and Auger electron yield (AEY) methods are more 

commonly employed since they can be applied to different sample types, and not 

only to thin foils. In TEY and AEY the absorbed X-ray intensity is not measured 

directly but rather the intensity of photoelectrons that are created due to X-ray 

absorption is measured (Figure 1.10 b). In AEY primarily the intensity of Auger 

electrons is measured. In TEY the intensity of all ejected electrons (Auger and 

scattered secondary electrons) is measured. However, the scattered secondary 

electrons, formed when primary Auger electrons leave the sample, dominate. The 

AEY is more surface sensitive (with the surface sensitivity comparable to XPS) than 

TEY. The sampling depth for TEY is typically a few nanometers and in AEY is ca. 1 

nm or less. 

The intensity of photoelectrons leaving the sample (Ie) depends on the intensity 

of the incident X-rays (I0), the X-ray absorption coefficient (μ), and the sampling 

depth (L) as described by the equation: 
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Figure 1.10 NEXAFS spectroscopy methods: (a.) the principle of transmission 

method, and (b.) the principle of total and Auger electron yields (TEY and AEY) 

methods. 
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                                                                                                Equation 1.11          

   

NEXAFS is an element specific technique since every element absorbs specific X-

ray energy. In addition, NEXAFS provides information about the environment for a 

given atom, and so the technique is also sensitive to the bonding environments. Due 

to the dual character of an electron it can be also described as a spherical wave. 

When the electron wave is leaving the sample it is scattered by neighboring atoms. 

As a result two waves are interacting with each other: the outgoing electron wave 

and the backscattered electron wave. The interaction of both waves results in the 

modulation of the ejected photoelectron intensity above the absorption edge for the 

given atom. The resulting signal modulation/fine structure is unique to the 

environment of the given atom. 

Linearly polarized X-ray can be used in NEXAFS to probe bond directionality and 

to determine the orientation of adsorbed molecules on different substrates.87-90 The 

electric field vector of polarized X-rays probes only electron transitions that have 

transition dipole vectors parallel to the electric field vector of polarized X-rays. 

NEXAFS is a very useful technique that can provide information about the chemical 

nature of the sample, the binding environment of the atom, and the orientation of 

molecules on the surface.  

 

 



68 
 

1.6.  Overview of the dissertation 

This dissertation presents results and conclusions for: three projects that 

investigate the chemical composition and electronic properties of atomic layer 

deposited ZnO in Chapter 3, (ii) the crystal structures of modified titanyl 

phthalocyanines (TiOPcs) in Chapter 4; and (iii) the crystal structure and growth of 

modified liquid crystalline copper phthalocyanines (CuPc) in Chapter 5. 

In Chapter 3, the chemical composition, surface and electronic properties of 

atomic layer deposited ZnO interlayers are discussed. ZnO is known to have intrinsic 

defects that affect its electronic properties and act as charge recombination or trap 

centers. Even though these defects have been studied for over 50 years, their 

chemical nature and their influence on electronic properties are still not well 

understood. General conclusions about ZnO defects are difficult to reach since this 

oxide has properties that depend on the preparation method, deliberate post 

preparation treatments such as annealing, cleaning procedures (e.g., oxygen plasma 

treatment), and the conditions the oxide has been expose to.    

In this study, atomic layer deposited ZnO was examined to identify the chemical 

nature of defects and how they change upon the oxygen-plasma treatment and Ar+ 

sputtering. XPS was implemented to determine the change in surface chemistry, and 

UPS was used to determine the accompanying change in electronic properties. 

Photoluminescence was also employed to see the change in emission spectra (the 

position and intensity of the emission peak), which is evidence for changes in the 

nature and environment of defects. 
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The atomic layer deposited ZnO was also modified with three phosphonic acids.  

These modifications of ZnO were performed to decrease the surface free energy and 

work function of the oxide. In addition, the influence of modification on ZnO 

chemistry was investigated. For as-received atomic layer deposited ZnO, Zn 

vacancies were identified that were mostly present at the surface. It was determined 

that oxygen plasma not only increases the concentration of defects but also changes 

their nature to oxygen interstitials. However, oxygen interstitials were annealed out 

when a sample was left in air. As expected, it was found that electronic properties 

depend on the surface composition. The work function and ionization potential 

followed the same trend and changed depending on surface properties. The work 

function and ionization potential were the highest for the oxygen-plasma treated 

atomic layer deposited (ALD) ZnO and the lowest for as-received ALD ZnO.  

As expected, the modification with phosphonic acids decreased the surface free 

energy and decreased the work function of ALD ZnO. However, contrary to our 

hypothesis, the modification did not remove defects that were created during the 

oxygen-plasma treatment.        

      Chapter 4 focuses on determination of the structure of powder and thin films of 

modified TiOPcs. Modified TiOPcs are good candidates for p-type active layer 

materials in blended heterojunction solar cells because they are soluble in common 

solvents and have a broad absorption range. The absorption ranges for modified 

TiOPcs extend into the NIR, similar to the absorption range of a parent TiOPc (i.e., 

non-modified TiOPc). The goal of this research was to determine the origin of the 



70 
 

broad absorption range specifically at the 890 nm absorption band. We 

hypothesized that the 890 nm absorption band originated from molecular packing 

similar to the molecular packing in the parent TiOPc. The X-ray diffraction studies 

on powder and thin films of modified TiOPcs confirmed that the packing order (the 

triclinic unit cell) at room temperature is similar to the packing order (the triclinic 

unit cell) in the Phase II parent TiOPc. The triclinic unit cells for modified TiOPcs 

and parent TiOPc had very close values for the c lattice constant (ca. 8.6 - 9.8 Å) that 

leads to close contact between molecules and the broader absorption range. As 

expected, the hydrocarbon sidechains in modified TiOPc resulted in liquid 

crystalline behavior. When annealed, powder and thin film samples exhibited only 

columnar packing.  

 

The main focus of Chapter 5 was to characterize and understand the molecular 

organization of modified Cu phthalocyanine (Pc 5) in powder and thin films forms 

on different substrates (SnS2, mica, and Au). The molecular organization of discotic 

liquid crystals is very important, as the efficiency of the charge transport in these 

materials is strongly influenced by the intracolumnar order. The efficiency of 

devices strongly depends on the charge injection at the active material/contact 

interface. So, understanding what structural factors determine the orientation of Pc 

5 columns, with respect to the substrate, is important. The understanding of the 

correlation between the molecular configuration and the chemical structure allows 

for fine tuning of material properties by the proper molecular design. The main 
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hypothesis for this project was that non-covalent sulfur – sulfur interactions 

between the sulfur atoms in the Pc 5 side chains, and sulfur atoms in the substrate 

(SnS2), can be the driving force for the homeotropic alignment (where a molecule is 

aligned face on at the substrate, rather than edge on). The results discussed in 

Chapter 5 indeed indicate that the alignment of columns, with respect to the 

substrate, is controlled by thermodynamics, and molecule – substrate interactions 

can direct the self-assembly leading to homeotropic alignment.  

Chapter 6 provides the conclusions for the presented research.   
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CHAPTER 2 

2 2 EXPERIMENTAL METHODS AND MATERIALS 

 

 Materials and methods used in preparation and analysis ALD ZnO 2.1

(Chapter 4) 

2.1.1 Phosphonic acids used to modify ALD ZnO 

Benzyl phosphonic acid (BPA) was purchased from Sigma–Aldrich. 

Pentafluorobenzyl phosphonic acid (PFBPA) and paramethoxybenzyl phosphonic 

acid (p-MeBnPA) were synthesized by the collaborator from Prof. Marder Group 

form the Chemistry & Biochemistry department at 

Georgia Institute of Technology Benzyl phosphonic acid using the Arbuzov reaction of 

benzyl bromide followed by hydrolysis.1,2 

 

2.1.2 Other materials 

Ethanol used to prepare phosphonic acid solutions and to wash modified ALD 

ZnO was 200 proof purchased from the Decon Labs Inc. Triethylamine was purchased 

from EMD. 98% tetrabutylammonium hexafluorophosphate and 99.8% anhydrous 

acetonitrile (HPLC grade) were purchased from the Sigma Aldrich. 
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2.1.3 Fabrication of ALD ZnO 

ALD ZnO was prepared by the collaborator (Prof. Kippelen Group at the School 

of Electrical and Computer Engineering at Georgia Tech). The sample configuration 

was Si (with native oxide)/Ti (10 nm)/ Au (100 nm)/ ZnO (28 nm). The ZnO layer 

with 28nm thickness was deposited by atomic layer deposition (Savannah 100, 

Cambridge, NanoTech, Cambridge, MA) with 15 ms water pulses. The Ti and Au 

layers were deposited by the e-beam evaporation.  

 

2.1.4 Oxygen plasma treatment of ZnO 

The as received ALD ZnO was not cleaned before the OP cleaning. The ALD ZnO 

samples were placed in the oxygen plasma cleaner (Harrick, Model PDC-32G) and 

cleaned with an RF-generated oxygen plasma for 10 min at 210-230 mTorr pressure 

at 10.5 W power. 

 

2.1.5  Modification of ZnO  

Immediately after OP cleaning the ALD ZnO sample was placed in the 10 mM 

EtOH solution   of the modifier (BnPA, F5BnPA, p-MeBnPA). The sample was soaked 

for 48 h. After soaking the sample was washed with EtOH and dried with the stream 

of N2. Then sample was annealed in the vacuum oven (Model 1430M, VWR Scientific 

Products) at ca. 10 Torr pressure and 140°C for 48 h. After annealing sample was 

soaked in the 0.5% EtOH solution of triethylamine for 0.5 h and then washed with 
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EtOH to ensure one monolayer coverage. The sample was dried in the stream of N2 

and analyzed.  

 

2.1.6  X-ray photoelectron spectroscopy (XPS) (Ar+ sputtering) 

XPS studies were performed with a Kratos Axis Ultra X-ray photoelectron 

spectrometer with a monochromatic Al Kα source at 1486.6 eV. The pressure in the 

chamber during measurements was in low 10-8 Torr. The full/survey scan was 

performed at the 160 eV pass energy. High resolution scans of individual regions were 

performed at the 20 eV pass energy. The dwell time 100-200 ms was used. Depending 

on the intensity of the signal 3-20 scans of the same signal was utilized to discriminate 

the signal from the background. Unless otherwise stated all spectra were corrected for 

charging by shifting the spectra so that the C 1s signal was at 264.6 eV. Ar+ sputtering 

was performed on samples until the C 1s signal was undetectable. Spectra were 

analyzed with the Vision Processing software. 

       

2.1.7 Ultraviolet Photoelectron Spectroscopy (UPS) 

UPS studies were performed with a Kratos Axis Ultra X-ray photoelectron 

spectrometer with the He (I) excitation source with the energy of 21.2 eV. During 

UPS experiments a -9.00 eV bias was applied to the sample to enhance the collection 

of the lowest kinetic energy electrons. The 5 eV pass energy was utilized. A UPS 

spectrum for sputtered Au was measured before the sample analysis to ensure the 
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accurate position of Fermi energy. Spectra were analyzed to extract information 

about work function, ionization potential and valence electrons using Origin 

software.  

 

2.1.8 Contact angle measurements 

Contact angle measurements were conducted on KRUSS DSA 10Mk2 using water 

and diiodomethane as probe solvents. A drop of 0.2 mL was placed on the sample 

and after ca. 5-10 s the drop shape was captured with the camera. The images of 

drops were captured without waiting for the equilibration of the liquid on the 

surface since the volume of the sample was changing/ decreasing very fast due to 

the solvent evaporation. At least 7 drops per one sample were analyzed to receive 

statistically average contact angles. Images were analyzed with the drop shape 

analysis software with the Sessile drop method.     

 

2.1.9 Near Edge X-ray Fine Structure Spectroscopy (NEXAFS)  

The experiments and data analysis were performed by collaborators Matthew 

Gliboff (data collection and analysis) and Kristina Knesting (data collection) from 

the Prof. David Ginger group from the University of Washington. The NEXAFS data 

were acquired at Stanford Synchrotron Radiation Lightsource (SSRL), at the bending 

magnet Beam Line 8-2.3 
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The slit-to-slit SGM monochromator has an optimal resolution of better than 100 

meV in the carbon region, but was operated at a lower resolution of about 200 meV 

for most measurements in order to maximize throughput while still resolving the 

features needed for the angular dependence analysis. The toroidal refocusing optics 

provided a near circular beam cross-section of about 1mm in diameter. The 

incoming photon flux was recorded from a gold covered wire mesh (gold grid) 

intercepting a few percent of the beam, via the drain current by a Keithley 

picoammeter. In order to ensure a proper normalization without artificial structures 

from contaminants, a fresh layer of gold was evaporated onto the grid before the 

start of each run. Second order contributions from the beam line monochromator 

were supressed by a Ti filter, inserted upstream of the gold grid, which strongly 

absorbs photons above the Ti L-edge at ~ 460 eV. The absolute beam energy was 

calibrated by measuring the highly oriented pyrolytic graphite (HOPG), assigning 

the energy of the π* feature to 285.38.4  

To compensate for small monochromator drifts over the course of the day, the 

lower energy dip in the gold-grid absorption spectrum (corresponding the residual 

carbon on the optics in the beamline and assumed to be constant) was used to align 

all spectra to the same absolute calibration during individual runs. The degree of 

linear polarization is assumed to be 0.85, based on recent measurements on this 

beamline,3 though one paper has reported polarization as high as 0.99.5 

Underestimation of the polarization would systematically shift the final result away 

from the magic angle, 54.7°, by up to 2°.6 All NEXAFS measurements were conducted 
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at base pressures below 1x10-8 Torr. NEXAFS spectra are recorded in total electron 

yield (TEY), measured as the sample drain current by a Keithley picoammeter.  The 

background was taken to be a second order polynomial, removed before 

normalization by the gold-grid signal. The final data processing steps included 

normalization and averaging between samples for noise reduction. The sample was 

normalized to an arbitrary average height of 1.8 in the background past the edge 

step (320-330 eV). Oscillatory behavior in this range, commonly known as extended 

x-ray absorption fine structure (EXAFS), was not significant. After normalization, 

three spectra for each sample type and angle were averaged together in a three step 

process as follows. First, an average spectrum was computed. Second, the individual 

spectra were scaled and shifted to best match the average. Finally, the modified 

spectra were averaged together to create the corrected spectrum used for peak 

fitting and angular dependence studies. We use this process to mitigate any 

monochromator drift that may be present, which would have resulted in a shift of 

the spectrum along the energy axis. 

 

2.1.10 Photoluminescence (PL) 

The measurements were performed at Georgia Tech in collaboration with Prof. 

Samuel Graham group. PL spectra were acquired with a HORIBA JOBIN YVON 

spectrometer with a He-Cd laser (KIMMON) with the 325 nm excitation wavelength 

and 3.2 mW power. The probing spot diameter was 1μm, and the integration time 

was 2 s.      
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2.1.11 Cyclic voltammetry 

Cyclic voltammetry measurements were done at room temperature by a 

potentialstat (EG&G, Model 283) using a home-made three port electrochemical cell 

with the platinum counter electrode, the Ag/AgNO3 non aqueous reference 

electrode, and the ALD ZnO (28 nm)/Au (100nm)/Ti (10 nm)/(SiO2)Si working 

electrode. A 0.1 M solution of tetrabutylammonium hexafluorophosphatein in 

anhydrous acetonitrile was used as a supporting electrolyte. The scan rate was 100 

mV/s with the voltage sweep starting at 0V, going to +0.8 V followed by the negative 

scan to -0.9 V.   

 

 Materials and methods used in analysis of TiOPc-6 and TiOPc-9 (Chapter 2.2

5) 

2.2.1 TiOPc-6 and TiOPc-9 

Modifiers were synthesized by the collaborator Mayank Mayukh from Prof. 

McGrath Group from Chemistry and Biochemistry Department at the University of 

Arizona.7 

2.2.2 Other materials 

Ethanol used to prepare ITO samples was 200 proof purchased from the Decon 

Labs Inc. Poly(3,4-ethylenedioxythiophene): polystyrenesulfonate (PEDOT: PSS 

BAYTRON®P) was purchased from the HC Starck GmbH. 
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2.2.3 Preparation of Indium Tin Oxide (ITO) substrates 

1” x 1” commercial ITO on a glass slide (Colorado Concepts LLC) with the ca. 100 

nm ITO layer was used for this study. The ITO substrates were scrubbed with a 

microfiber cloth and a detergent (Triton X) for 3 min, and then sonicated in Triton X 

for 15 min. In the following step the sample was rinsed with nanopure water, and 

then sonicated in nanopure water for 15 min. After sonication in nanopure water 

the sample was sonicated in ethanol for 15 min. At the end the ITO sample was blow 

dried in the N2 stream. The detergent cleaned and dried ITO sample was then 

oxygen plasma cleaned. The ITO sample was placed in the oxygen plasma cleaner 

(Harrick, Model PDC-32G) and cleaned with an RF-generated oxygen plasma for 10 

min at 300 mTorr pressure at 10.5 W power. 

 

2.2.4 Modification of ITO samples with PEDOT: PSS  

Spin coating of the PEDOT: PSS solution on the detergent and the oxygen plasma 

cleaned ITO substrate was done on a WS 400B-6NPP/LITE/AS/8K model of the spin 

coater (Laurell Technologies Corporation). The ITO substrate was fully covered with 

the solution of PEDOT: PSS and then spun at 3000 rpm for 60 seconds.  

2.2.5 Deposition of TiOPc-6 and TiOPc-9 

TiOPc-6 or TiOPc-9 was dropcast from a 5mg/mL dichlorobenzene solution on 

cleaned PEDOT: PSS modified ITO. The samples were left for several hours in 

ambient conditions to allow for the solvent to evaporate and form a film.      
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2.2.6 Powder XRD (at room temperature (RT) and at various temperatures 

(VT)) 

X-ray powder diffraction was done with the PANalitical X’Pert PRO MPD system 

with Cu-Kα radiation (λ =1.54Å) with the generator set to 40 kV and 45 mA. The 1/8 

divergence slit, 150 MPD/MRD mask, and 20 antiscatter slit were used to focus x-

rays on the sample. For powder samples, the sample spinner stage and a sample 

holder (PW 1813 – the zero background holder) were used. The X’Celelerator 

(PW3011/20 Proportional Detector) detector was used to collect the data. The stage 

was rotating at the 8 seconds/rotation rate during the data collection. Scans were 

taken for several hours in the 2Theta mode with the ca. 0.0170 step size. The raw 

data was analyzed with the X’Pert Plus 1.0, Panalytical software.   

Temperature dependent studies on powders were performed with the same 

source, set of optics, and the detector as for the powder studies. However, the 

sample was placed in the temperature controlled chamber. The temperature of the 

powder was slowly increased from 25°C to 240°C in 10°C increments and then 

slowly cooled down to RT in 20°C increments. Diffractogarms were recorded every 

10°C for the heating cycle (or every 20° for the cooling cycle) after 5 min of 

equilibration time at given temperature. 

 

2.2.7 UV –VIS Absorption measurements on TiOPc-6 and TiOPc-9 films on 

PEDOT:PSS modified ITO     
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Absorption spectra were obtained with the Agilent 8453 spectrophotometer 

(Agilent Technologies). The source were tungsten (VIS; 370 – 1100nm) and 

deuterium (UV; 190 - 800nm) lamps. The diode array was used as a detector. The 

thin film samples of TiOPc 6 and TiOPc 9 on PEDOT: PSS modified ITO were masked 

and the probed surface had the diameter of 1 cm.  

 

 Investigation of structural properties of modified phthalocyanines in 2.3

bulk and thin films 

2.3.1 Phthalocyanine molecular derivative 

The molecule of interest in this study Pc 5, 2,3,9,10,16,17,23,24-Octa-(2-

hydrocinnamyloxy ethylsulfanyl) CuPc was synthesized by Britt A. Minch as 

previously reported.8 

 

2.3.2 Other materials 

The following chemicals and substrates were used: chloroform (HPLC grade 

from EMD Chemicals Inc.); PEDOT: PSS BAYTRON®P purchased from HC Starck 

Gmb; EPO-TEK 353ND-4 Part A and Part B (Epoxy Technology); Gold shots (99.99% 

purity, Kurt J. Lesker Company); Mica (Ted Pella Inc.); HOPG (Ted Pella, Inc.);, ITO 

with sheet resistance 15Ω/cm2 (Colorado Concept Coatings Limited); bathocuprine 

- BCP (Aldrich); C60 (MER Corp.). 
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2.3.3 Differential Scanning Calorimetry on Pc5 

Differential Scanning Calorimetry (DSC) was performed on a powder Pc 5 

sample harvested from chloroform to determine thermal stability and transition 

temperatures. DSC measurements were performed using DSC 2920 modulated (the 

TA instrument model). The sample was heated from 0°C to 300°C at 10°C/min and 

then cooled down to 0°C at the same rate. A Pc 5 sample of ca. 5 mg was placed in an 

aluminum pan and sealed. An identical but empty aluminum pan was used as a 

reference. The DSC chamber was purged with nitrogen (30 mL/min) during the data 

acquisition.  

DSC results show two transition temperatures during the heating period and one 

during the subsequent cooling period as shown in Figure 2.1. The transition at 86°C 

corresponds to the crystal to liquid crystalline (K→LC) phase transition. The 

transition to the LC mesophase is accompanied by a significant increase in the 

molecular dynamics compared to the crystalline phase due to the movement of 

molecules, liquid like melted side chains, and the movement of columns that slide 

relative to each other. In this phase, the material has self-healing abilities. 

The second peak, observed at 239°C in the DSC results, corresponds to the 

isotropization (clearing point). This transition is characterized by the complete loss 

of order among the molecular discs. The transition at 209°C during the cooling 

period corresponds to the solidification of the material.   
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The peak at 49°C is due to solvent loss. It is hypothesized that solvent molecules 

are retained in the powder sample as a result of interactions between solvent 

molecules and side chains.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 DSC of Pc 5 demonstrates an irreversible K→LC transition at 860C, 

clearing point at 2390C, and solidification at 2090C 
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2.3.4 Deposition method: chemisorption of Pc 5 on SnS2, gold, and mica 

SnS2, gold, and mica substrates were immersed in a dilute chloroform solution 

(10-6 – 10-4 M) of Pc 5 in a closed jar for a specified time (usually between 1 – 10 min 

measured with a timer). All depositions were made at RT.       

 

2.3.5 Deposition method: Spin coating 

Spin coating of the PEDOT: PSS solution on the detergent and oxygen plasma 

cleaned ITO substrate (1” x 1”) and the Pc 5 solution on the PEDOT: PSS modified 

ITO (1” x 1”) substrate was done on a WS 400B-6NPP/LITE/AS/8K model of spin 

coater (Laurell Technologies Corporation). The substrate was fully covered with the 

solution of PEDOT: PSS (or Pc 5 solution in chloroform) and then the sample was 

spun at 3000 rpm for 60 seconds. 

 

2.3.6 Preparation of the template stripped gold 

The template stripped gold with RMS roughness 2-5 Å was fabricated to study 

alignment of Pc 5 on this ultra-smooth substrate.  

Gold substrates were prepared using the modified method described by Wagner 

et al..9 

Freshly cleaved mica sheets were placed on the sample holder and placed in the 

vacuum deposition chamber. Mica was baked for 12 hours at 300° C at a pressure 

10-6 Torr to remove adsorbed water and other volatile contaminants. The 



85 
 

temperature was controlled by the thermocouple. Then, the gold shots placed in the 

boat were heated at a base pressure 10-6 Torr with the shutter blocking mica (the 

shutter closed). The thickness of the film and the rate of the deposition were 

monitored by the quartz crystal microbalance (QCM) that was positioned between 

the bolt and the shutter in the closed position. When the deposition rate (of gold on 

the shutter) reached 5 Å/sec the shutter was opened and gold was deposited on 

mica. The deposition rate 5 Å/sec was controlled by a current supply to the bolt. 

When the film thickness was 200 nm the shutter was closed and the current supply 

to the bolt stopped. Then, the deposited gold was annealed in vacuum (10-6 Torr) at 

300°C for 6 hours. Then, the prepared gold sample was cooled down (in vacuum) 

and removed from the deposition chamber. A drop of epoxy glue (EPO-TEK 353ND-

4, part A and B mixed in 10:1 ratio) was placed on the gold surface and 1cm x 1cm 

pieces of glass were glued to the gold surface. Then, the mica/ gold/ glue/ glass 

sample was cured at 120°C for 1 hour. The fresh ultra smooth gold surface on glass 

was exposed by mechanically removing mica. 

 

2.3.7  Preparation of OPV devices: ITO treatment procedure 

1” x 1” commercial ITO on a glass slide (Colorado Concepts LLC) with the ca. 100 

nm ITO layer was used for the OPV fabrication. The ITO substrates were detergent 

cleaned as described earlier in Section 2.2.3. The detergent cleaning procedure was 

followed by the oxygen plasma treatment as described in Section 2.2.3. The 
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modification with PEDOT: PSS was carried according to the procedure described in 

2.2.4. Then, Pc 5 was spin coated as described in Section 2.3.6.  

 

2.3.8 Vacuum depositions of C60, BCP, and Al 

C60, BCP, and aluminum were vacuum deposited on Pc 5 spin coated onto 

PEDOT: PSS modified ITO. 

 

C60 deposition 

Prior to the deposition C60 was purified three times by gradient sublimation. 

After transferring C60 to the deposition chamber the C60 source was heated under 

base pressure of 9 x 10-7 torr. The temperature and rate of deposition was 

monitored by the thermocouple and the QSM respectively. When the deposition rate 

was 2-3 Hz (temp. ca. 3850C) the sample was placed above the source. A 40 nm layer 

of C60 was deposited. The thickness was monitored by the change in the QSM 

frequency.    

    

BCP deposition 

Prior to the deposition BCP was purified three time by gradient sublimation. 

After C60 was deposited, the source with BCP was heated under the base pressure 

10-7 torr. The temperature and change in frequency were monitored by the 

thermocouple and the QSM sensor respectively. When the frequency was 4-6 Hz the 
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sample was placed above the BCP source. A 10 nm BCP layer was deposited. The 

thickness of the layer was monitored by the change in the QCM frequency. 

 

Al deposition 

After the BCP deposition, the sample was cooled and transferred to the glove box 

where the shadow mask (0.019 cm2 or 0.125 cm2) was put on the sample. Then the 

sample was transferred to the deposition chamber. The boat with Al was heated at 

the base pressure 9 x 10-7 Torr. The sample was placed above the Al boat when the 

deposition rate was 1 Å/sec. The deposition rate was kept at 1 Å/sec until the 20nm 

Al layer was deposited. Then the deposition rate was increased to 3 Å/sec.  When 

the Al film thickness was 100 nm the current supply to the boat was turned off, the 

sample was pulled away from the Al source. Then the sample was cooled down and 

transferred to the glove box for testing.    

 

2.3.9  OPV testing   

All testing was performed in the glove box filled with N2. Illumination was 

obtained using the 250 W quartz halogen lamp (CUDA Products Corp. Model I-250) 

that was diffused and IR filtered to provide 100 mW/cm2 (AM 1.5 solar 

illumination) incident light to all devices. The ITO substrate was electrically 

contacted by two alligator clips and a gold wire was used to make a contact with the 
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Al electrode in the tested device. The current was measured in dark and during 

illumination while the voltage was scanned from +1.5 V - 1.5 V across the sample.       

 

2.3.10 Incident photon to current conversion efficiency (IPCE) 

The custom made setup was used to determine IPCE curves as shown below. 

 

Source (Tungsten lamp) → collimating lens → aperture → chopper 

→monochromator→ light diffuser → Sample→ electrical contact  

 

First, the irradiance of the source was determined (between 400 nm – 924 nm, 

every 4 nm) using the photodiode with known responsivity. Then, the current in the 

sample was measured under illumination between 400 nm – 924 nm (every 4 nm). 

The IPCE (electrons produced by the incident photon energy) curves were created 

as a function of a wavelength.       

 

2.3.11  Instrumental analysis: Atomic Force Microscopy 

AFM images were taken with the Dimension 3100 Nanoscope IV instrument 

(Veeco Metrology group, Santa Barbara, CA). Images were recorded in a tapping 

mode with silicon tips (Ultrasharp, NSC15/AlBS, MicroMasch) with the 40 N/m 

nominal spring constant and the 325 kHz resonance frequency (the radius of 
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curvature of the tip was less than 10 nm and the tip height was 20 -15 μm. 

Resolution of the images was 512 x 512 data points.     

 

2.3.12 Instrumental analysis: Powder X-ray diffraction (XRD) 

Powder samples were analyzed with a PANalytical X’Pert PRO MPD system with 

the copper Kα (λ= 1.54Å) radiation source, a spinner sample stage (PW1811/16), 

and an X’ray detector (X’celerator). The incident beam optics included the divergent 

slit fixed to 1/16°, the anti-scattering slit 1/8°, the 0.04 solar slit, and the 15 mm 

MPD/ MRD mask.  The experiments were conducted at the 50 KV and 40 mA target 

current. The goniometer (θ/2θ) axis was set at the 0.0167 step size and run for ca. 2 

h to obtain high resolution patterns. The powder sample of Pc 5 was placed in a 

sample holder that then was mounted in a spinner sample stage. Measurements 

were taken when the stage was spinning with 8 rotations/ second. The indexation of 

the pattern was done with the X’Pert Plus software by Philips Analytical. 

 

2.3.13  Instrumental analysis: Thin film X-ray diffraction (thin film XRD) 

The same instrument and settings were used for the Pc 5 thin film analysis as for 

powder XRD. The diffraction pattern acquisition time was ca. 4-5 hours. 
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2.3.14  Instrumental analysis: Temperature dependent X-ray diffraction 

(temperature dependent XRD) 

The temperature-controlled chamber 9430 500 20371 was mounted onto the 

goniometer. A powder Pc 5 sample was placed on the heated sample stage and 

placed in the chamber. The temperature was controlled by the Anton Paar 

temperature controller (TCU 50). The system was programmed to heat the sample 

to a desired temperature at the slope 1.5 then equilibrate for 10 minutes and then 

collect data for 2 hours. 

 

2.3.15  Instrumental analysis: Absorption spectroscopy 

Absorption spectra were obtained with Agilent 8453 spectrophotometer 

(Agilent Technologies). The source were tungsten (VIS; 370 – 1100nm) and 

deuterium (UV; 190 - 800nm) lamps. The diode array was used as a detector. Glass 

cuvets were used for UV VIS solution measurements. The absorption spectra of thin 

Pc 5 films were taken in a transmission mode.        
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CHAPTER 3 

 

3 ELECTRONIC PROPERTIES, SURFACE FREE ENERGY, AND 

COMPOSITION OF ATOMIC LAYER DEPOSITED ZINC OXIDE 

 Introduction 3.1

This chapter focuses on the determination of the near-surface composition of 

ZnO thin films formed by atomic layer deposition (ALD), the characterization of 

defect states in these films using X-ray photoelectron spectroscopy (XPS), 

photoluminescence (PL), and electrochemistry, and changes to composition and 

electronic properties that occur through modification of ZnO surfaces with dipolar 

phosphonic acids (PA), which both increase and decrease the effective local work 

function. 

 ZnO has been widely used as a hole-blocking/electron-collecting interlayer 

between collection electrodes and active layers in organic solar cells, dye-sensitized 

solar cells, and in various inorganic thin-film PV platforms (CdTe and CIGS).1-20 One 

of the major factors controlling the performance of such devices is the charge 

injection efficiency and electron selectivity between ZnO and the active layer.  The 

charge injection efficiency is hypothesized to depend on the electronic properties of 

ZnO (band-edge energies), the near surface composition, and the wettability of the 

polar ZnO interlayer for an organic active layer.21-23  
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Small changes in the composition of the ZnO lattice (defects) are critical to the 

device performance since they can act as charge traps and recombination centers, 

and can change the energetics of ZnO.21,24-26 Recently it has been noticed that solar 

cells that incorporated a ZnO interlayer (Figure 3.1), when first exposed to AM1.5 

solar excitation, show significantly lowered efficiencies arising from recombination, 

which resulted in no photocurrent or S-shaped J-V curves near VOC. This type of J-V 

behavior has been shown to result from either unbalanced electron and hole 

mobilities in the active layer, or poor collection efficacies of one of the charge types 

at a collection electrode, leading to accumulation of charges in the nearby active 

layer and enhanced recombination.27   

It was shown that when these cells were either exposed to UV light or a reversed 

bias was applied prior to evaluation of the cell, these recombination events were 

suppressed and the inflection point was removed leading to the higher device 

efficiency.1,28,29 The composition of the ZnO interlayer clearly plays a role in these 

phenomena, but it is not clear at present what compositional changes lead to the 

most efficient charge collection.   

Assuming that defects in the ZnO film are in part responsible for the 

recombination events, it is important to understand what defects are present in 

ZnO, how they change with different surface pretreatments, and how they influence 

electronic properties of the material.30 Knowledge about defects may also help 

prevent their formation and lead to the design of new chemically stable materials.       
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 Figure 3.1 (a.) The schematic of solar cells that produced no photocurrent unless 

they were UV light soaked or a reversed bias was applied prior to testing. The cells 

incorporated ZnO nanocrystals28 or ALD ZnO.29 (b.) J-V curves in the dark (black) 

and in light: before (red, the S-shaped curve) and after (green) treatment. (Figure 

reprinted from publication31. License number:  2955581432733)   
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Understanding the electronic properties of ZnO (such as the work function (WF) 

and ionization energy (IE)) is important since they provide information about the 

energy barrier for the transport of charge carriers across interfaces.32 

Since ZnO is used as an electron-selective interlayer, it is beneficial for charge 

flow to keep its WF lower and its IE higher compared to the WF and IE of an active 

layer. It was shown for Au,33 and ITO,34-37 that WF can be tuned and stabilized by 

surface modification. It was found that the dipole moment of the molecule 

(modifier) influences the WF of the substrate by changing or inducing the dipole 

moment on the surface. The molecule adsorbed with its negative pole on the surface 

(Figure 3.2 a) results in a WF decrease, whereas the modifier adsorbed with its 

positive pole on the surface results in a WF increase (Figure 3.2 b).32 

Since the ZnO surface is hydrophilic, and not compatible with organic active 

layers, a modification with PA can decrease the surface free energy (SFE) of the 

surface and make it more compatible with active layers. The interactions between 

ZnO and an organic active layer are essential since they determine the contact 

(wettability) between these layers, and thus the efficiency of charge injection.32 Hsu 

et al. reported the higher short circuit current density (JSC) for P3HT-ZnO hybrid 

solar cells with alkanethiol-modified ZnO, which was attributed to the increased 

crystallinity of P3HT at the interface with the modified ZnO.38   

Gaining knowledge and understanding of electronic properties, the surface 

composition (defects), and SFE will help control and improve the efficiency of 

electronic devices. However, understanding ZnO properties, especially defect  
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Figure 3.2 The schematic representation of the modified surface with molecules 

that have their dipole moments with (a.) the negative pole on the surface resulting 

in WF decrease (b.) the positive pole on the surface resulting in WF increase. 

chemistry, is difficult since ZnO surfaces are very reactive. In particular, the ZnO 

polar surfaces, due to their electrostatic instability (leading to adsorption of water, 

carbonaceous species, etc.), undergo reconstructions and their electronic properties 

strongly depend on their processing conditions.24,39-46 Polar surfaces are explained 

in Section 3.3.   

In the study reported herein, we combined X-ray photoelectron spectroscopy 

(XPS), photoluminescence (PL), ultraviolet photoelectron spectroscopy (UPS), and 

cyclic voltammetry (CV) to obtain insights into the defect chemistry and electronic 

properties of ALD ZnO, both before and after oxygen plasma (OP) treatment, Ar+ 

sputtering, and modification with benzyl phosphonic acids. Contact angle 

measurements, X-ray diffraction (XRD), and near edge X-ray absorption fine 

structure spectroscopy (NEXAFS) were used to determine SFE and the structure of 

ALD ZnO, as well as the surface coverage and alignment of modifiers on ZnO.   
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In the first part of the chapter, the recent state of knowledge about defects 

associated with ZnO, as well as the crystal structure and surface of ALD ZnO, are 

discussed. In the second part of the chapter, the chemical composition (including 

defects) and electronic properties of ALD ZnO are presented, for as-received, Ar+ 

sputtered, and OP treated samples. In the third part of the chapter, the influence of 

PA modification of ALD ZnO on composition, defects, SFE, and electronic properties 

are discussed.          

 

 Defects in ZnO   3.2

It is important to understand defect chemistry in ZnO since it can be detrimental 

to the performance of electronic devices. Defects can act as charge traps and 

recombination centers, and change the electronic properties of ZnO. Despite broad 

research on ZnO defects, there is no general consensus about their chemistry as 

presented in recent literature reviews.30,47-49 

In general, defects are imperfections in the ZnO crystal lattice. They can be 

intrinsic and extrinsic. In addition, they may be located at the surface as a result of 

dangling bonds from the termination of the lattice. The intrinsic defects can be zinc 

vacancies (VZn), zinc interstitials (Zni), oxygen vacancies (VO), and oxygen 

interstitials (Oi) at different oxidation states. The extrinsic defects are dopants and 

contaminants.    
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Han et al. proposed chemical reactions for defect formation where the Kröger 

Vink notation is used to describe these defects: X is the zero charge; ‘ and ’’are the 

negative charge (single and double respectively); · and ·· are the positive charge 

(single and double respectively).50 The ZnZn and OO correspond to Zn and O atoms in 

the positions predicted by the perfect würtzite lattice respectively. 

 

The formation of Zni: 

        
     

  

 

Further ionization of the Zni: 

   
      

     

   
      

      

The formation of VO: 

      
    

  

and further ionization  reactions:  

  
    

     

  
    

      

   

   
     

     

   
     

      

 



98 
 

In the perfect würtzite ZnO lattice every Zn and O atom is in a tetrahedral 

position surrounded by four nearest O and Zn neighbors respectively (Figure 3.3). 

The perfect würtzite structure is a hexagonal unit cell with two lattice parameters a 

and c. The c/a ratio equals 1.633 and the internal parameter u equals 0.375.51 The 

internal parameter u is defined as the length of the Zn–O bond parallel to the c-axis 

(the nearest neighbor distance along the c-axis) divided by the lattice parameter c. 

The angles α and β in the ideal würtzite lattice are 109.47˚ (Figure 3.3).  

In the real ZnO würtzite lattice, the c/a ratio is lower and usually the u 

parameter is higher compared to perfect würtzite ZnO. The experimentally 

measured c/a ratio and u value range from 1.6018 to 1.6035 and 0.3817 to 0.3830 

respectively.51  

The nearest neighbor bond lengths along the c-axis (b) and off c-axis (b1) are 

expressed by the equations (Figure 3.3):  

            Equation 3.1 

   

                                               √
 

   
     

 

 
                                 Equation 3.2 

 

The bond angles α and β are given by the equations: 
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Figure 3.3 The position of Zn and O atoms in the würtzite crystal lattice of ZnO; a 

and c are lattice parameters; b is the Zn-O bond length along the c-axis; b1 is the Zn-

O bond off the c-axis; α and β are angles. Figure adapted from 

http://www.crhea.cnrs.fr/iwzno2012/1.   
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In the perfect würtzite ZnO lattice there should be no occupied states in the band 

gap. The reported band gap for ZnO is 3.3 - 3.4 eV.51 The width of the band gap 

depends on the temperature, and it shrinks with increasing temperature according 

to the equation:51  

                                                     
    

   
                             Equation 3.4 

 

where T is temperature in K; α is the temperature coefficient (5.5x 10-4 eV/K up to 

300K); and β is the temperature coefficient (900 K – up to 300 K).  

The conduction band in a semiconductor is defined as an unfilled/ partially-filled 

energy band of allowed states that are available for mobile electrons, which are free 

to move within the material.52 

The valence band in a semiconductor is defined as a filled energy band of 

allowed energy states associated with electrons that are localized to individual 

atoms, ions, or are shared among atoms.52 Previous studies on ZnO indicate that the 

peak located 10-to-11 eV below the Fermi energy corresponds to the filled Zn 3d 

level.49,53 Peaks at ca. 3-5 eV and 5-8 eV below the Fermi energy are associated with 

the nonbonding O 2p and bonding O 2p –Zn 4s combination respectively.49,51,53                                                                   

Defects introduce energy levels in the band gap.30,54 By convention, if the defect 

transition level (the change in the oxidation state, e.g., from O to +1) is at an energy 

that will allow the defect to be thermally ionized at RT (or the device working 

conditions) then this transition is called shallow, and the defect is called a shallow 
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donor (donates electrons) or a shallow acceptor (accepts electrons).30 If the defect is 

unlikely to be ionized at RT (or the device working conditions) then it is called a 

deep donor or a deep acceptor. 

Shallow acceptors may occur when the transition level in the band gap (the 

energy level at which the transition to a different oxidation state happens) is close 

to the valence band maximum. For shallow donors, the transition level in the band 

gap has to be close to the conduction band minimum. In addition, the shallow center 

can be identified for a resonance transition level that is inside either the conduction 

or the valence bands. In the case of a resonance transition level, the defect is most 

likely ionized since the electron or hole can be easily transferred to the conduction 

or the valence band respectively.30  

 

VO energy states in the band gap (called interband states)53 are composed of the 

dangling bonds on the neighboring Zn atoms as shown in Figure 3.4.30 A VO can be at 

a 0 (VO0), +1 (VO+1), or +2 (VO+2) oxidation state and is considered a deep donor 

(since it can donate an electron in its neutral state). However, theoretical studies 

performed by Janotti et al. showed that VO+1 is thermodynamically unstable with the 

most probable states being VO0 and VO+2.30,54 In its neutral state, the VO interband 

state is occupied by two electrons and in its +2 oxidation state the interband state is 

empty.  

It was calculated that the four near-neighbor Zn atoms at a VO are displaced 

inwards by 12 % with respect to the equilibrium Zn-O bonds (shown in Figure 3.4 
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a).30,54 As a consequence, Zn-O bonds near a VO0 are longer and weaker. For VO+2 

there is an outward displacement of near-neighbor Zn atoms, and the near-neighbor 

Zn-O bonds are shorter and stronger compared to the equilibrium conditions (as 

shown in Figure 3.4 b). The interband energy state for VO0 is calculated to be up to 

2.51 eV above the valence band maximum. The empty interband energy state for 

VO+2 is calculated to start at 2.51 eV above the valence band maximum, and to extend 

up to the conduction band minimum (Figure 3.5). 

A VO can migrate when the nearest-neighbor O atom in the lattice jumps into the 

vacant site, leaving a new vacant site behind.30 It was determined that migration can 

occur in the direction parallel and perpendicular to the c-axis.  

VO defects are not likely to exist in a high concentration at oxygen-rich 

equilibrium conditions for n-type ZnO (Fermi energy > 2.8 eV) due to their high 

formation energy, as shown in Figure 3.6.30 Figure 3.6 shows VO0 would be present, 

and its formation energy is ca. 7.3 eV. 

The Zn vacancy (VZn) interband state is formed by dangling bonds on four near-

neighbor O atoms. It was calculated that a neutral VZn (VZn0) forms an interband 

state that is up to 0.18 eV above the valence band maximum (Figure 3.5).30,54 The 

VZn0 state can accept electrons and form -1 (VZn-1) and -2 (VZn-2) reduced states, and 

is considered a deep acceptor state. The interband state for VZn-1 starts at 0.18 eV 

and continues up to 0.87 eV above the valence band (Figure 3.5). VZn-2 starts at 0.87 

eV above the valence band and continues up to the conduction band minimum  
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Figure 3.4 The oxygen vacancy (VO): (a.) in the neutral state; (b.) at the +2 oxidation 

state. Light gray balls correspond to Zn atoms and dark grey balls represent O 

atoms. (Figure reprinted from publication55. License number: 2940980188597). 

 

Figure 3.5 The calculated position of interband states for defects at different 

oxidation states (-1, 0, +2, -2). (Figure adapted from reference30). 
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Figure 3.6 Formation energies as a function of Fermi level for intrinsic defects in 

ZnO for the O-rich condition: VZn is a Zn vacancy, VO is an O vacancy, Oi (split) is an 

interstitial O in the split position, Oi (Oct) is an interstitial O in the octahedral position, 

Zni is a Zn interstitial, OZn is an O antisite, and ZnO is a Zn antisite. The zero Fermi 

level corresponds to the HOMO in ZnO. The slope indicates the charge state (the flat 

line indicates the “0” oxidation state; the lower negative slope indicates “-1” 

oxidation; the higher negative slope indicates the “-1” oxidation state etc.). Kinks 

indicate transitions between different charge states. The blue arrow indicates the 

Fermi energy relevant for n-type ZnO (with Fermi energy > 2.8 eV). (Adapted from 

Janotti30 et. al)   
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(Figure 3.5). VZn-2 is more likely to occur in n-type ZnO at oxygen rich conditions as 

evidenced by the lowest Formation energy of ca. -1 to -2 eV (Figure 3.6).   

It was calculated for VZn0, VZn-1, and VZn-2 that near-neighbor O atoms exhibit a 

10% outward displacement from equilibrium O-Zn bond lengths, which shortens 

the O-Zn bonds surrounding the defect (as shown for VZn-2 in Figure 3.7).  

Theoretical studies show that VZn defects can migrate when the nearest Zn atom 

moves to the Zn vacancy site, leaving the vacant site behind.30 The migration of VZn is 

isotropic (it can occur in parallel and perpendicular direction to the c-axis).  

 

The excess of Zn in the lattice appears as Zni. Zni are positioned in the octahedral 

site in the würtzite lattice (Figure 3.8).30,54 Theoretical studies showed that the Zni–

Znlattice distance is 1.22 b (where b is the Zn-O bond length along the c axis) and the 

Zni–O distance is 1.02 b. The neutral Zni (Zni0) defects form a state just above the 

conduction band minimum filled with two electrons.30,54 These electrons can be 

transferred to the conduction band in transitions +2/+1 and +1/0, which take place 

at RT at energy levels above the conduction band making Zni a shallow donor. Thus, 

the Zni interband state is exclusively present at the +2 oxidation state (Figure 3.5). 

However, Zni defects are not likely to exist at a high concentration in n-type ZnO at 

oxygen-rich equilibrium conditions due to their high Formation energy (ca. 9-10 eV) 

(Figure 3.6).  
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Figure 3.7 The zinc vacancy in a -2 (VZn2-) oxidation state (the most relevant for n-

type ZnO in O-rich conditions). The 10% outward displacement of neighboring O 

atoms is shown. Light gray balls correspond to Zn atoms and dark grey balls 

represent O atoms. (Figure reprinted from publication55. License number: 

2940980188597) 

 

 

Figure 3.8 The zinc interstitial at the +2 oxidation state (Zni+2): (a.) a side view; (b.) 

a view along the c-axis. Light gray balls correspond to Zn atoms and dark grey balls 

represent O atoms. (Figure reprinted from publication55. License number: 

2940980188597) 
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It was determined that Zni are very mobile even below RT in directions parallel 

and perpendicular to the c-axis.30,54 Due to their high mobility, Zni are not likely to 

occur as isolated defects.30,54 They will rather either diffuse out of the sample, or 

bind to other defects or impurities.  

 

Excess oxygen (Oi) can be accommodated at tetrahedral and octahedral 

interstitial sites in the ZnO würtzite lattice. The theoretical studies show that Oi at 

the tetrahedral site is unstable and spontaneously relaxes to the split-interstitial 

(Oi(split)) configuration, in which it shares the position with the near-neighbor oxygen 

(Figure 3.9 a).30,54 The two oxygen atoms form a O-Oi(split) bond with 1.46 Å bond 

length (as a comparison the bond length in O2 is 1.22 Å and the oxygen covalent 

radius is 0.73 Å),30 and the neighboring Zn-O bond lengths are ca. 3 % smaller than 

equilibrium conditions. 

The calculations indicate the presence of two almost degenerate Oi(split)  states 

with antibonding character in the band gap filled by four electrons.30,54 The Oi(split) 

defect is neutral and independent of the Fermi level position (Figure 3.5).  

Oi can also be positioned in the octahedral interstitial position (Oi(oct)) as shown 

in Figure 3.9 b. The Oi(oct) defect at a 0 oxidation state (Oi(oct)0) introduces interband 

states up to 0.72 eV above the valence band maximum (Figure 4.5).30,54 

The Oi(oct)0  defect can accept one or two electrons to form Oi(oct)-1 and Oi(oct)-2 

respectively, and is considered a deep acceptor. Oi(oct)-1 introduces interband states 

at 0.72 eV to 1.59 eV above the valence band maximum, and Oi(oct)-2 introduces 
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interband states  starting at 1.59 eV and continuing up to the conduction band 

minimum. These interband energy states are derived from oxygen p orbitals. In n-

type ZnO, Oi(oct)-2 defects are most probable due to their lower Formation energy (ca. 

0-1 eV) compared to Oi(split) defects (Figure 3.6). For Oi(oct)-2 defects shown in Figure 

3.9 b, Zn-Oi(oct)-2 distances are almost equal to the equilibrium Zn-O bond length (b) 

and O-Oi(oct)-2 distances are about 1.2 b.  

 

 

 

 

Figure 3.9 Oxygen interstitials (Oi): (a.) in the most stable configuration (split-

interstitial) at a 0 oxidation state; (b.) in the octahedral interstitial position at a -2 

oxidation state. Light gray balls correspond to Zn atoms and dark grey balls 

represent O atoms. (Figure reprinted from publication55. License number: 

2940980188597) 
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Both Oi(split) and Oi(oct)-2 can migrate in the lattice.30,54 It was calculated that the 

Oi(oct)-2 defect (the most probable for n-type ZnO at oxygen-rich equilibrium 

conditions) has the lowest migration barrier along the c-axis in the würtzite lattice. 

 

Zinc antisites (ZnO) and oxygen antisites (OZn) are considered possible 

defects.30,54,56-59 Antisites are where Zn and O atoms are at the “wrong” positions in 

the Würtzite lattice. ZnO is a Zn atom at the position predicted for the O atom, and 

OZn is an O atom in the Zn position. Both ZnO and OZn are not likely to occur in ZnO at 

oxygen-rich equilibrium conditions due to their high Formation energy (Figure 

3.6).30,54 It was calculated that if they exist, ZnO would have interband states at +2 

oxidation state and OZn would have interband states at 0, -1, and -2 (OZn-2) oxidation 

states (as shown in Figure 3.5).   

OZn-2 could be potentially created under non-equilibrium conditions, such as 

irradiation.30 It was calculated that the antisite O atom would most likely form a 

1.46 Å length bond with the neighboring oxygen atom, and be displaced by 0.7 Å 

along the c-axis with respect to the Zn atom replaced by the antisite O atom (Figure 

3.10). The O antisite defects are considered deep acceptors, with transitions 

between oxidation states at 1.55 and 1.77 eV above the valence band maximum for 

OZn0 to OZn-1 and OZn-1 to OZn0 respectively (Figure 3.5).30 

However, other authors present slightly different calculated interband transition 

levels as shown in Figure 3.11.48,56,60  
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Figure 3.10 The oxygen antisite (OZn) model showing the displacement of the 

antisite O atom along the c-axis. Light gray balls correspond to Zn atoms and dark 

grey balls represent O atoms. (Figure reprinted from publication55. License number: 

2940980188597) 

 

 

 

 

 

 

 

 



111 
 

 

 

 

 

Figure 3.11 Schematic representation of energy levels of intrinsic defects in ZnO. 

Zni, Vo are considered donor states, and VZn are considered acceptors. (Figure 

adapted from references48,60) 
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The concentration of defects depends on the temperature and partial pressures 

of O2 and Zn (pO2 is the partial pressure of O2; and pZn is the partial pressure of 

Zn).61 It was determined that VO defects dominate at low pO2 and VZn defects are 

predominant at higher pO2. The transition pO2 depends on the temperature, e.g., at 

1300 °C the transition pO2 is 1 atm (760 Torr). Kinetics of oxidation – deoxidation 

are slow below 1000 °C.48 Therefore, the concentration of oxygen vacancies below 

1000 °C is low and not easily changed according to this study.    

Hagemark62 et al. showed that VZn is a major defect at low pZn and Zni is a major 

defect at higher pZn. The transition pZn was determined to be 10-10 atm (7.6 x 10-7 

Torr) at 1000 °C.  It was found that Zn evaporates in a Zn-poor environment at 

temperatures as low as 500 °C.48 Therefore, at atmospheric pressure (pO2) with low 

pZn and at RT the major expected defect should be VZn.  

Overall, the most possible defect in n-type ZnO at equilibrium conditions for an 

oxygen-rich environment is VZn. Theoretical studies by Janotti30 et al. indicate that 

the VZn defect is at the -2 oxidation state as presented in Figure 3.6. The presence of 

Oi defects are also possible for n-type ZnO but they require more energy to form 

(the Formation energy is ca. 0.5-2 eV).  Later in this chapter it will be shown that VZn 

defects are present in as-received ALD ZnO and that OP treatment introduces Oi 

defects.  

PL provides evidence for defects in the ZnO lattice. Photoexcitation of ZnO at 325 

nm can result in two photoemission bands.63,64 The first band, called the excitonic 

emission (also called the near band gap emission or the UV emission), is in the UV 
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region around 378-380 nm. The second band is centered in the visible region at ca. 

480-650 nm and is called the trap/defect emission. The identity of defects 

responsible for the second band remains controversial despite over 60 years of 

research.  

Based on EPR studies, Venhausden65 et al. argue that green photoluminescence 

(480-570nm) is caused by singly-ionized VO defects.  However, Janotti30 et al claim 

that Venhausden’s conclusion was based on the wrong assignment of the g factor, 

and therefore is invalid.30 Nevertheless, several other groups have reported work 

that suggests that VO is responsible for green PL.58,66-69 In addition, it was found that 

extrinsic defects such as Cu and Mg can cause green PL.70,71 

Many groups suggest that green PL is caused by VZn.30,57,72,73 Sekiguchi74 et al. 

reported that green luminescence can be suppressed by hydrogen plasma 

treatment, which others argue implies the presence of VZn. They suggest that 

hydrogen atoms simply fill in the zinc vacancies, which results in a decrease of green 

luminescence.30,75,76   

Based on PL studies of ZnO in oxidizing and reducing environments, yellow – 

orange photoluminescence was determined to be the result of oxygen excess defects 

(Oi) and extrinsic impurities.69,77   

Despite the broad array of possible defects, they can be categorized as donor 

(electron trapping) and acceptor (hole trapping) energy states that lie in the band 

gap.30,48,64 Zni and VO are considered donor states, and Oi and VZn are considered 

acceptor states.48,78 
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The mechanisms responsible for ZnO photoluminescence in visible and UV 

regions are presented in Figure 3.12. Photoexcitation promotes an electron from the 

valence band to the conduction band. The photoexcited electron can then relax to 

either the excitonic state, just below (ca. 60 meV)63 the conduction band edge, or to 

the donor states in the band gap. Photogenerated holes can be trapped in acceptor 

states above the valence band, which is energetically favorable.   

The recombination of an electron from the excitonic states with a hole in the 

valence band leads to the ca. 380 nm UV emission (process a in Figure 3.12). There 

are three trap emissions that involve electrons trapped in donor states and/or holes 

trapped in acceptor states. First, the acceptor recombination is the recombination of 

the electron from the conduction band with the hole in the acceptor state (A→e-) 

(process b in Figure 3.12). Second, the donor recombination is the recombination of 

the electron from the donor state with the hole in the valence band (D→h+) (process 

c in Figure 3.12). Third, the donor-acceptor pair recombination is the recombination 

of an electron from the donor states with a hole from the acceptor states (DAP) 

(process d in Figure 3.12). The DAP recombination process takes place when donor 

and acceptor defects are in close proximity in the crystal structure allowing for the 

recombination of a trapped electron with a trapped hole.63,79  
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Figure 3.12 The schematic representation of the ZnO band gap. Mechanisms 

responsible for PL: (a.) excitonic emission, (b.) acceptor recombination, (c.) donor 

recombination, and (d.) donor- acceptor pair recombination (Adapted from House64 

R. L. et al.) 

 

 Crystal structure and surface roughness of ALD ZnO   3.3

Grazing angle x-ray diffraction at 3° was used to determine the crystal structure 

of ALD ZnO thin films, deposited on Si (SiO2)/ Ti ( 10 nm) /Au (100 nm) substrates.  

A characteristic diffractogram for ALD ZnO is shown in Figure 3.13. The diffraction 

peak around 34.4° was identified as the (002) peak in the ZnO würtzite structure by 
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comparison with the würtzite ZnO diffraction pattern from the Cambridge database 

and a literature search.80-82   
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Figure 3.13 The grazing angle XRD at 3° results for ALD ZnO. The peak at ca. 34.4° is 

the (002) peak in the würtzite crystal structure 

 

The presence of the (002) peak in the diffractogram indicates that the ALD ZnO 

film grows with mostly the c axis perpendicular to the substrate surface (Figure 

3.3), and is terminated with the polar surface.  

There are two possible polar surfaces in the ZnO würtzite structure as shown in 

Figure 3.14, i.e., Zn-terminated (Zn-ZnO (0001)) and O-terminated (O-ZnO (000-1)) 

surfaces.  

The ZnO würtzite lattice is characterized by alternating stacking of Zn and O 

ionic planes along the c-axis (Figure 3.3). For each Zn-O repeating unit a dipole 
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moment parallel to the c-axis can be assigned, which results in a net dipole moment 

along the c-axis.41,42 Therefore, the polar surface termination of ZnO implicates high 

electrostatic instability and high reactivity of the ZnO surface.    

 The Scherrer equation was used to estimate the coherence length (B) in the 

studied film based on the (002) peak:  

                        
   

          
                                       Equation 4.1 

where B is the coherence length [nm], K is a constant dependent on  crystallite 

shape (K=0.94 was used here), λ is the wavelength [nm], FWHM is the full width at a 

half maximum of the peak [°], and θ is the peak position [°].   

B corresponds to the length in the direction perpendicular to the [002] plane 

(along the c-axis in the würtzite lattice) that is characterized by perfect order, i.e., 

the spacing between [002] planes is equal. The estimated coherence length was ca. 

20 nm, which indicates a good order in the c- direction in the 28 nm thick ALD ZnO 

film.   

A typical tapping mode AFM image showing the topography of the ALD ZnO 

surface is presented in Figure 3.15. The ZnO surface is uniform with oval shaped 

grains having a long axis of 70.6 ±7.9 nm. The roughness (rms) of ALD ZnO was 

determined to be ca. 1.5±0.2 nm for a 5x5 μm2 area.  The knowledge of the exposed  
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Figure 3.14 Models of Zn and O terminated polar ZnO surfaces  
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Figure 3.15 Tapping mode AFM images of ZnO: (a.) 5 μm x 5 μm and (b.) 1 μm x 

1μm areas. 

 

surface, and its roughness, is important to understand the properties of ALD ZnO. 

The ALD ZnO würtzite crystal structure is similar to that determined for 

annealed sol gel ZnO and radio frequency magnetron sputtered ZnO films.83-88 

However, the crystallinity and directionality of film growth strongly depends on the 

deposition condition, post deposition annealing, and the substrate.83-88 The 

directionality of growth for sol gel ZnO depends on the annealing temperature and 

the substrate.83,84 On a GaN substrate the sol gel ZnO film grows with the c-axis 

preferentially perpendicular to the substrate surface (manifested by only the (002) 

peak present in the diffraction pattern). For quartz, Si (SiO2), and sapphire the 

growth of sol gel ZnO was mixed as evidenced by more peaks in the diffraction 

pattern.83 Sol gel ZnO films exhibit hexagonally arranged grains that range from ca. 

40 to 140 nm in diameter.83                  

5.8nm

-5.1nm
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 Electronic and compositional properties of ALD ZnO and ALD ZnO 3.4

activated and cleaned by Ar+ sputtering and OP cleaning 

 Surface composition of ALD ZnO 3.4.1

XPS was implemented to gain insight into the change in the composition of ALD 

ZnO following OP and Ar+ plasma treatments. Samples were analyzed at 0° and 60° 

tilt angles. For 0° tilt angles, the technique provides information about the surface 

chemical composition up to a depth of 5 nm (corresponding to ca. 10 unit cells of 

ZnO aligned with the c-axis perpendicular to the substrate). The 60° sample tilt 

enabled even more surface sensitive data to be collected. 

O 1s and Zn 2p spectra are shown in Figure 3.16 and Figure 3.17, respectively. 

Table 3.1 shows the positions, FWHM, and calculated atomic concentrations of 

components for the O 1s and Zn 2p spectra. The atomic concentrations refer to the 

ratio of the area underneath the component peak to the total area of the O 1s signal, 

with all areas corrected for the sensitivity. All spectra were corrected for charging 

by shifting peaks so that the C 1s peak was positioned at 284.6 eV.          

Previous studies of the ZnO composition show mostly three89-92 or four53 

components in the O 1s spectra. Fits with three components include: (a.) the low 

binding energy (BE) peak associated with O in the position predicted by the ZnO 

lattice; (b.) the peak at higher BE corresponding to O next to defect sites; and (c.) the 

highest BE peak associated  
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Figure 3.16 XPS O 1s spectra for three samples: as-received, Ar+ sputtered, and OP 

treated ALD ZnO at 0° and 60° sample tilts. Residuals (same scale as graphs) are 

presented below every graph. 
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Table 3.1 Positions (BE [eV]), full width half maximum (FWHM), and atomic 

concentrations* (%) in XPS spectra for O 1s and Zn 2p at the 0° and 60° sample tilt 

angles. 
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Figure 3.17 Zn 2p peaks in XPS spectra for Ar+ sputtered, OP treated, and as-

received ALD ZnO. 

 

with adsorbed oxygen such as –OH, -CO3, H2O, and O2. In the fit with four 

components, the highest BE peak is divided into two components: first, O from –OH 

groups at the ZnO surface, and second, O from adsorbed carbonaceous species. 

There are also O 1s fits with only two components93 (with the low BE peak 

attributed to O in the position predicted by the ZnO lattice and the higher BE peak 

from adsorbed oxygen). Work in progress in the Armstrong group, using much 
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higher resolution XPS, confirms that four and in some cases, five components can 

arise from within these O 1s envelopes – but the resolution used in these 

experiments cannot justify that number of fitted peaks. 

In this study, O 1s spectra were deconvoluted into three Gaussian O 1s 

components (Figure 3.16), which is consistent with the above cited literature: the 

lattice component (lattice); defects (at +1.1-1.2 eV above the O 1s lattice peak); and 

bound oxygen (-OH) such as –OH, -CO3, O2, and H2O (at +2 eV above the O 1s lattice 

peak). The adsorption of CO2, CO, O2, and H2O is discussed later in Section 4.4.3. The 

FWHM for all O 1s components was kept between 1.0-1.3eV during fitting. There is a 

limitation in assignments of XPS peaks resulting from the spectral resolution that is 

ca. 0.4-0.6 eV based on the Au 4f peak.   

The O 1s defect peak appears at higher BE, which may be consistent with the 

electron withdrawing character of defects such as those that would arise from extra 

O atoms like Oi and OZn in the lattice. As discussed in Section 4.2, Oi and OZn may also 

form bonds with the Olattice atoms (Figure 4.9 a and Figure 4.10), which may even 

further increase O 1s peak shifts to higher BE. In the case of the VZn, they are 

acceptor defects that may accept electrons from neighboring O atoms and increase 

the BE of O 1s electrons that surround the defect.     

The Zn 2p signal was fitted with Zn 2p½ and Zn 2p3/2 components (Figure 3.17, 

Table 3.1) that were separated by 23 eV for all three sample types discussed, which 

is characteristic for ZnO.94 The FWHM of the Zn 2p signal for the analyzed samples is 

higher for the 60° tilted samples, indicating a less chemically uniform environment 
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and higher concentration of defects at the surface. For the OP treated and 600 tilted 

sample, +0.2 eV and +0.3 eV shifts in Zn 2p peaks were measured compared to as-

received and Ar+ sputtered ALD ZnO respectively. These shifts to the higher binding 

energy indicate that the OP treatment oxidizes the sample, which agrees with 

observations from the O 1s spectra.    

Zn 2p peaks at a 0° sample tilt angle seem less sensitive than O 1s peaks to 

change in the chemical environment. We hypothesize that the reason is the Zn 

electronic structure. Zn 2p (core) electrons are screened from valence electrons (3d 

4s) by 3s and 3p orbitals, which makes Zn 2p electrons less sensitive to changes in 

the Zn environment. O 1s (core) electrons are more sensitive to the change in the 

environment since there is no orbitals between them and the valence orbitals (2s 

2p).              

The calculated ratios of atomic concentrations for the O 1s lattice versus the O 1s 

defect components are presented in Table 3.2. The ratio is the highest in the OP 

treated sample indicating that an OP introduces more defects into the ALD ZnO 

lattice. For the Ar+ sputtered sample this ratio is the lowest, indicating that Ar+ 

sputtering removed the outer defective layer of the ALD ZnO. Ratios of O 1s lattice 

components versus O 1s defect components are lower for tilted samples supporting 

the higher concentration of defects near the surface.  

Table 3.3 presents ratios of the Zn 2p3/2 and O 1slattice components for the 

samples investigated. The ratio for Ar+ sputtered ALD ZnO is 1, which indicates 

stoichiometric ZnO. However, for as-received ALD ZnO that ratio is 0.9 and 0.6, for 
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0° and 60° tilted samples respectively, suggesting Zn deficiencies in the near surface 

region of these thin films. The OP treatment of ALD ZnO decreased the ratio to 0.7 

and 0.2 for 0° and 60° tilted samples indicating that OP increases the Zn deficiency 

especially in the near-surface region.  

 

 

 

 

 

 

Table 3.2 Ratios of atomic concentrations of the O 1s lattice component versus the 

O 1s defect component. 

 

 

 

 

 

Table 3.3 Ratios of atomic concentrations of the Zn 2p3/2 component versus the O 

1slattice component. 
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The position of the O 1s defect peaks at about +1.1-1.2 eV with respect to the O 1s 

lattice indicates that defects have electron withdrawing character. The O 1s lattice 

component in the OP treated sample is shifted 0.3 eV to higher binding energies 

when compared to Ar+ sputtered and as-received ALD ZnO, indicating a change in 

the chemical environment of O following OP exposure. Specifically, the O 

environment becomes more electronegative, which indicates that the sample was 

oxidized. These findings discussed above correlate with the PL results (discussed in 

the following Section) where upon OP treatment a shift in the trap emission 

occurred.   

These XPS results indicate that there is the Zn deficiency in the as-received ALD 

ZnO sample and that the OP treatment increases that deficiency especially at the 

surface. We hypothesize that the as-received sample has VZn defects since they have 

the lowest Formation energy and Oi are not likely to occur at equilibrium conditions. 

The OP treatment increases the concentration of the Olattice component and oxidizes 

the surface, which suggests the presence of Oi. The increase in the concentration of 

the Olattice component may also suggest the presence of adsorbed oxygen at the ZnO 

surface and O antisites. However, O antisites, according to calculations, have the 

higher Formation energy compared to Oi (as discussed in Section 4.2) and are not 

likely to occur in n-type ZnO.   
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 Defects in the ALD ZnO crystal structure 3.4.2

 As can be seen from the density of states (DOS) in Figure 3.18 for as-received, 

Ar+ sputtered, and OP cleaned ZnO, there are low density energy states that tail 2.3, 

2.2, and 2.4 eV into the band gap respectively, and are called interband or band tail 

(BT) states.53 The tailing of energy states up to the Fermi energy is typical for 

intrinsic n-type semiconductors such as ZnO.30,64 These tailing energy states result 

from  

Figure 3.18 Density of states (DOS) for as-received, Ar+ sputtered, and OP cleaned 

ALD ZnO showing the tailing of DOS into the band gap characteristic of n- type 

semiconductors, which indicate the presence of defects in the ZnO lattice. A BE of 0 

eV corresponds to vacuum. The assumptions were: the valence band corresponds to 

the position of HOMO (the energy corresponds to IE) and the position of EF 

corresponds to the WF.  
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imperfections in the crystal structure as described in Section 4.2. Since the character 

of the valence band is primarily O 2p, it is hypothesized that the BT states 

correspond to O atoms that are in different environments due to defects in the 

lattice.     

PL studies done on ALD ZnO provide more insight into energy states in the band 

gap as discussed in Section 4.2. PL spectra (Figure 3.19) were normalized to the 

intensity of the UV emission band for three ALD ZnO samples: as-received, OP 

treated, and the OP treated sample that was exposed to ambient conditions for 1h 

(left in air). When samples were excited with at 325 nm two emission bands were 

identified for all three samples. The excitation wavelength was picked based on a 

literature search and the available light source. In the literature mostly 320 nm and 

325 nm wavelengths are used in PL studies on ZnO.63-65,95,96   

The high intensity excitonic emission band is centered at ca. 380 nm that 

corresponds to 3.27 eV. The tailing of the low energy edge of the excitonic emission 

is evident for all samples. But the tailing and FWHM of the emission band decreases 

for ALD ZnO samples that were OP treated. The lower FWHM of the excitonic 

emission band may be the result of the narrower distribution of excitonic states 

(compare to Figure 3.12) for OP treated ALD ZnO.   

The second band in the PL spectra corresponds to the emissions involving 

interband states that ranges from ca. 480 to 700 nm, and is centered at ca. 554 (2.24 

eV) and 570 nm (2.18 eV) for as-received and OP treated ALD ZnO respectively.  
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As evidenced by the increase in the ratio of areas for the trap emission versus 

exciton emission bands, from 0.05 to 0.17 for as-received to OP treated ALD ZnO 

(Table 3.4), the OP treatment of ALD ZnO introduces more defects to the crystal 

lattice.  

In addition, the 16 nm red shift in the trap emission band for the OP treated 

sample, when compared to the as-received ALD ZnO sample, indicates that the 

nature of the predominant defects changes upon exposure of as-received ALD ZnO 

to an OP. The defects (Oi) created during the OP treatment correspond to a different 

energy level/ interband state compared to defects in as-received ALD ZnO, and 

therefore result in the shift of the defect emission band (refer to Figure 3.12). The 

shift in the trap emission band due to the OP exposure correlates with the shift of 

the XPS O 1s spectra to higher BE (Figure 3.16), which confirms that the identity of 

the defects changes when as-received ALD ZnO is exposed to an OP.     

 When the same OP ZnO sample was exposed to ambient conditions for 1h the 

intensity of the trap peak decreased significantly, the ratio of areas of the excitonic 

versus trap emission bands decreased to 0.04, and the trap emission peak shifted 

back to the same wavelength (ca. 554 nm) measured for as-received ALD ZnO (as 

shown in Figure 3.19 and Table 4.4). 

Therefore, the OP treatment creates more defects (Oi as determined from XPS) in 

ALD ZnO, but they are not stable and can spontaneously diffuse out/anneal out of 

the sample in ambient conditions.  
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Figure 3.19 Photoluminescence (PL) spectra for ALD ZnO: (a.) full emission range 

and (b.) trap emission range only. PL spectra were normalized to the intensity of the 

excitonic emission band and a background correction was performed. The 

systematic noise is a result of data processing by the spectrometer. 

360 400 440 480 520 560 600 640 680
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a
li

z
e
d

 i
n

te
n

s
it

y
 [

A
.U

.]

Wavelength [nm]

  as received

  OP cleaned

  OP cleaned, 1h in air 

450 480 510 540 570 600 630 660 690
0.00

0.01

0.02

0.03

0.04

0.05

Wavelength [nm]

  as received

  OP cleaned

  OP cleaned, 1h in air 

Excitonic emission 

Trap emission 

a 

b 



132 
 

 

 

Table 3.4 The ratio of areas underneath trap (Adefect) and excitonic (A380) emission 

bands in the PL spectra shown in Figure 4.11. 

 

 

We hypothesize that the trap emission in as-received ALD ZnO results from the 

acceptor recombination mechanism (Figure 3.12 b) involving interband acceptor 

states created by VZn defects. In the OP treated sample there are additional 

interband states created by Oi defects and they result in the second recombination 

mechanism and shift in the trap emission peak. However, since Oi defects are not 

stable they diffuse out when the OP treated sample is left in air, which removes 

interband states associated with Oi. Janotti and coworkers determined that the most 

probable Oi-2 defect has the lowest migration barrier (mobility) along the c-axis 

through the interstitial channel in the würtzite lattice.30,54 Since VZn defects are still 

present in the OP treated sample left in air for 1 h, the trap emission peak from that 

sample is comparable to the trap emission peak in the as-received ALD ZnO.   

Sample Adefect/A380

As received 0.05

OP cleaned 0.17

OP cleaned 1h in air 0.04
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Cyclic voltammetry was used to examine the band gap region of ALD ZnO to 

determine the presence of energy states in the band gap or surface states.97-99   

Since the potential range used in the cyclic voltammetry experiment 

corresponded to the potential of the ZnO bandgap, any peak in the voltammogram 

indicates charge transfer between the electrolyte and the ZnO electrode, and 

therefore the presence of energy states in the bandgap (assuming no other reactions 

take place). The presence of peaks in the voltammogram can be caused by intrinsic 

surface defects or surface defects formed due to the adsorption of impurities.97,98    

Representative cyclic voltammetry for as-received and OP treated ALD ZnO 

samples are shown in Figure 3.20 (measurements by Kai-Lin ‘Kento’ Ou ). The three-

electrode cell was used with the ZnO sample as a working electrode. A Pt mesh was 

used as a the counter electrode and a non-aqueous Ag/AgNO3 electrode (with a 

potential 0.36 V vs. Standard Hydrogen Electrode, and 5.06 eV vs. vacuum) was a 

reference electrode. Tetrabutylammonium hexafluorophosphate in acetonitrile was 

used as a supporting electrolyte. A nonaqueous solvent was used since it: (a.) 

provides a more stable environment for semiconductors such as ZnO (reduced 

photodecomposition into Zn+2 and O2); and (b.) the adsorption of impurities on 

semiconductors is lower compared to aqueous solvents.97,98   

The potential was swept in the range from +0.8 V to -0.9 V at 100 mV/s. The 

potential range used corresponds to the 5.86 - 4.16 eV band gap energy range as 

shown in Figure 3.20.  
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Figure 3.20 Cyclic voltammetry results for as-received (the red graph) and OP 

treated (the blue graph) ALD ZnO, and comparison of energy scales for the as-

received ALD ZnO band gap energy and the potential range used during CV 

measurements. Sweep rate 100mV/s. 0 V potential corresponds to 5.06 eV on the 

energy scale shown in Figure 4.10. 
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During the positive scan for the as-received ZnO sample (Figure 3.20 red) one 

peak appears at around 0.3 V ( 5.36 eV) indicating oxidation. The intensity of the 

oxidative peak decreases during consecutive sweeps until the peak completely 

disappears, which suggests the presence of defect sites/ surface states that can be 

irreversibly oxidized until all sites are oxidized. The area under the oxidative peak 

for the first sweep was integrated to estimate the charge passed between the ALD 

ZnO electrode and the electrolyte. To estimate the concentration of surface states 

the following equation was used: 

  
 

     
 

where Γ is the density of defects [mole/cm2], Q is the passed charge (the area under 

the peak) [C], n is the number of electrons transferred, F is the Faraday constant, 

and A is the electrode area [cm2].  

Assuming that n=1, the concentration of surface states/defects was estimated to 

be 0.7x10-13 mole/cm2 or 2.6x1011 defects/cm2. The estimated defect concentration 

is comparable to the surface defect concentration of 3-7x1011 defects/cm2 

determined for TiO2-xFx.100  The oxidation peak in the as-received ALD ZnO indicates 

presence of intrinsic defects that can be oxidized, which is in the agreement with VZn 

acceptor states as concluded from the XPS results. However, the oxidation peak may 

also be caused by impurities adsorbed at the ALD ZnO surface.97,98 

The CV results for the OP treated ALD ZnO sample indicate that OP introduces a 

change in the identity of the defects/ surface states. Samples tested were (i) OP 
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treated, fresh as-received ALD ZnO samples, and (ii) OP treated as-received ALD 

ZnO samples that were previously used in CV studies. Both sample types produced 

similar results.  

 For OP treated ALD ZnO (starting from a fresh, as-received ALD ZnO sample) 

there is no oxidative peak, and an increase in a non-Faradaic current in the -0.25V to 

-0.9 V range (4.46 -3.81 eV range) in the positive scan (Figure 3.20 blue) was 

measured, indicating that following OP treatment the capacitance of the sample 

increased.    

 

 Electronic properties of ALD ZnO  3.4.3

UPS was conducted to understand how OP and Ar+ plasma treatments influence 

the work function (WF) and ionization energy (IE) of ALD ZnO. The escape depth of 

electrons in UPS measurements is not higher than 2 nm, and therefore this 

technique provides information about the surface.  

WF strongly depends on the surface properties of the oxide. Surface properties 

can be influenced by surface reconstruction, defects, and adsorbates.53,101 The 

orientation magnitude and concentration of adsorbed dipoles at the metal and oxide 

surfaces have an effect on WF, and can be used to tune WF. 33,34,37,102,103 Adsorbates 

can form and affect the charge distribution at the surface through charge transfer 

across the interface, rearrangement of charges at the surface, formation of a bond or 

interface state, and  induction/change of the dipole moment at the surface if an  
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Figure 3.21 The schematic showing a photoelectron leaving the O–ZnO würtzite 

lattice. Gray balls represent Zn atoms and red balls represent O atoms; μ is the 

dipole moment between O and Zn planes; e- is a photoelectron leaving the surface.  

Adsorbates affect μ through charge redistribution and this results in the change of 

BE for e-. 

 

adsorbent has a permanent dipole (Figure 3.2).103 For ZnO the charge redistribution 

due to adsorbates results in a change of the dipole moment between O and Zn 

planes at the interface, as shown in Figure 3.21. The photoelectron leaving the 

surface is affected by the change in that dipole moment leading to an increase or 

decrease of WF as discussed in Section 3.1.  

e¯
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Detailed studies of small gas molecule adsorption on a single crystal ZnO shows 

that O2, CO2, and CO lead to an increase of the WF for ZnO.104 It was found that O2 

chemisorbs mostly at O vacancies by charge transfer at the ZnO surface, and leads to 

a ca. 0.3 eV WF increase.104 CO2 was found to either physisorb as CO2, chemisorb as 

CO3-2, or form ZnCO2- on VO.105,106 CO2 adsorption was shown to increase the WF by 

ca. 0.8 eV.104 CO was found to adsorb on Zn atoms at the surface and to increase WF 

by ca. 0.2-0.3eV.104-106 Water adsorbs dissociatively at the O-ZnO polar surface 

forming –OH groups at the surface.91          

Hydrocarbons are known to decrease WF of oxide surfaces. 47,56 Kuo et al. 

calculated the WF change for polar ZnO surfaces with an increasing coverage of 

carbonaceous species.53,107 It was determined that submonolayer coverage of 

adsorbed carbon lead to a WF decrease. 107 

Figure 3.22 shows UPS spectra of as-received, OP treated, and Ar+ sputtered 

ALD ZnO. Calculated WF and IE for all analyzed samples are shown in Table 4.6. For 

all three samples, the WF and IE depend on the pretreatment and follow the same 

trend. The lowest WF and IE of 3.3±0.1 eV and 6.7±0.1 eV respectively were 

determined for the as-received ALD ZnO sample. These low values result from 

adsorbed aliphatic hydrocarbons (carbonaceous contamination) as discussed above. 

Ar+ sputtering of as-received ZnO lead to an increase in both WF and IE to 3.9±0.1eV 

and 7.0±0.1eV respectively. 

The value obtained for WF is in agreement with the value (3.95 eV) obtained in 

other UPS studies on radio frequency magnetron sputter deposited ZnO.108 The 

a 
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increase in WF and IE following Ar+ sputtering is mostly the result of removing 

nearly all hydrocarbon contamination and the upper defective ZnO layer (as 

evidenced by XPS O 1s spectra).53,108 

 

 

 

 

 

Figure 3.22 UPS spectra: (a.) the low kinetic edge (high BE) and (b.) the high kinetic 

edge (low BE) for as-received, Ar+ sputtered, and OP treated ALD ZnO. O eV 

corresponds to the Fermi level (EF). 
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Table 3.5 WF and IE values determined for Ar+ sputtered, as-received, and OP 

treated ALD ZnO samples. 

 

The WF of 4.2±0.1eV and IE of 7.4±0.1eV for OP treated ALD ZnO are the highest 

measured among the analyzed samples. The increase in WF following OP exposure 

is in the agreement with the metal oxide literature.53,108 A WF of 4.21 eV was 

determined for OP treated radio frequency magnetron sputter deposited ZnO, and 

the increase was attributed to a more negative ZnO surface after exposure to OP. 

However, the increase in WF may result from the creation of defects in the ALD ZnO 

lattice during the OP treatment and/or adsorption of O2, CO2, H2O, or CO at the 

surface. 105,109-111  

The O 1s XPS spectra for OP treated ZnO discussed above (showed in Figure 

3.16) indicate that an OP impinging a ZnO surface creates more defect states. Brédas 

and coworkers101 calculated that the presence of defects such as zinc and oxygen 

ZnO 
sample

Work Function
[WF]

Ionization potential
[IP]

[eV] [eV]

Ar+ sputtered 3.9±0.1 7.0±0.1

As received 3.3±0.1 6.7±0.1

OP treated 4.2±0.1 7.4±0.1
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vacancies (especially Zn vacancies) in the ZnO lattice increases the work function 

due to the change in the surface carrier density. 

The presence of adsorbed carbonaceous species such as CO, CO2, and CO3-2 is 

evidenced by the broader C 1s peak at 284.6 eV, and the broader higher BE 

component in the OP treated ALD ZnO C 1s spectrum in comparison to the as-

received ALD ZnO spectrum (Figure 3.23). The C 1s peak at 284.6 eV is assigned to 

carbon in C-C and C-H bonds. The C 1s peak at ca. 288 eV in the as-received ALD ZnO 

spectrum corresponds to CO2.110 The broad higher energy feature was fitted  with 

two peaks at 287.5 eV and 289.5 eV attributed to C=O, CO2, and CO3- / CO2- 

species.110 The Ar+ sputtered sample showed trace amount of carbon (not shown in 

Figure 3.23). 

 

 

 

 

 

 

 

 

Figure 3.23 C 1s XPS spectra for as-received and OP treated ALD ZnO. The linear 

background was subtracted from the spectra and spectra were fitted using Origin 

software. 
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Figure 3.24 a shows the change in energies of valence electrons determined by 

UPS. The spectra show the intensity of valence states as a function of BE with 

respect to the Fermi energy. Spectra were normalized to the secondary electron 

edge, background corrected (the Spline background using the Origin software), and 

fitted using the Gaussian distribution as shown in Figure 3.24b and Table 3.6b.  

The valence band for the Ar+ sputtered ALD ZnO shows the most pronounced 

(compared to two other samples) Zn 3d and O 2p peaks at 11.1±0.2 and 4.8±0.2 eV 

repectively, which indicates that the sample is the most chemically uniform among 

the samples studied. There is a visible feature at ca. 5.3±0.2 eV corresponding to the 

bonding combination of O 2p –Zn 4s electrons. The O 2p and Zn 4s-O 2p signals for 

Ar+ sputtered ALD ZnO are shifted to lower BE energies with respect to OP treated 

and as-received ALD ZnO. The shift of the Zn 3d peak for Ar+ sputtered ALD ZnO by 

ca. 0.1 eV, with respect to OP treated ALD ZnO, is within the experimental error. 

However, the Zn 3d peak for Ar+ sputtered ALD ZnO shifts by 0.3 eV to a lower BE 

with respect to as-received ALD ZnO.    

The valence band of OP treated ALD ZnO shows O 2p, Zn 4s-O 2p, and Zn 3d 

peaks at 5.1±0.2 eV, 6.8±0.2 eV, 11.2±0.2 eV respectively.  

The valence band for the as-received ALD ZnO sample shows less resolved Zn 3d, 

O 2p, and Zn 4s-O 2p peaks indicating that the sample is the least chemically 

uniform among studied samples. The valence region corresponding to the O 2p and 

Zn 4s- O 2p signals is shifted to higher BE compared to OP treated and Ar+ sputtered  
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Figure 3.24 UPS spectra showing the valence band of Ar+ sputtered, as-received, 

and OP treated ALD ZnO with the Zn 3d, O 2p, and Zn 4s - O 2p signals: (a.) original 

spectra and (b.) background corrected and fitted spectra. Spectra were normalized 

to the secondary electron edge.  0 eV BE corresponds to the Fermi level.    
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Table 3.6 Results for fitted UPS spectra shown in Figure 3.24 b for OP treated, as-

received and Ar+ sputtered ALD ZnO samples. Standard deviation values were 

calculated for fitted spectra from three samples. 

 

ALD ZnO, and may indicate that the signal is affected by the C 2p signal from the 

adsorbed carbonaceous species. 

The analysis of the valence band peaks indicates that Ar+ sputtering makes the 

ALD ZnO the most chemically uniform. The above conclusions agree with XPS 

results showing that the Ar+ sputtered sample has the least defective surface with 

close to perfect ZnO stoichiometry.  

These results indicate that the ZnO surface is highly sensitive to the conditions it 

is exposed to. Conditions strongly affect the chemical composition and electronic 

properties of the oxide. Therefore, to improve the efficiency of electronic devices 

with an incorporated ZnO layer, an understanding and control of ZnO surface 

properties has to be achieved first.    

OP treated As received Ar + sputtered

BE
[eV]

FWHM 
[eV]

BE
[eV]

FWHM 
[eV]

BE 
[eV]

FWHM 
[eV]

O 2p 5.1±0.2 1.7±0.3 6.4±0.3 2.7±0.5 4.8±0.2 1.7±0.1

O 2p- Zn 4s 6.8±0.2 3.3±0.4 8.6±0.2 3.0±0.5 5.3±0.2 3.0±0.2

Zn 3d 11.2±0.2 1.7±0.3 11.4±0.3 1.8±0.2 11.1±0.2 1.7±0.2
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 Influence of modification with phosphonic acids on ALD ZnO 3.5

 Phosphonic acids used to modify ZnO 3.5.1

The modification of oxides was shown to stabilize the surface37, tune WF35 and 

decrease SFE34, which may benefit the performance of photovoltaic devices as 

discussed in Section 4.1.  We used PAs since they are known to form strong bonds 

and robust monolayers on many different metal oxides. 112-117  

PAs contain a tetracoordinate phosphorus atom bound to two hydroxyl groups 

and oxygen. That leads to many possible bonding modes with the metal oxide 

surface as presented in Figure 3.25.118,119 Hotchkiss et al. determined that PAs bind 

to ZnO mainly with a tridentate mode with the possibility of a bidentate mode.120 

Recent reflection absorption infrared spectroscopy (RAIRS) studies on modified Ga-

doped ZnO (GZO) suggest primarily the bidentate binding mode.121 

Benzyl phosphonic acid (BnPA), pentafluorobenzyl phosphonic acid (F5BnPA), 

and para-methoxy benzyl phosphonic acid (p-MeBnPA) shown in Figure 3.26 were 

used to modify ALD ZnO. For comparison, modifications with carboxylic acids (CA) 

and thiols were also conducted but they lead to etching of the ZnO surface in this 

study. However, other groups were able to modify ZnO with CAs and thiols.117,122 

Perkins modified ZnO surfaces with 1-hexanethiol and 1-hexanephosphonic acid, 

and showed that phosphonic moieties lead to more thermally stable monolayers 

preferred over thiols for attachment to ZnO.117 Taratula et al. showed that the 

modification of ZnO nanotips with hexanethiols was unsuccessful.123 They also  



146 
 

  

Figure 3.25 The possible binding modes of PAs to metal oxide surfaces: a) 

monodentate; b) and c) bridging bidentate; d) bridging tridentate; f), g) and h) 

possible hydrogen bonding. (based on reference 119). 

 

Figure 3.26 Benzyl phosphonic acids used to modify ALD ZnO: (a.) BnPA, (b.) 

F5BnPA, and (c.) p-MeBnPA. 

a b c
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indicated that PAs and CAs are suitable for anchoring groups for ZnO, although the 

modification may etch the ZnO surface depending on the deposition conditions (pH, 

concentration of modifier) and the position of the anchoring groups.  Others 

concluded that, depending on conditions for the PA modification of oxides including 

temperature, pH, and concentration of PA modifier, the modification may result in 

the formation of metal phosphonates on even chemically stable TiO2.124-126 It was 

found that high temperatures and high concentration of modifier leads to 

dissolution of the oxide.    

Benzyl terminal groups may be less insulating when compared to alkyl chains 

due to the possibility for charge tunneling through the benzene ring.127,128 It was 

suggested that aromatic groups may improve the charge injection efficiency at the 

ZnO surface.127 Campbell et al. showed that porphyrins that lie flat on a TiO2 surface 

give significantly higher Jsc and Voc values (four times higher Jsc) compared to edge-

on aligned porphyrins. Galoppini et al. reported a 20 times higher incident photon to 

current conversion efficiencies (IPCE) at the Q band for porphyrins bound flat-on at 

a TiO2 surface in dye sensitized solar cells, when compared to porphyrins bound 

edge-on.128 

 

 Surface composition of modified ALD ZnO 3.5.2

XPS and angle resolved XPS (with a 60° sample tilt) were used to understand 

how the PA modification changes the composition of ALD ZnO. Figure 3.27 shows O 
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1s spectra collected for BnPA, F5BnPA, and p-MeBnPA modified ALD ZnO and a 

control sample (the control sample was prepared using the same modification 

procedure but without any modifier added to the EtOH).  

The envelope for O 1s spectra for modified ALD ZnO have a more pronounced 

feature at ca. +1.2-1.5 eV with respect to the O 1s lattice component when compared 

to unmodified ALD ZnO (compare with Figure 3.16) for which the O 1s defect 

component was assigned at +1 eV BE vs. the O 1s lattice component. Theoretical 

modeling of a PA modified polar ZnO surface showed that the signal from the 

bonding O should be at ca. +1.07 eV and +1.99 eV with respect to the O 1s lattice 

component for tridentate and bidentate modes respectively.129,130 Hotchkiss et al. 

determined the bonding O signal to be +1 eV with respect to the O 1s lattice 

component for alkylphosphonic acids bound to ZnO with mainly the tridentate 

mode.120 Perkins determined that the bonding O signal was at +1 eV with respect 

the O 1s lattice component for hexylphosphonic acid modified polar O-ZnO 

surface.117 In our study, the position of the signal from the bonding O was at +1.2-1.5 

eV with respect to the O 1s lattice component, which may suggest a combination of 

bidentate and tridentate modes. The O 1s spectra were fitted with three 

components with a Gaussian distribution for BnPA modified, F5BnPA modified, and 

control ALD ZnO (Figure 3.27 and Table 3.7): (a.) O 1s lattice, (b.) –POZn 

corresponding to bonding oxygen between Zn and P (1.2-1.5 eV above the lattice 

component), and (c.) –OH corresponding to hydroxyl groups and adsorbed oxygen 

(1.9-2.7 eV above the O lattice component). The –POZn component most likely 
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contains the signal from O in the defect environment (the O 1s defect component), 

but since it is difficult to predict the contribution of that signal the O 1s defect 

component was not incorporated into the fit. In the p-MeBnPA modified ALD ZnO 

the –OMe component was added at 2.7 eV above the lattice component.131 FWHM 

for the lattice, -POZn, and -OH components was allowed to vary between 1-1.3 eV, 

1.3-1.6 eV, and 1-1.7eV, respectively.  

The O 1s signal for the control sample resembles the O 1s signal for the PA 

modified ALD ZnO samples rather than the as-received or OP treated ALD ZnO.  

Therefore, the control ALD ZnO sample was fitted with three components similar to 

the modified ALD samples, but in place of the –POZn component a –ROZn 

component was fitted at 2.4 eV above the O 1slattice component: hypothesized to 

correspond to bonding O between Zn and –CH2CH3 (the ethyl group).  

BE, FWHM, and atomic concentration values for Zn 2p spectra are presented in 

Table 3.7. For all samples the difference between Zn 2p1/2 and Zn 2p3/2 was 

determined to be 23.0 eV, which is characteristic for ZnO and indicates that no 

metalation took place.94  
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Figure 3.27 O 1s spectra at 0o and 60o sample tilt angles for p-MeBnPA, F5BnPA, 

BnPA, and control samples. Residuals (the same scale as spectra) are shown below 

every spectrum. 
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Table 3.7 BE, FWHM, and atomic concentration [%] for components of O 1s and Zn 

2p XPS results. (Atomic concentration [%] = the area of the O 1s component 

peak/the total O 1s signal; all areas were corrected for the sensitivity). 



152 
 

The position of the O 1s signal for PA modified ALD ZnO indicates that O is in a 

more electronegative environment compared to as-received and Ar+ sputtered 

samples, which agrees with OP treated ALD ZnO.   

The difference between the O 1s lattice component and the Zn 2p3/2 peak was 

determined to be 491.4-491.7 eV for PA modified ALD ZnO, and 491.9 and 492.0 eV 

at 0° and 60° sample tilt respectively for the control sample (Table 3.7). The distance 

between the O 1slattice component and the Zn 2p3/2 peak for PA modified ALD ZnO 

and the control sample is higher in comparison to the as-received, OP treated, and  

 

 

Table 3.8 The ratio of atomic concentrations of Zn 2p3/2 and O 1slattice for PA 

modified ALD ZnO and the control ALD ZnO sample. 

 

 

Ar+ sputtered ALD ZnO (compare Table 4.2), and is probably the result of the 

different exposure conditions for the samples.   

For all PA modified ALD ZnO samples, the ratio of the Zn 2p3/2 to O 1slattice (Table 

3.8) components for the 0° sample tilt angle indicates Zn deficiency in PA modified 

Zn2p3/2 / O 1slattice BnPA F5BnPA p-MeBnPA control

0o 0.80 0.91 0.71 1.05

60o 0.76 1.7 0.94 0.83
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samples. This agrees with the as-received, Ar+ sputtered, and OP treated ALD ZnO 

samples. For 60° tilted samples the ratio of Zn 2p3/2 to O 1slattice components also 

suggests Zn deficiency, except for the F5BnPA modification for which the ratio is 1.7 

indicating O deficiency. In the control sample there is the deficiency of Zn, but only 

at the surface. The results for PA modified samples may suggest the presence of 

adsorbed O-2 at the ZnO surface that affects the Zn 2p3/2 to O 1slattice ratio especially 

for 60° tilted samples. The O deficiency for the F5BnPA modified sample indicates 

that there is less adsorbed O-2 at this surface. The presence of adsorbed oxygen at 

the -2 oxidation state (due to the charge transfer from ZnO) was previously 

suggested in literature.1,28  

C 1s spectra were fitted as shown in Figure 3.28 and the fitted parameters are 

shown in Table 3.9. The C 1s signal for the control sample is characterized by a 

narrow peak at 284.6 eV, which corresponds to C-C and C-H and is probably 

indicative of adsorbed ethyl groups as discussed above. The C 1s signal for p-

MeBnPA was fitted with 4 components in ca. 5:1:1:1 ratio, which agrees with the 

ratios of C 1s environments in the molecule as shown in Table 3.8.131 The C1s signal 

in BnPA modified ALD ZnO is fitted with two components: the first, at 284.6 eV 

assigned to C in the benzene ring and most likely due to a small hydrocarbon 

contamination that occurs during the sample transfer; the second, at 286.1 eV 

corresponding to the C atom in the C-P bond. The C 1s signal for F5BnPA modified 

ALD ZnO was fitted with three peaks. The first peak at 287.5 eV is assigned to C in 

the C-F bonds. The second peak at 286.0 eV corresponds to the signal from two C 
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atoms: the C atom in the C-P bond and the C atom in the benzene ring not bonded to 

F. The third peak at 284.6 eV corresponds to the hydrocarbon contamination. 

The XPS results indicate that modification produces an oxidized ALD ZnO surface 

when compared to as-received and Ar+ sputtered ALD ZnO samples, as evidenced 

by the O 1s signal shifted to higher BE.  The ratio of Zn 2p3/2 to O 1slattice indicates 

that there is Zn deficiency in the modified samples, which agrees with OP treated 

ALD ZnO. However, this is not true for the F5BnPA modified ALD ZnO top surface 

and it may suggest that the presence of adsorbed O-2 is affecting the Zn 2p3/2 to O 

1slattice ratio.  

 

 

 

 

 

 

 

 

 

Figure 3.28 C 1s spectra for the PA modified ALD ZnO and the control sample. 
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Table 3.9 Fitting parameters for C1s spectra shown in Figure 4.23: (a.) C 1s 

components shown on the molecules and (b.) table with values. 

 

 Energetics of modified ALD ZnO 3.5.3

UPS spectra of the PA modified ALD ZnO, OP treated ZnO, and control samples 

are presented in Figure 3.29. The modification of ALD ZnO with PAs decreases the 

WF when compared to OP treated ALD ZnO (with 4.2±0.1eV WF).  

Figure 3.30 shows how WF changes with the dipole moment of the molecule. 

However, it is not possible to determine whether there is a correlation between WF 

and the dipole moment of the modifier based on only three molecules (as has 

determined for modified ITO and Au).33-37 The lack of a clear correlation between 

the dipole moment and WF may result from the fact that the orientation of the 

F5BnPA BnPA p-MeBnPA Control

BE 
[eV]

FW
HM

% BE 
[eV]

FW
HM

% BE
[eV]

FW
HM

% BE 
[eV]

FW
HM

%

C 1s (1) 284.6 1.5 66.1 284.6 1.3 78 284.6 1 54.7 284.6 1.3 100

C 1s (2) 286.0 0.8 9.7 286.1 1.2 13 285.1 0.8 11.1 - - -

C 1s (3) 287.5 2.1 24.2 - - - 285.7 0.8 11.1 - - -

C 1s (4) - - - - - 286.6 0.8 11.1 - - -

C 1s (1)

C 1s (2)

C 1s (2)

C 1s (3)

C 1s (1)

C 1s (4)

C 1s (3)

C 1s (2)

a

b
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molecules may be different from the optimized orientation assumed during the 

dipole moment calculations. 

The modification with F5BnPA resulted in a 4.0±0.1eV WF. A WF of 4.1±0.1eV 

was measured for p-MeBnPA modified ALD ZnO. The modification with BnPA 

resulted in a 3.6±0.1eV WF. All modifications of ALD ZnO resulted in the WF 

decrease due to the change in the charge distribution at the ZnO surface as 

discussed in Section 3.1. The WF values obtained for both F5BnPA and p-MeBnPA 

are similar and are the consequence of the dipole moment of the molecule, the 

orientation of the molecule, and the surface coverage. The lowest WF of 3.0±0.1eV 

was recorded for the ZnO control sample, which is the result of adsorbed ethanol on 

the surface as evidenced by C 1s and O 1s XPS spectra discussed in Section 3.5.2.          

Theoretical calculations for BnPA and F5BnPA modified ZnO indicate a -1.09 eV 

decrease and a +0.03 eV increase in WF respectively when compared to the 

unmodified perfect, polar O-ZnO surface. The discrepancy between calculations and 

UPS results may be caused by the difference in the surface coverage and the 

orientation of molecules.             
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Figure 3.29 UPS spectra of modified ALD ZnO, the control sample, and Au foil: (a.) 

the high binding energy edge (low kinetic edge), and (b.) the low binding energy 

edge (high kinetic edge).   
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Figure 3.30 The change in WF vs. the dipole moment of the modifier. 

  

-4 -3 -2 -1 0 1 2 3
3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0

4.1

4.2

W
o

rk
 F

u
n

c
ti

o
n

 [
e
V

]

Dipole moment [D]

p-MeBnPA

BnPA

F5BnPA



159 
 

 Orientation of phosphonic acids on ALD ZnO.   3.5.4

Angle resolved NEXAFS studies were undertaken on modified ZnO samples to 

determine the alignment of PAs (data were collected by Matthew Gliboff and 

Kristina Knesting from the Prof. David S. Ginger Group at the University of 

Washington; data interpretation was by Matthew Gliboff). Total electron yield (TEY) 

at different angles (20°, 35°, 45°, 55°, 65°, 75°, and 90°) were measured as a function 

of incident x-ray energy. The 90° incident angle corresponds to the x-rays impinging 

the surface along the surface normal, and the 20° incident angle is close to the 

grazing angle. The incident x-ray energy ranged from 280 to 320 eV to obtain 

information about the C K-edge. The TEY intensity is dominated by secondary Auger 

electrons but it is composed of both primary and secondary Auger electrons. The 

sampling depth in TEY measurements is typically a few nanometers.  

As shown in the obtained spectra in Figure 3.31a to Figure 3.33a, peaks 

corresponding to C=C π* at ca. 286 eV, C-H at ca. 289 eV, C-C σ* and C=C σ* at ca. 

293 eV, and C-F at ca. 288 eV (for F5BnPA) were identified. In the case of p-MeBnPA 

an additional C=C π* peak at ca. 287 eV is present due to the methoxy group 

attached to the benzene ring. Since the x-rays impinging the surface were 85% 

polarized, the intensity of peaks change depending on the incident angle of x-rays 

due to the change in the alignment of the benzene ring (and more specifically the 

molecular transition dipole).  

To determine the alignment of the PA the area underneath the C=C π* peak at ca. 

286 eV was measured for each incident angle for BnPA and p-MeBnPA. For F5BnPA 
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the area of the C-F peak was used. Then using software (gnuplot) curves were 

generated showing the dependence between the peak area and the x-ray incident 

angle for different tilt angles (α) of a given molecule (green curves in Figure 

3.31toFigure 3.33a). Determination of tilt angles of molecules were based on the 

alignment of their transition dipoles. Next, the experimentally determined area of 

the peak vs. the x-ray incident angle curve was compared to generated curves, and 

the best fit was determined (red curve in Figure 3.31b to Figure 3.33b).  

The angle resolved NEXAFS results indicate that the angles between the normal 

to the benzene ring and the normal to the substrate surface are 52±3°, 52±2°, and 

60±2° for BnPA, F5BnPA, and p-MeBnPA respectively. These angles can be 

converted to angles between the substrate surface normal and the benzene ring as 

shown in Figure 3.34. Calculations ([180°- (90°+ angle between surface normal and 

normal to the benzene ring]) show that the tilt angles between the surface normal 

and the plane of the benzene ring are 38±3°, 38±2°, and 30±2° for BnPA, F5BnPA. 

and p-MeBnPA respectively. 

Results for BnPA and F5BnPA can be considered ambiguous since 

experimentally determined tilt angles between the normal to the benzene ring and 

the normal to the surface are close to the magic angle (54.7°), which may indicate 

some degree of disorder in the layer of modifier. If this is the case, the disorder in 

the BnPA and F5BnPA layers can be the result of the roughness of the ALD ZnO and/ 

or the twist angle degree of freedom along the C1-C4 axis in the benzene ring. The 

combination of the roughness of ZnO (rms) at about 1.5-2 nm, and the length of the 
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Figure 3.31 NEXAFS for BnPA modified ZnO: (a.) spectra, (b.) simulation results. 
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 Figure 3.32 NEXAFS for F5BnPA modified ZnO: (a.) spectra, (b.) simulation results. 



163 
 

 

Figure 3.33 NEXAFS for p-MeBnPA modified ZnO: (a.) spectra, (b.) simulation 

results.  
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Figure 3.34 The schematic of BnPA on ZnO showing the substrate surface normal, 

the normal to the benzene ring, the experimentally determined angle, and the 

calculated angle (38±3°) using the equation [180°- (90°+ the angle between the 

surface normal and the normal to the benzene ring]. 

 

PA molecules of ca. 0.8 nm, may lead to the determined disorder of the PAs.  

This alignment of the benzene ring with respect to the substrate may have a 

crucial influence not only on the electronic properties of ZnO but also on the charge 

transfer from the modifier to the substrate.128,132  
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 The surface free energy and coverage of modified ALD ZnO 3.5.5

Contact angle measurements were performed to determine how SFE of ALD ZnO 

changes upon surface modification. In solar cells the ZnO layer is in contact with 

organic materials. Therefore, for a good adhesion between these layers strong 

dispersion forces are necessary (rather than polar forces). Hence, understanding 

which component of SFE (polar or dispersive) changes upon the modification is 

important. Contact angles were measured using water and diiodomethane, which 

were selected as polar and dispersive solvents respectively.133 

 The Owens – Wendt (geometric)133 method was used since it allows 

determination of the total SFE and its polar and dispersion components. The method 

uses a set of three equations that allows for the determination of three unknowns 

(total SFE, the polar component of SFE, and the dispersion component of SFE for a 

given surface).                                                                

                                                                                                                   Equation 3.2 

                                                                                                                   Equation 3.3       

                                                                                                                                 Equation 3.4 

 

                            

Where: γS is the total SFE of the surface, γSd is the dispersion component of SFE for 

the surface, γSp is the polar component of SFE for the surface, γW  is the SFE for 

water, γWp is polar component of SFE for water, γWd is the dispersive component of 
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SFE for water, γD is the SFE for diiodomethane, γDd is the dispersion component of 

SFE for diiodomethane, and γDp is the polar component of SFE for diiodomethane. 

The assumption in the Owens – Wendt method is that SFE is a sum of dispersion 

and polar components. The dispersion component corresponds to dispersion forces 

between the solvent and the surface, and the polar component takes into account 

polar, hydrogen, inductive, and acid – base interactions between solvent and 

substrate.133 The chosen solvents should not react with or penetrate the 

investigated surface.   

In order to determine γS, γSd, γSp, first γW, γWp, γWd, γD, γDd, and γDp were 

determined from the literature. Values for γW, γWp, and γWd were 72.8 mN/m, 50.7 

mN/m, and 22.1 mN/m respectively.134 Values for γD, γDd, and γDp were 50.8 mN/m, 

2.3  mN/m, 48.5 mN/m respectively.134 Then contact angles were measured using 

the Sessile drop method for both solvents on samples studied. The measurements 

were repeated at least six times for each sample to get mean and standard deviation 

values.    

Figure 3.35 shows representative images of water and diiodomethane contact 

angles for BnPA, F5BnPA, and p-MeBnPA modified ALD ZnO, and OP treated ALD 

ZnO. The contact angles and SFE values determined are shown in Table 3.10. The 

water contact angle increases from 16±5° for OP treated ALD ZnO to 86±3°, 87±1°, 

and 82±1° for BnPA, F5BnPA, p-MeBnPA modified ALD ZnO respectively, indicating 

that PA modified surfaces are more hydrophobic than OP treated ALD ZnO. The 

diiodomethane contact angle increases from 24±3° for OP treated ALD ZnO to 
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42±1°, 46±4°, and 42±5° for BnPA, F5BnPA, and p-MeBnPA modified ALD ZnO 

respectively, which is indicative of higher dispersion forces between diiodomethane 

and OP treated ALD ZnO compared to PA modified ALD ZnO.  

The PA modification lowered SFE of OP treated ALD ZnO from 77±2 mJ/m2 to 

41±1, 39±1, 42±4 mJ/m2 for BnPA, F5BnPA, and p-MeBnPA modified ALD ZnO 

surfaces respectively. Lowering of total SFE is mainly the result of a decrease in the 

polar component by ca. 94% (Figure 3.36), which indicates that upon modification 

the ALD ZnO surface becomes more compatible with organic materials.      

The surface coverage for BnPA was estimated using the Cassie equation: 

                                                 Equation 4.5     

 

where θ, θ1, and θ2 are contact angles for PA modified ALD ZnO, benzyl thiol (BT) 

modified Au, and OP treated ALD ZnO respectively; f is the PA fractional coverage of 

ALD ZnO.   

For this calculations water contact angles determined for the OP treated ZnO and 

BnPA modified ZnO were used, as well as a value found in literature135 for the water 

contact angle (83°) for benzyl thiol (BT) modified Au. The surface coverage for BnPA 

on ALD ZnO was estimated to be 4.9x1014 molecules/cm2, which corresponds to a 

full monolayer when compared to BT on Au. The results agree with previously 

obtained surface coverages for phosphonic acids on ZnO and ITO.34,120 

However, the estimated coverage value is slightly too high considering that the 

area of the phosphonic group is ca. 24 Å2/molecule, which results in the maximal  



168 
 

Figure 3.35 Water and diiodomethane contact angles for ALD ZnO that was a,b – 

BnPA modified; c,d –F5BnPA modified; e, f – p-MeBnPA modified; and g, h –OP 

treated.   
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Table 3.10 Measured H2O and CH2I2 contact angles for modified and OP cleaned 

ZnO; calculated total, polar, and dispersion components of the surface free energy 

(SFE). 

 

 

 

 

 

 

 

 

Figure 3.36 The calculated surface free energy with polar and dispersion 

components for modified and OP cleaned ZnO. 
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theoretical surface coverage about 4.2x1014 molecules/cm2.114 The discrepancy 

between theoretical and experimentally obtained surface coverage may result from  

the use of thiols as a reference in the calculations with a lower surface area of ca. 

21.3 Å2/molecule. In addition, the Au and ALD ZnO substrates have different 

roughness values, which could also affect the determined surface coverage values.        

       

 Influence of modification with phosphonic acids on PL from ALD ZnO  3.5.6

To determine if the modification has an influence on defects, PL was performed 

on BnPA, F5BnPA, and p-MeBnPA modified ALD ZnO, and the control ALD ZnO 

sample. 

In the PL spectra in Figure 3.37 the intensity of the trap emission for all modified 

ALD ZnO samples is higher when compared to the as-received ALD ZnO sample. For 

reference, the trap emission peak for the control sample has approximately the 

same intensity as the as-received ALD ZnO sample. There is a small ca. 6 nm blue 

shift in the position of the trap peak for all modified ALD ZnO samples compared to 

OP treated ALD ZnO.    

The higher trap emission from PA modified samples, when compared to 

unmodified and control samples, indicates that the PA modification either preserves 

the defects formed during the OP treatment or creates different defects. We 

hypothesize that Oi defects created by the OP treatment are preserved in the sample 

due to the modification. The trap emission for PA modified ALD ZnO samples shown 
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in Figure 3.12 is probably caused by at least two recombination mechanisms 

involving interband states resulting from Oi and VZn defects. For as-received and 

control samples the trap emission is a result of mechanism that involves VZn.  

 

 

Figure 3.37 PL spectra: (a.) the excitonic emission, and (b.) the trap emission, of as-

received, OP cleaned, BnPA modified, F5BnPA modified, p-MeBnPA modified, and 

control ALD ZnO samples. 

 

 Conclusions 3.6

The changes in composition, electronic properties, and SFE were investigated for 

ALD ZnO that was OP treated, Ar+ sputtered, and modified with PAs. The ALD ZnO 

investigated has a würtzite structure and it grows with the c–axis perpendicular to 

the substrate surface with the exposed (002) polar surface.  
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The ALD ZnO lattice has defects in the lattice as evidenced by PL, XPS, and UPS. It 

was determined that as-received ALD ZnO has Zn deficiency. We hypothesize that 

these correspond to predominant VZn defects as shown in Figure 3.7. The defects in 

ALD ZnO are mostly located at the surface since the Ar+ sputtered sample revealed 

stoichiometric ZnO with a very low concentration of defects. Our findings agree with 

theoretical calculations performed by Janotti et al. that predict the lowest formation 

energies for Zn vacancies in the oxygen rich environment.30,54 VZn defects were also 

determined in ZnO by many other groups.57,72,73 Based on the position of the PL 

defect emission peak at ca. 2.24 eV, and assuming that the acceptor photoemission 

occur due to the acceptor recombination mechanism (Figure 3.12), the band gap 

states corresponding to predominant VZn defects were shown in Figure 3.38. 

Based on the XPS results and the higher intensity trap emission, it was 

determined that the OP treatment introduces more defects in the ALD ZnO lattice 

that were identified as Oi defects as shown in Figure 3.9, and considered as acceptor 

states. Oi are the predominant defects with VZn still present in the sample. However, 

based on PL results Oi defects are unstable and migrate out of the lattice when the 

sample is left in air. Making the same assumption as for VZn, the position of the band 

gap state corresponding to Oi is presented in Figure 3.38 along with the band gap 

state VZn.  

The modification with PAs prevented the Oi created during the OP treatment 

from annealing out, based on the higher intensity trap emission in PL spectra. Both 
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VZn and Oi are considered acceptor states and they can exist at 0, -1, -2 oxidation 

states. 30,54 

 

 

 

Figure 3.38 Schematic representation of predominant band gap acceptor states 

corresponding to VZn in as-received ALD ZnO and Oi in OP treated ALD ZnO. The VZn  

band gap state in OP treated ALD ZnO is also shown. The assumption is that the 

transition occurs according to the acceptor recombination mechanism (process b in 

Figure 3.12). The band gap states are presented schematically as lines but defects 

most likely introduce the distribution of band gap states.   
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Therefore, if ALD ZnO is used in organic photovoltaic devices as an electron-

selective layer, both VZn and Oi defects may trap electrons while in the 0 oxidation 

state or trap holes while in -1 and -2 oxidation states. The defect sites may also act 

as recombination centers, which would lead to overall decrease in device 

performance.  

It was determined that electronic properties depend on the pretreatment and 

the PA modification. The OP treatment increases WF and IE compared to as-

received and Ar+ sputtered ALD ZnO as a result of adsorbed CO2, CO, and COO-. The 

as-received ALD ZnO has a lower WF due to the hydrocarbon contamination. 

Modification with PAs decreased WF compared to OP treated ALD ZnO, which from 

an electronic point of view may improve the electron injection into the oxide 

surface. Modification with PAs decreased SFE compared to OP treated ALD ZnO 

making the modified surface more compatible with organic materials.      

It was determined that BnPA, F5BnPA, and p-MeBnPA are tilted at 38±3°, 38±2°, 

30±2° with respect to the surface normal, which is important for the charge 

injection to the oxide surface.  

The present study combined, to our knowledge for the first time, XPS, UPS, PL, 

and CV to determine the composition and electronic properties of ALD ZnO 

depending on OP treatment and PA modification. Understanding the nature of 

defects in the surfaces studied, and how they change upon the environment, are 

important for improving the efficiency of electronic devices.   
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The results indicate that in order to successfully incorporate ALD ZnO in 

photovoltaic devices, control over its surface and bulk properties has to be achieved. 

Small alterations in the surface composition may result in a change in electronic 

properties and surface properties of ZnO, which may be detrimental to the device 

performance.  

Understanding the chemical nature and role (donor/acceptor) of defects may 

help to design stable oxides, without defects that are detrimental to the injection 

and transport of charges. It is also possible that defects may be used to enhance 

charge selectivity, e.g., for an electron-selective interlayer incorporation of only 

hole-trapping defects at the surface may be beneficial.      
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CHAPTER 4 

4 POLYMORPHS OF MODIFIED TITANYL PHTHALOCYANINES:  A 

NEAR-INFRARED ABSORBING ACTIVE MATERIAL FOR SOLAR 

CELLS 

 Introduction 4.1

The external quantum efficiency for organic solar cells is limited by absorption 

of light as described by Equation 1.4. In the AM 1.5G solar spectrum, 50% of the 

incident photon flux comes from the near-IR (N-IR) region as shown in Figure 4.1.  

Therefore, to maximize absorption efficiency (ɳA) it is beneficial to use active 

materials that have a broad absorption range that extends across the N-IR region.  

Titanyl phthalocyanine (TiOPc) is known as an important photoconductive 

material that has a broad absorption range in N-IR. TiOPc is a non-planar molecule 

that has a Ti=O bond perpendicular to the plane of the molecule (Figure 4.2). This 

results in a dipole moment of 1.5D in the direction perpendicular to the plane of the 

molecule. As a consequence of non-planarity and dipolar character of the TiOPc 

molecule three polymorphs α, β, Y, (Phases: II, I, and III correspondingly) exist that 

exhibit different crystal structures and therefore have different absorption spectra.1-

7 Phases II and III exhibit NIR absorption as shown in Figure 4.3 and therefore are of 

interest as active materials for photovoltaic devices.1,2 
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Figure 4.1 The spectral photon flux density of the AM 1.5 solar spectrum. 

 

Figure 4.2 Titanyl phthalocyanine (TiOPc) a. the top view b. the side view 
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Figure 4.3 Absorption spectra of TiOPc 1. as deposited (amorphous phase) 2. phase 

I (monoclinic) 3. Phase II (triclinic) 4. Phase III. (Spectra adapted with permission 

from reference8)   

  

The TiOPc Phase II polymorph has triclinic symmetry characterized by stronger 

overlap between molecules compared to TiOPc Phase I with monoclinic symmetry 

as shown in Figure 4.4 and Figure 4.5.3 The lattice parameters for the triclinic unit 

cell were determined to be a=12.16 Å, b=12.58 Å, c=8.64 Å, and angles α= 96.28°, 

β=95.03°, γ=67.86°, and volume V=1216.4 Å3 with 2 molecules per unit cell and 

symmetry P21/c.3 The lattice parameters for monoclinic unit cell were determined 

to be a=13.41 Å, b=13.23 Å, c=13.81 Å, and angles α and γ=90°, β=103.72°, , and 

volume V=2381.2 Å3 with 4 molecules per unit cell and symmetry P  ̅.3   

Wavelength [nm] 
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Figure 4.4 The positions of molecules in TiOPc Phase II looking at the ac plane of 

the triclinic unit cell. The concave and convex pairs are also shown. (Adapted with 

permission form reference9) 

 

Figure 4.5 The overlap between convex and concave pairs in TiOPc Phase I and 

TiOPc Phase II. (Adapted with permission from reference9) 
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The exact origin of the broad absorption range of polymorph II (and III) is not 

yet clearly understood. Mizuguchi et al. proposed that broadening of the absorption 

range in the TiOPc phase II is a result of a stronger distortion of molecule’s 

symmetry due to the stronger π-π interactions between molecules.10 It was 

determined that the optimized and undistorted TiOPc molecule has C4v symmetry 

which corresponds to the conformation of TiOPc monomers in solution.4 For C4v 

symmetry there are two degenerate LUMO orbitals (Figure 4.6) and the resulting 

absorption spectrum has only one transition and one absorption band. For phases I, 

II, and III the symmetry of molecules changes to C1 due to strong π –π interactions. 

As a consequence the LUMO level splits into two bands LUMO–I and LUMO-II 

(Figure 4.6) and the resulting absorption spectrum has two absorption bands 

(Figure 4.3).  Since the splitting of the LUMO level is more pronounced for phase II 

and III the TiOPc films with this crystal structure have absorption band in the N-IR 

region.10       

Alternative explanations of broader absorption for Phase II (and Phase III) are 

provided by Saito and Kobayashi.5,11 Saito et al. postulated that the origin of TiOPc 

Phase II absorption occurs because of formation of charge transfer excitons.5 

Kobayashi et al. used theoretical studies to propose intermolecular resonance 

integrals that strongly depend on the molecular overlap to explain absorption 

spectra.11 Although details of TiOPc absorption spectra need to be further examined, 

it is generally accepted that the absorption range of the TiOPc Phase II has its origin 

in the crystal structure and overlap of molecules.  
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Figure 4.6 The schematic model of excited state of TiOPc in the solution, Phase I, 

and Phase II. (Adapted with permission form reference9) 

 

TiOPc is not soluble in common solvents which limits its processability to costly 

vacuum deposition protocols.12,13 In order to make TiOPc applicable for solar cells in 

which two active phases are mixed together forming bulk heterojunctions, TiOPc 

had to be modified with side chains that made the material soluble. Modification of 

TiOPc with six hydrocarbon side chains leading to TiOPc-6 and TiOPc-9 as shown in 

Figure 4.7 resulted in a material soluble in common solvents (e.g. dichlorobenzene, 

chloroform) allowing for fabrication of bulk heterojunction solar cells.12-14 In 

addition, the absorption of modified TiOPcs in solution is red shifted with respect to 

parent TiOPc due to the used sulfur linkers.14  
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Figure 4.7 Modified phthalocyanines a. TiOPc-6 with the ca. 25 Å diameter and b. 

TiOPc-9 with the ca. 29 Å diameter. 

 

Thin films of TiOPc-6 and TiOPc-9 on PEDOT: PSS modified ITO exhibit NIR 

absorption with QX and QY bands at ca. 670 and 900 nm, respectively (Figure 5.8).14  

Bulk heterojunction solar cells with a blend of PCBM – TiOPc-6 (Figure 4.9) were 

built to test the performance of TiOPc-6.14 The absorption spectrum of the device 

exhibits a strong QX band and very low intensity QY band (Figure 4.9a). However, the 

Incident Photon to Current Conversion Efficiency (IPCE) spectrum of the device 

indicating how much of the incident photons is converted to charges shows that 

charges are produced at ca. 900 nm (Figure 4.9 b). In addition, the Absorbed Photon 

a b
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to Current Conversion efficiency (APCE) spectrum shows that absorbed photons are 

converted to charges and that the band at ca. 900 nm is more pronounced compared 

to that band in the absorption and IPCE spectra (Figure 4.9 c).  

 

 

 Figure 4.8 The absorption spectrum of the spincoated TiOPc-6 film on PEDOT: PSS 

modified ITO. 
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Figure 4.9 a. absorption, b. the incident photon to current conversion efficiency, c. 

the absorbed photon to current conversion efficiency for a blended heterojuction 

solar solar cell with the configuration: Al/LiF/TiOPc-6:PCBM 

blend/PEDOT:PSS/ITO/Glass.14 (The figure is adapted with permission from the 

authors from reference14)   



185 
 

The IPCE and APCE spectra suggest that even in the PCBM – TiOPc-6 blend there 

is a certain type of molecular architecture that allows for absorption and charge 

conversion at ca. 900 nm.  

In this chapter the X-ray diffraction investigation of crystal structures of TiOPc-9 

and TiOPc-6 (powders and films) is discussed, and the importance of this type of 

aggregate structure is considered as it might pertain to future organic solar cell 

active layers.     

 

 Crystal structure of TiOPc-9 powder  4.2

The RT diffractogram of the TiOPc-9 powder is shown in Figure 4.11. The 

diffraction peaks in the RT TiOPc-9 powder diffractogram were indexed to both the 

columnar hexagonal (Colhex) and triclinic unit cells. 

Colhex phase corresponds to molecules that are organized in columns and these 

columns have hexagonal symmetry as presented in Figure 4.10. The characteristic 

for Colhex planes [10], [11], [20] correspond to distances between columns as shown 

in Figure 4.10. The intracolumnar distance (D) in the Colhex phase is the distance 

from the center of one molecule to the center of another molecule as shown in 

Figure 4.10.    

The peak at ca. 3.38˚ was assigned to the [10] reflection in the Colhex phase with 

the calculated 30.3 Å intracolumnar distance (D). The determined D value indicates 

that the sidechains in TiOPc-9 are fully extended since the diameter of the TiOPc-9 
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molecule is ca. 29 Å as calculated using bond lengths and diameter of the TiOPc 

molecule. The coherence length was estimated (using the Scherrer equation - 

Equation 3.1) to be ca. 67 nm based on the FWHM of the [10] peak in the Colhex 

phase which corresponds to ca. 23 columns.  

The peaks at 5.3˚, 6.3˚, 8.5˚, 10.9˚, 11.2˚, 15.9˚, 16.7˚, 20.1˚, 23.9, 24.8˚ in the RT 

diffractogram of TiOPc-9 (Figure 4.11) were indexed to a triclinic unit cell with 

lattice parameters: a=16.8 Å, b=15.2 Å, c=8.9 Å, α=113.8°, β=94.2˚, γ=91.5˚, volume 

2074 Å3 and 2 molecules per unit cell. The lattice parameters for the proposed 

triclinic unit cell resemble the lattice parameters in the triclinic unit cell of Phase II 

TiOPc, especially the c axis.3 The broad halo in the ca. 15˚ to 26˚ region in the TiOPc-

9 diffractogram originates from the liquid-like order of side chains. The shoulder at 

ca. 6.8° in the [010] peak suggests that some disorder exists in the sample. 

 

 

 

 

 

 

 

 

 



187 
 

 

 

Figure 4.10 The columnar hexagonal phase (Colhex) with the molecular axis 

perpendicular to the columnar axis; d[hk]- the distance between (hk) crystal planes; 

D- the intracolumnar distance 
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Figure 4.11 The x-ray diffractogram of the TiOPc-9 powder at RT. The pattern was 

indexed to both Colhex (*) and triclinic phases. 
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When TiOPc-9 powder was slowly heated from RT to 240˚C, diffractograms were 

collected every 10˚C (starting at 30˚C) as shown in Figure 4.12 a and b. Up to 50˚C 

both Colhex and triclinic phases are present in the sample similarly as in the RT 

diffractogram. The dramatic change occurs at ca. 60˚C when the peaks beyond 5° 

2Theta disappear indicating loss of the triclinic polymorph. The peak at 3.4° 

broadens and shifts to 4°, indicating the change in the columnar phase. The 

calculated lattice parameter D decreased to 25.4Å. 

In addition, the peak at 6.8° is still present in the diffractogram at 60°C which 

corresponds to the disorder in the sample. There is no change in the molecular 

structure up to 200°C since diffractograms between 60°C and 200°C are essentially 

identical. In the 210˚C diffractogram, the broad peak at ca. 4˚ resolves into 3.6˚ and 

4.1˚ peaks. Both 3.6˚ and 4.1˚ peaks were indexed to [20] and [11] planes in a 

columnar rectangular phase (Colrec) with a=49 Å and b=23.9 Å (Figure 4.13).15,16 The 

indexation was based on the multiplicity of [20] and [11] planes in the Colrec phase, 

assuming that plane with higher multiplicity leads to a diffraction peak with higher 

intensity. Due to the limited number of peaks it is difficult to unambiguously assign 

the symmetry (C2/m or P21/a) to the Colrec phase (Figure 4.13).  

Based on the b=23.9 Å axis in the Colrec phase the side chains in the TiOPc-9 

molecules (with ca. 29 Å diameter) are either not fully extended or start to overlap 

with sidechains from neighboring columns.  

 In the 240˚C diffractogram only one broad peak at ca. 6.8˚ is present indicating 

the disorder in the material. 
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Figure 4.12 XRD patterns of the TiOPC-9 powder a. the heating cycle from 25 to 

240°C, b. selected patterns observed at 25, 60, 210, 240°C. 
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Figure 4.13 The columnar hexagonal phase (Colhex): the P 21/a (herringbone) and 

C2/m symmetry. The molecular axis is tilted with respect to the columnar axis. 
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 Crystal structure of TiOPc-9 film  4.3

Figure 4.14 shows the RT diffraction pattern for a TiOPc-9 thin film drop cast 

from DCB on a PEDOT: PSS modified ITO. The TiOPc-9 thin film diffraction pattern 

was indexed to the triclinic unit cell with lattice parameters a=17.9 Å, b=15.6 Å, 

c=9.0 Å, α=71.1˚, β=95.7˚, γ=96.1˚, volume=2340.8 Å3 and 2 molecules per unit cell. 

The c lattice parameter (9.0 Å) for the triclinic unit cell determined for the TiOPc-9 

film resembles the c lattice parameter (8.64 Å) for in the triclinic unit cell in the 

TiOPc phase II. 

As shown in Figure 4.15, the TiOPc-9 film was annealed in ambient conditions at 

150°C for 10, 30, 60, 120 min. Just after 10 min of annealing the peak at ca. 3.8° 

appears and all peaks at angles above 7° disappear. The peak at 3.8° was indexed to 

the [10] plane in the Colhex phase. The loss of peaks beyond 7° indicates the loss of 

the 3D order in the triclinic phase.  

During further annealing (30 min and 1h) the intensities of both [100] and [010] 

peaks (remaining peaks from the triclinic phase) decrease while intensity of peak at 

3.8° increases indicating the transition to the Colhex phase. After 2h of annealing the 

material is fully in the Colhex phase as indicated by presence of only one peak at 3.8°.  

The lattice parameter D for the Colhex phase was calculated to be 26.7 Å. The 

intercolumnar distance D=26.7 Å in the Colhex phase indicates that side chains in 

TiOPc-9 molecules are either slightly folded or that there is an overlap between 

sidechains on neighboring columns. 
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Figure 4.14 The XRD pattern for the TiOPc-9 film on PEDOT: PSS modified ITO at 

RT. 

 

 

 

 

4 6 8 10 12 14 16 18 20

0

2000

4000

6000

8000

10000

12000

14000

16000

TiOPc 9: thin film RT

In
te

n
s
it
y

2 Theta

4 6 8 10 12 14 16 18 20

0

2000

4000

6000

8000

10000

12000

14000

16000

[1
0
0
]

[0
1
0
]

[1
1
0
]

[0
0
1
]

[2
-2

-1
]

[1
-1

-1
]

[2
0
-1

]

[0
3
0
]

[3
1
0
]

[2
-3

0
]



194 
 

 

Figure 4.15 XRD patterns for TiOPc-9 film on PRDOT: PSS modified ITO at RT and 

annealed at 150°C for 10 min, 30 min, 1 h, 2 h. The peak with [*] indicates the Colhex 

phase. The rest of the peaks belong to the triclinic phase.  

 

 

 

 

 

4 5 6 7 8 9 10

0

20000

40000

60000

In
te

n
s
it
y

2Theta

red- not annealed 

blue -  10 min annealing

green - 30min annealing  

black - 1h annealing

violet - 2h annealing

TiOPc 9: thin film VT 

4 5 6 7 8 9 10

0

2000

4000

6000

[1
0
]*

[1
0
0
]

[0
1
0
] [1

1
0
]



195 
 

 

Figure 4.16 Absorption spectra of the TiOPc-9 film on PEDOT: PSS modified ITO 

before (blue) and after 2h annealing (red). 
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The estimated coherence length in the Colhex mesophase is 63 nm based on the 

FWHM peak at 3.8˚ in the diffractogram for 2h annealed film. Assuming the diameter 

of TiOPc-9 to be 29 Å, the coherence length in the Colhex phase corresponds to ca. 22 

columns.  

The absorption spectra of the TiOPc-9 film on PEDOT: PSS modified ITO in 

Figure 4.16  show the decrease in intensity of the absorption band at ca. 900 nm (QY 

band) due to annealing. This observation suggests that the QY band originates from 

the molecular alignment of molecules in the triclinic unit cell.  

 

 Crystal structure of TiOPc-6 powder  4.4

Figure 4.17 shows the diffraction pattern of TiOPc-6 powder at RT. The 

sharpness and number of peaks in the diffraction pattern indicates that TiOPc 6 is 

more crystalline material compared to TiOPc 9. The higher crystallinity of TiOPc 6 

results from shorter side chains.  

The pattern was index to both Colhex and triclinic phases. Diffraction peaks at ca. 

4.3˚, 7.3˚ were identified as [10], [11] in the Colhex phase. The intercolumnar distance 

in the Colhex phase was calculated to be ca. 23.8 Å based on the [10] reflection 

indicating essentially fully extended sidechains since the diameter of the TiOPc-6 

molecule is ca. 25 Å.  The calculated coherence length (Equation 3.1) based on the 

[10] peak in the Colhex phase is 28 nm which corresponds to ca. 11 columns. 
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The rest of the peaks in Figure 4.17 were index to the triclinic phase with lattice 

constants a=14 Å, b=16.4 Å, c=9.8 Å, α=104.5˚, β=104.9˚, γ=91.5˚; the volume of the 

unit cell 2100Å3 and 2 molecules per unit cell (a monoclinic candidate was also  

  

 Figure 4.17 The XRD pattern of the TiOPc-6 powder at RT. Two phases were 

identified: Colhex (peaks with [*]) and triclinic. 
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selected with lattice parameters a=28.1 Å, b=7.6 Å, c=12.7 Å, β=107.2˚ and volume 

2576.6 Å3).  

When TiOPc-6 powder was slowly heated from RT to 240˚C, the diffraction 

patterns were recorded every 10°C (starting at 40°C) as shown in Figure 4.18. From 

RT to 70˚C both triclinic and Colhex phases are present. At 80˚C high angle peaks 

(above 12°) became less intense or disappeared and the new low angle peak 

appears at ca. 4.9˚ indicating transitioning to a different phase.  

Diffractograms between 90˚C and 220˚C exhibit only three low angle peaks at 4˚, 

4.9˚, and 6.5˚ indicating the loss of the triclinic polymorph and transition to the Colrec 

phase. Peaks at 4˚ and 4.9˚ were indexed to [20] and [11] planes respectively in the 

Colrec phase with a=44.1 Å and b=19.8 Å. The indexation for the Colrec phase was 

based on the intensity and multiplicity of peaks. The unumbiguous assignment of 

symmetry of the Colrec phase (C2/m or P21/a) is impossible due to the limited 

number of peaks in the diffractogram.  

The broad peak at around 6.5˚ (ca. 13.4 Å) indicates some degree of disorder in 

the TiOPc-6 powder sample. Finally, at 240˚C only one broad peak at ca. 6.5˚ 

indicates complete loss of molecular organization.    

Differential scanning calorimetry (DSC) was performed on a powder TiOPc-6 

sample to get better understanding of phase transitions in the studied material. The 

DSC results show an endothermic transition between ca. 65-95°C (Figure 4.19). First 

endothermic peak at ca. 69°C corresponds to the change in the triclinic polymorph 

to lower angles that occurs between 60 and 70°C (Figure 4.20). The second  
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Figure 4.18 XRD patterns of the TiOPC-6 powder a. the heating cycle from 25 to 

240°C b. selected patterns at 25, 80, 100°C. 
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illustrated by both decrease in the intensity and the shift of peaks above 18 2Theta 

endothermic peak in the DSC plot at ca. 84°C (ca. 70 – 95°C) corresponds to the 

complete transition from both Colhex and triclinic phases to the Colrec phase.    

The transition to the Colrec phase occurs between 70 and 90°C indicating 

stronger core – core interactions in powder TiOPc-6 compared to powder TiOPc-9 

for which this transition fully occurred at 210°C. Stronger core – core interactions 

for TiOPc-6 are consistent with shorter sidechains compared to TiOPc-9.17 

 

 

Figure 4.19  DSC results for the TiOPc-6 powder. 
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Figure 4.20 Temperature dependent studies on the TiOPC -6 powder. 
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 Crystal structure of TiOPc-6 film 4.5

Figure 4.21 shows the RT diffraction pattern of the TiOPc-6 film drop cast on 

PEDOT: PSS modified ITO. The diffraction peak at ca. 4.2˚ was indexed to a [10] peak 

in the Colhex phase with the D=23.7 Å lattice constant which is the same Colhex 

polymorph as the one identified at RT for the powder TiOPc-6 sample. Based on the 

peak at ca. 4.2˚ the coherence length in the [10] direction in the Colhex phase was 

estimated to be 75 nm which corresponds to ca. 30 columns.  

The unambiguous assignment of a second phase in the RT pattern of TiOPc-6 

film is difficult due to the low number of peaks in the pattern. However, presence of 

high angle peaks in the pattern indicates that second phase with the 3D molecular 

order is present. Two possible candidates are proposed: the more probable triclinic 

phase with a=23 Å, b=16.1 Å, c=8.6 Å, α=85.3˚, β=94.4˚, γ=132.2˚, volume 2378.7 Å3 

and 2 molecules per unit cell. The second candidate is the monoclinic phase with 

lattice constants a=34Å, b=5.11 Å, c=17.31 Å, β=112.9˚, and volume 2775 Å3.  

The TiOPc-6 film was annealed for 0.5, 1 and 2 h at 150°C in ambient conditions. 

Upon 0.5 h annealing all peaks above 6° disappeared and peaks below 6° have lower 

intensity or shifted (Figure 4.22) indicating loss of the triclinic phase and 

transitioning to the different columnar phase. After 1 h annealing only 3.9˚ and 4.8˚ 

low angle peaks are present in the diffractogram suggesting the Colrec phase. 2h 

annealing at 150°C did not produce changes in crystal structure (still the Colrec 

phase is present) but peak at 3.9° narrows indicating increase in the coherence 

length in the [11] direction. 
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Figure 4.21 The XRD pattern of the TiOPc-6 film on PEDOT: PSS modified ITO at RT. 

Two phases were identified: Colhex (the peak with [*]) and triclinic. 
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Figure 4.22 XRD patterns for the TiOPc-6 film on PEDOT: PSS modified ITO at RT 

and annealed at 150°C for 0.5, 1, and 2h. The peak with [*] indicates the Colhex phase 

in the RT diffractogram. Peaks with [^] indicate the Colrec phase. 

 

 

The calculated lattice parameters in the Colrec phase are a=44.9 Å and b=20.1 Å 

for [11]=4.8˚ [20]=3.9˚. Other possible lattice parameters are a=36.7 Å and b=28.5 Å 

for [11]=3.9˚ and [20]=4.8˚ but they are not consistent with lattice parameters 

calculated for the Colrec phases in TiOPc-6 powder and TiOPc-9 powder.   

4 5 6

[2
0

]^

[1
1

]^

[1
-1

0
]

[1
0

0
]In

te
n

s
it

y
 [

A
.U

.]

2Theta

 RT

 0.5h

 1h

 2h

[1
0

]*



205 
 

The absorption spectra of the TiOPc-6 film on PEDOT: PSS modified ITO before 

and after 2h annealing are shown in Figure 4.23. The intensity of the QY absorption 

band at ca. 900 nm significantly decreases after sample was annealed for 2h at 

150°C. The observed change in the absorption spectrum correlates well with change 

in the crystal structure determined by XRD and it suggests that QY band is associated 

with the molecular alignment in the triclinic phase.    

 

Figure 4.23 Absorption spectra of the TiOPc-6 film on PEDOT: PSS modified ITO 

before (blue) and after 2h annealing at 150°C (red). 

 

 

600 700 800 900 1000

0.00

0.01

1.0

1.2

A
b

s
o

rb
a
n

c
e
 [

A
.U

]

Wavelength [nm]

blue -as deposited

red- annealed 2h



206 
 

 Conclusions 4.6

In this chapter the molecular organization of modified TiOPcs was characterized 

in powder and in films at RT and at various temperatures. The unique property of 

TiOPc-6 and TiOPc-9 which distinguishes these molecules from other modified Pc 

triphenylenes and hexabenzocoronenes is their broad absorption range with N-IR 

band at RT that is retain despite modification.  

Both TiOPc-6 and TiOPc-9 exhibit crystalline and discotic liquid crystalline 

behavior in terms of their molecular organization. They both have the triclinic and 

columnar polymorphs at RT. However, for the TiOPc-9 film the Colhex polymorph has 

a short coherence length at RT and appears after 10 min of annealing at 150°C 

(Figure 4.24 b).  

Both TiOPc-6 and TiOPc-9 in powders and films transition to a columnar phase 

due to annealing (Figure 4.24 and Figure 4.25). The TiOPc-6 powder and film 

transition to the Colrec phase upon annealing. Conversion to the Colrec phase 

indicates stronger interactions between cores of molecules within columns which is 

possible for molecules with shorter sidechains as TiOPc-6.   

As a result of longer side chains TiOPc-9 in the film transitions to the Colhex phase 

upon annealing indicating weaker interactions between cores of molecules and 

stronger interactions between side chains compared to TiOPc-6. However, TiOPc-9 

powder transitions to the Colrec phase but the transition requires more energy and it 

occurs after sample was annealed at 210°C.   
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Figure 4.24 The change of phases in TiOPc-9 a. powder and b. film 
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Figure 4.25 The change of phases in TiOPc-6 a. powder and b. film 
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The change in absorption spectra of TiOPc-6 and TiOPc-9 films on PEDOT: PSS 

modified ITO correlates with the change in molecular organization of materials. The 

dramatic decrease in the intensity of the absorption band at ca. 900 nm is associated 

with the transition to the columnar phase. Therefore, the near-IR band originates 

from the molecular arrangement characteristic for the triclinic unit cell.     

Discussed modified TiOPc-6 and TiOPc-9 molecules form the triclinic polymorph 

similar to the Phase II (triclinic) polymorph in the parent TiOPc despite the attached 

side chains. Originally, it was expected that aliphatic side chains would prevent the 

formation of the 3D (triclinic) phase and that they would increase the separation 

between molecules and result in the loss of the N-IR absorption band. However, the 

presence of dipole moment along the Ti=O bond (in the direction perpendicular to 

the plane of the molecule as shown in Figure 4.2), incorporation of S linkers 

between side chains and the core, and π-π interactions between cores of molecules 

overcome the influence of side chains that tend to prevent formation of 3D ordered 

phases.  

Similar effect was seen for modified CuPc studied in the Armstrong group as 

described in detail in Chapter 6.18-24 Modified CuPc with S linkers formed triclinic or 

monoclinic phases at RT which was attributed to the interactions between S atoms 

(with comparable strength to the H-bonding25) on adjacent molecules that stabilized 

the 3D order. For comparison, modified CuPc with O linkers formed columnar 

phases (with 2D order).24,26 
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However, at higher temperatures the influence of side chains on molecular 

organization is evident. Thermal energy increases the movement of side chains that 

overcome interactions between adjacent molecules, responsible for the 3D order, 

and as a consequence leads to transition to columnar phases.  

The phase transition upon thermal annealing is not desirable for materials that 

are candidates for the device application since along with the change in the 

molecular organization the absorption properties and charge mobilities in these 

materials change (as described in details in Chapter 5). To prevent these changes 

TiOPc should be modified with side chains that have possibility for formation of 

bonds as e.g. H-bonds. Bonds between molecules would stabilize molecules in the 

3D lattice and prevent changes in material properties that are detrimental for device 

performance. This approach was successfully used with modified CuPc with 

incorporated amide groups in the side chains that resulted in H-bonds between 

molecules.21,27 Similarly, the incorporation of styrene groups in side chains allowed 

for retaining of the molecular organization in the CuPc for which photolysis resulted 

in formation of bonds between neighboring molecules as described in Chapter 5 

(Section 5.4).19,24           
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CHAPTER 5 

5 INVESTIGATION OF STRUCTURAL PROPERTIES OF MODIFIED 

PHTHALOCYANINES IN BULK AND THIN FILMS 

 Introduction 5.1

5.1.1 Discotic liquid crystals 

Discotic liquid crystals (DLC) are of great interest because of their potential 

application as active layers and hole harvesting interlayers in organic photovoltaic 

devices (OPVs).1-6 There are several advantages of these materials over their 

inorganic counterparts, i.e., crystalline Si devices. For instance, DLCs have lower 

manufacturing costs (are easier to purify), and are soluble in most organic solvents 

(no need for vacuum deposition). DLCs can be processed at low temperatures which 

makes them compatible with plastic substrates leading to light weight, flexible, and 

portable devices. Moreover, since they can be processed from solution, already 

existing printing techniques can be utilized that facilitate the roll-to-roll compatible 

fabrication of devices further lowering the fabrication costs and making fabrication 

more efficient.7,8 

A DLC molecule consists of an aromatic core surrounded by aliphatic side chains 

as shown in Figure 5.1 a. DLC molecules self - assemble into columnar stacks due to 

π – π interactions, interactions of adjacent heteroatoms (e.g., S), and hydrogen  
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Figure 5.1 a. 2,3,9,10,16,17,23,24-Octa-(2-hydrocinnamyloxy ethylsulfanyl) CuPc 

(Pc 5); b. Points of interactions between adjacent Pc 5 molecules: π – π interactions 

between cores and sulfur – sulfur atoms  

 

interactions between sulfur linkers (Figure 5.1 b). Due to this columnar structure, 

anisotropy is observed in interactions between molecules, resulting in formation of 

molecular wires (DLC cores) with aliphatic side chains acting as insulators.9-11 
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Charge in such wires travels according to the hopping mechanism, mainly along 

columnar stacks. 10-12 

Several groups of organic molecules are of interest as p-type (hole transporting) 

molecules for OPVs. These include phthalocyanines (Pc), hexabenzocoronenes 

(HBC), triphenylenes and their derivatives as shown in Figure 5.2. The main 

advantage of phthalocyanines over other listed molecules is their high absorption in 

UV-VIS and IR regions, and a good overlap between their absorption spectra and the 

solar emission spectrum, as shown in Figure 5.3.7 

An additional and very attractive characteristic of Pcs is the dependence of their 

properties on the chemical properties of their side chains and the central metal 

atom. Unsubstituted Pcs are highly insoluble and tend to aggregate in solution, 

limiting deposition methods to vacuum deposition. However, the addition of 

properly designed peripheral chains increases their solubility, processability, and 

facilitates the formation of discotic mesophases.13 

The electron withdrawing or donating character of side chains strongly 

influences the properties of phthalocyanines. Aggregation tendencies of Pcs 

generally increase with the increasing electron withdrawing strength of 

substituents.14 Phthalocyanines with electron withdrawing side chains commonly 

exhibit a red shift of the Q band in their visible spectrum.15 
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Figure 5.2 p – type DLC molecules that are typically used for the solar cell 

application. 
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Figure 5.3 A solar spectrum (red) and a solution absorption spectrum of modified 

phthalocyanine Pc 5 (green). 
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The charge transport and mesomorphic properties of Pcs are influenced by the 

chain-to-core coupling unit. More bulky coupling units such as sulphur or phenylene 

result in higher crystal to liquid crystal (K→LC) transition temperatures. An increase 

in charge mobility compared to Pcs with oxygen chain-to-core coupling units is 

discussed in the following 5.2.1 section.16  

The identity of the central atom (metal or hydrogen) has a big influence on the 

properties of Pcs. The central metal atom in Pcs has affects the charge carrier 

mobility and the exciton diffusion length measured for these materials.14,15,17,18 The 

self-assembly properties of ZnPc are a consequence of the Zn atom that strongly 

binds one water molecule in the axial position to the metal atom which 

consequently prevents the aggregation of molecular discs. Thus, rigid monolayer or 

bilayer Langmuir-Blodgett films of ZnPc were formed on glass substrates.14,17  

The chemical nature and the length of side chains also influences the properties 

of discotic liquid crystals. The incorporation of different functionalities in the side 

chains affects the intracolumnar order of molecules, and can be used to control the 

alignment of columnar wires with respect to the substrate as discussed in the 

Section 5.1.2. 

The next section describes how properties of DLCs can be optimized for the solar 

cells application.        

 

5.1.2 Optimizing discotic liquid crystals for solar cell application 
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The perfect discotic liquid crystal for application as an active layer in a solar cell 

should be thermally and photochemically stable, its absorption spectrum should 

have a good overlap with the solar spectrum (Figure 5.3)with high absorption in the 

UV-VIS and IR, should be soluble in common organic solvents and easily processed. 

In addition, the organic material should have large exciton diffusion lengths and 

charge carrier mobilities (both defined in the next section), its crystal to liquid 

crystalline (K→LC) transition temperature should be low or the material should be 

liquid crystalline at room temperature. For planar heterojunctions solar cells, it is 

also crucial for DLC to form hometropically aligned films, i.e., with the columnar axis 

perpendicular to the substrate in order to make the charge injection to the electrode 

more efficient (Figure 5.4).      

Research in the Armstrong group has focused mainly on understanding 

fundamental processes that influence OPV performance and optimizing properties 

of DLC to improve their processability and charge transport properties for 

photovoltaic devices. 

The charge transport in DLCs is influenced by the packing geometry, the 

intracolumnar order, impurities, and the presence of grain boundaries.19 The 

packing geometry and the intracolumnar order affects the charge transport 

properties of DLCs as discussed further in this chapter. Impurities and grain 

boundaries act as charge traps and contribute to the charge recombination which is 

detrimental to the device performance.  
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Figure 5.4 The schematic representation of a homeotropically aligned DLC material 

with the columnar axis perpendicular to the substrate surface. 

 

 

Haarer et al. determined that the charge carrier mobility increases with the 

increasing order of molecules in columnar stacks.20 The charge carrier mobility was 

measured for different mesophases of modified triphenylene and the highest value 

was determined for the most ordered mesophase.20 Simon et al. showed that the 

exciton diffusion length is longer for the LC phase than for the crystalline phase of 

the same phthalocyanine materials.21 The higher exciton diffusion lengths in the LC 

phase were attributed to their higher order due to self-healing properties and the 

better π – π overlap that is characteristic for LC phases.21,22 Geerts et al. observed 

four times higher charge carrier mobilities for triphenylenes that had their 

intracolumnar order directed by hydrogen bonds between molecules compared to 

 



219 
 

 

triphenylenes that did not form hydrogen bonds.23 The higher charge carrier 

mobilities were attributed to the higher intracolumnar order compared to non-

hydrogen bonded triphenylene derivatives. Therefore, to improve efficiency of 

photovoltaic devices from DLCs, the intracolumnar order of the material should be 

optimized. 

In order to increase the intracolumnar order, molecules have to be stabilized in 

columns by stronger interactions between neighboring molecules. H – bonds and 

non – covalent sulfur – sulfur interactions were used to increase molecule – 

molecule interactions.24-27 The implementation of amide groups in side chains of 

DLC’s allowed for the improvement of an intracolumnar order due to hydrogen 

bonds formation between adjacent molecules.24,26,27 Ivanov et al. determined that 

increased order due to H-bonds between adjacent molecules in columnar stacks 

resulted in higher charge carrier mobilities.26,27   

Sulfur atoms incorporated in side chains of the DLC can result in non - covalent 

sulfur – sulfur interactions between sulfur atoms in side chains of adjacent 

molecules; these interactions can stabilize the intracolumnar order as much as 

hydrogen bonding.25,28,29 Minch et al. determined the strength of sulfur – sulfur 

interactions to be 6.4 kJ/mol which is comparable to the 5 – 30 kJ/mol strength of H 

– bonds.25 Warman et al. determined higher charge carrier mobilities for sulfur 

linked triphenylene and phthalocyanine derivatives compared to oxygen or 

methylene linked derivatives of these compounds.16 These results are in agreement 

with the theoretical studies done by Bredas et. al.30 The higher order and therefore 
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charge carrier mobilities for compounds with sulfur linkers were associated with 

the stabilization of molecules within columnar stacks due to the bulkiness of the 

sulfur atoms, and also due to sulfur – sulfur interactions between sulfur atoms on 

adjacent molecules.30   

Higher K → LC transition temperatures and longer coherence lengths (Equation 

3.1) were measured for modified phthalocyanines with sulfur linkers compared to 

phthalocyanines with oxygen linkers.25,29 The larger size of sulfur linkers compared 

to oxygen linkers puts a restriction on the lateral and rotational motion of molecular 

cores. This condition reduces the disorder within columns improving the coherence 

length, and therefore facilitates a rapid intracolumnar charge transport. In addition, 

larger linkers prevent conformational changes of molecules in columnar stacks 

which results in higher K→ LC transition temperatures.   

The size of the DLC core also influences charge carrier mobilities.31 It was found 

that the charge carrier mobility increases with the increasing size core for up to 60 

carbons atoms per core.31 The larger cores of molecules give a better π – π overlap 

between molecules leading to the improvement in the charge mobility.31  

The improvements in the processability of DLCs (i.e. introduction of solubility 

and lower transition temperatures) can be accomplished by attaching flexible, 

aliphatic side chains to molecular cores.  

The wide variety of types and geometries of side chain substituents allows for 

the fine tuning of the solubility and transition temperatures.32 The K→LC transition 

temperature as well as the isotropisation temperature decrease with the  branching 
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and the increasing length of side chains.27,32 Ivanov et al. demonstrated that by the 

introduction of branched side chains to CuPc the molecule became liquid crystalline 

at room temperature.27 Research in the Armstrong group showed that the 

incorporation of two additional carbon atoms in the side chains of Pc 5 compared to 

Pc 3 (Figure 5.5) decreased significantly the K→LC transition temperature of this 

compound.25  

The most challenging and important issue in the processing of DLCs is the 

control of the alignment of columns with respect to the substrate. Homeotropic 

alignment (Figure 5.4) with the columnar axis oriented perpendicular to the surface 

is necessary for efficient charge transport in OPVs. In general, molecular alignment 

is controlled thermodynamically and to obtain homeotropic alignment, the affinity 

of molecules to the substrate surface has to be increased. Kumaran et al. determined 

that hydrogen bonds formed between amide groups in side chains of the molecule 

and specific surface modifiers can lead to homeotropic alignment.26 It will be 

demonstrated in Section 5.2.2 of this Chapter that non-covalent sulfur – sulfur 

interactions between sulfur atoms in the side chains and in the surface of a layerd 

semiconductor(SnS2), can also lead to homeotropic alignment.  

 

5.1.3 Exciton diffusion length and charge carrier mobility in discotic liquid 

crystals 

The performance of organic photovoltaic devices depends on both the efficiency 

of exciton diffusion and charge transport in its active layers.9,33 Exciton diffusion is 
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characterized by the exciton diffusion length, LD (nm), while the charge transport is 

characterized by the charge carrier mobility, μ (cm2/V*s).  

LD is the length that an exciton can travel before it non-radiatively relaxes to its 

ground state. The factors that influence the exciton diffusion length are the exciton 

lifetime and the intracolumnar order.33 The exciton diffusion length (LD) is 

expressed by the Equation 5.1. 

                                    (    )
 

                               Equation 5.1 

 

where DE is the exciton diffusion coefficient and τ is the exciton lifetime.  

The exciton diffusion coefficient (DE) depends on the energy transfer coefficient 

(kET) between adjacent molecules in molecular stacks and the distance between 

adjacent molecules (RDA), Equation 5.2. 

                       
                                     Equation 5.2 

 

The energy transfer coefficient (kET) describing the intermolecular hopping rate 

of excitons along the columnar stacks in DLCs depends on the excitonic coupling 

between the energy donor and acceptor (VDA) and the spectral overlap integral 

between the donor and acceptor (JDA), Equation 5.3.  

                                    
   

 
     

                             Equation 5.3 

The excitonic coupling depends on the intracolumnar organization and increases 

with the increasing order of molecules in columnar stacks. The Equations 5.1 – 5.3 
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lead to the conclusion that the exciton diffusion length depends on the 

intracolumnar order and the exciton lifetime. The product α·LD (where α is 

absorptivity) determines how much light leads to photocurrent production. 

Charge transport in DLCs is described by hopping mechanisms. The charge 

carriers localized at single molecules jump from the disc to disc along the columnar 

stacks. Brédas and coworkers determined in their theoretical studies that the charge 

transport in DLCs depends on an interplay between the chemical structure of 

molecules and their relative positions in the columnar stacks.30 It was found that the 

frequency of charge hopping (kET), and therefore charge carrier mobility, is 

governed by the reorganization energy (λ) and the intermolecular charge transfer 

integral (t) according to the Equation 5.4: 

       (
   

 
)     (       )     

  

                 Equation 5.4  

 

where h is Planck’s constant, kB is the Boltzmann constant and T is a temperature.30 

For high transfer rates, low values of the reorganization energy and high values of 

the intermolecular charge transfer integral are required.   

The reorganization energy (λ) strongly depends on the substituents at the 

periphery of the discotic molecules. Alkylthiol substituents had a small effect on the 

reorganization energies whereas alkoxy-substituted compounds exhibited much 

higher values of the reorganization energies compared to the unsubstituted DLCs.30 

The theoretical studies were supported by higher charge carrier mobility values 
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measured for DLCs with sulfur linkers compared to DLCs with oxygen linkers.16 

Therefore, the discotic molecules with small reorganization energies are favored as 

more efficient charge transport materials.      

The intermolecular transfer integral (t) depends on the strength of the electronic 

coupling between adjacent molecules and increases with the increasing HOMO and 

LUMO splittings. The splittings decayed exponentially with the increasing disc to 

disc distance due to the lower π – π overlap. However, small changes in the 

distances do not dramatically affect the intermolecular transfer integrals. On the 

other hand, the rotation of the discs along the columnar axis has a dramatic effect on 

the intermolecular transfer integral. It was shown that the 600 rotation of one 

triphenylene molecule with respect to the other decreased the electronic splittings 

by up to 2 orders of magnitude compared to the cofacial configuration of discs.    

In conclusion, the charge transport properties of DLCs are characterized by the 

exciton diffusion length and the charge carrier mobility depend on the interplay 

between chemical nature and the intracolumnar alignment of the compound. 

 

5.1.4 Tailoring properties of phthalocyanines using molecular design 

One of the characteristics that makes phthalocyanines very attractive for OPVs 

application in OPVs is the possibility of tuning their properties by careful molecular 

design. Figure 5.5 shows a family of modified phthalocyanines that have been 

developed and studied in the Armstrong and O’Brien groups.8,12,17,34-36 The family of 

modified phthalocyanines has been designed to optimize their properties for device 
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use. Different functionalities were incorporated into the side chains of copper 

phthalocyanines (CuPc) to improve the intracolumnar order of molecules, change 

transition temperatures of the material, and also to trigger the alignment of 

molecular stacks with respect to the substrate leading to homeotropic alignment.     

Alkoxy and thioether linkers were used, since studies have shown that those side 

chains lower the solution aggregation and increase the solubility of Pcs compared to 

alkane-, or amide - linked side chains.14,29,37 It is hypothesized that sulfur linkers 

introduce additional π - π points of interaction between sulfur atoms on adjacent 

molecules making columnar stacks more rigid and ordered (Figure 5.1).  

Higher aggregation constants for sulfur-linked Pc 3, Pc 4 and Pc 5, and also 

significantly higher K→LC transition temperatures for Pc 3 and Pc 4 compared to 

oxygen-linked Pc 1 and Pc 2, indicate stronger interactions between adjacent 

molecules  most likely due to intermolecular sulfur – sulfur interactions.29,37 It was 

also shown that increased intermolecular interactions due to non-covalent sulfur – 

sulfur interactions caused Pc 3 to crystallize from solution.37 

The terminal benzyl groups in the Pc side chains were introduced to add 

additional points of interaction between adjacent molecules in the columnar stack 

that would further improve its coherence and rigidity.17,29,38 

The styryl groups in Pc 2 and Pc 4 within side chains allowed for the 

photopolymerization of molecular aggregates resulting in their stabilization. The 

resulting Pc polymers were insoluble in common solvents providing for lithographic 

patterning.34,35 
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Figure 5.5 The molecular structure of octasubstituted Copper phthalocyanines. R 

shows substitution positions of side chains for Pc1, Pc2, Pc3, Pc4, Pc5, and HPcB.    
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The K→LC transition temperature of Pc 3 was much higher (134°C) compared to 

oxygen linked Pc 1 and Pc 2 due to sulfur linkers. In order to decrease the transition 

temperature of the compound, a Pc 5 molecule was design with its K→LC transition 

temperature to 86˚C.   

HPcB was designed with additional amide functional groups incorporated in the 

side chains. The purpose of this functionality was to increase intermolecular 

interactions due to H – bonds formed between adjacent molecules in columnar 

stacks with the aim of increasing the intracolumnar order. In addition, H-bonds 

formed between molecules and the modified surface directed the growth of columns 

with respect to the surface leading to homeotropic alignment.36 

 

5.1.5 Homeotropic alignment 

One of the most important and challenging issues in the processing of DLCs is 

the control of the alignment of the columnar stacks with respect to the substrate. 

Discotic molecules can adopt two orientations, edge-on or homeotropic (face – on), 

both of which are important for various types of electronic devices with different 

geometries such as OPV’s, OFET’s, OLED’s.  The edge–on alignment with columns 

oriented parallel to the substrate is necessary for OFET’s. The homeotropic (face–

on) alignment with columns oriented perpendicular to the substrate is utilized in 

OPV’s and OLED’s.   

The edge – on alignment of DLC films is achieved using different solution 

processing techniques such as Langmuir – Blodget deposition17, zone casting 32, 
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drop casting39, or spin coating.40 The tendency of modified DLC to form 

preferentially edge - on aligned films is due to the fact that the air – film interface is 

likely to minimize its free energy by exposing the alkyl side chains to the air. 40    

However, it is not clear what factors facilitate homeotropic alignment. There are 

examples of homeotropically aligned films between two polar substrates.40-43  

Unfortunately, those films are not stable after one substrate is removed. It was 

hypothesized that the face - on alignment on polar surfaces is attributed to 

heteroatoms in side chains.41,42 However, this hypothesis was contradicted by the 

face - on alignment of hydrocarbon modified hexabenzocoronene (HBC) on indium 

tin oxide (ITO).43  

The control of the alignment of columnar stacks is a challenging issue since there 

are many factors that influence it. Among them are the chemical nature of the 

molecule41,42,44, the chemical nature of the substrate26, the deposition method39, the 

type of solvent used39,45, along with the concentration of the sample26,39 and the 

processing temperature39.  

In general, the molecular order depends on the energetics of molecule – 

molecule, molecule – substrate and molecule – air (for open films) interactions.40  

As shown in Figure 5.6, a molecule as well as the substrate surface are solvated. 

In order for adsorption to take place, both the molecule and substrate have to be 

desolvated (Figure 5.6 b). Adsorption (Figure 5.6 c) will take place only if molecule – 

substrate interactions are stronger than molecule – solvent (and molecule – 

molecule) and substrate - solvent interactions. Therefore, in order to align 
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molecules face - on the flat laying molecule – substrate interactions have to be 

stronger than competing molecule – molecule and molecule - solvent interactions. 

Weaker molecule – molecule interactions allow molecules to self – assemble into 

columns from the substrate surface. Stronger molecular – substrate interactions 

allow molecules in the first layer to find the most thermodynamically favorable spot 

on the substrate surface and to act as nucleation sites for other molecules.42,46,47  

One way of controlling the strength of interactions between molecules 

themselves and molecules and substrate is to incorporate amide functional groups 

in both side chains of DLC and substrate modifiers.26 The final orientation of the 

molecules with respect to the surface is directed by hydrogen bonds formed 

between the molecular side chains and the functional groups on the surface, leading 

to the homeotropic alignment. In order to decrease the aggregation in solution and 

therefore decrease molecule – molecule interactions, films can be deposited from 

low concentrated solutions (ca. µmolar).26  

The deposition method plays a crucial role in the alignment of the discotic liquid 

crystals. The homeotropic alignment of DLC was successfully achieved when the 

DLC material was sandwiched between two substrates and then cooled down from 

an isotropic melt.40-43 However, this method requires for the material to have a low 

isotropisation temperature, and produced films that were usually not stable when 

one substrate is removed. In contrast, the self-assembly from solution is a 

convenient and inexpensive method that was used to obtain open, face – on aligned 

films from modified phthalocyanines.26  
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Figure 5.6 The model of face-on adsorption of Pc 5 on the substrate. 
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 Structural characterization of Pc5 in powder 5.2

This section focuses on studying the molecular order in crystalline and LC 

phases of copper phthalocyanine 2,3,9,10,16,17,23,24-Octa-(2-hydrocinnamyloxy 

ethylsulfanyl) CuPc (Pc 5) powder samples with the emphasis on the impact of 

sulfur linkers on the molecular organization. It is hypothesized that the columnar 

order in Pc 5 is influenced not only by π - π interactions between cores of adjacent 

molecules, but also by sulfur – sulfur interactions as schematically shown in Figure 

5.1. In addition, the presence of phenyl groups at the peripheries of Pc 5 side chains 

is expected to introduce additional points of interactions between adjacent 

molecules and stabilize the overall intracolumnar order. 

 

5.2.1 Packing geometry of Pc 5 in powder at room temperature (RT) 

X-ray diffraction (XRD) studies were performed on powder samples at RT to 

understand the crystal structure of Pc 5 in bulk. The typical XRD pattern is 

presented in Figure 5.7 a. The whole pattern was indexed to a monoclinic unit cell 

with dimensions of a = 24.2 Å, b = 6.9 Å, c = 19.8 Å, angles α = 90°, β = 114°, γ = 90°, 

and volume was determined to be V = 3597.4 Å3, with two molecules per unit cell as 

shown in Figure 5.7 b. The detailed indexing and comparison between observed and 

calculated reflections are shown in Table 5.1. 

Small angle peaks [100] and [001] in the pattern correspond to intercolumnar 

spacings along the a and c axes correspondingly. The intercolumnar distance along 

the a axis is 24.8 Å and along the c axis is 19.8 Å with Pc 5 molecules related by 
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translation symmetry along these axes. The obtained measured distances are 

shorter than the dimensions of the molecule of ca. 47 Å, and likely result from 

compressed side chains. 

The high angle peak [010] corresponds to the intracolumnar distance between 

Cu atoms in neighboring cores of Pc 5 molecules along the b axis with Pc 5 

molecules related by the glide symmetry (a reflection followed by a translation 

parallel to a mirror plane) as shown in Figure 5.8. The determined distance between 

Cu atoms on the adjacent molecules is 6.9 Å. Assuming the intermolecular distance 

to be 3.53 Å (equal to the the sulfur – sulfur interactions)28 the 59° tilt angle (Figure 

5.8) from co-facial alignment can be calculated (θ = cos-1(3.53/6.9)). 

The monoclinic unit cell describes the alignment of cores of Pc 5 molecules 

whereas the symmetry of side chains is unknown. It is probable that the side chains 

have the out-of-plane packing. The combination of the side chain configuration and 

the tilt angle of the disks facilitates sulfur – sulfur interactions.     
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Figure 5.7 a. the powder XRD pattern of Pc5 at room temperature with reflections 

indexed to the monoclinic unit cell b. the monoclinic unit cell with shown a, b, c axes, 

α, β, γ angles and their values. The molecular planes are parallel to each other along 

the b-axis (as shown in Figure 5.8).  
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Table 5.1 Indexing of the powder XRD pattern of Pc 5 at room temperature. The 

pattern has been indexed to the monoclinic unit cell with the following dimensions: 

a=24.2Å, b=19.8 Å, c=6.9 [Å], α=γ=90°, β=114 [°], and the volume of V=3597.4 [Å3]. 

 

Miller 

Indices 

2θ 

(obs) 

2θ 

(calc) 

100 3.646 3.652 

001 4.437 4.449 

20-1 6.852 6.86 

20-2 8.995 8.968 

201 9.979 9.973 

30-2 11.009 11.008 

010 12.887 12.883 

40-2 13.748 13.745 

40-3 15.348 15.367 

21-3 17.927 17.915 

21-4 20.867 20.869 

50-5 22.523 22.541 

403 23.577 23.574 

61-3 24.437 24.441 

70-5 26.54 26.524 

71-1 27.591 27.596 
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Figure 5.8 The arrangement of cores of Pc 5 molecules along the b axis. Pc 5 

molecules are related by the glide symmetry along this axis. The distance between 

Cu atoms on adjacent molecules is 6.9 Å, but due to the 59° tilt angle from the co-

facial alignment the distance between molecules is 3.53 Å.   
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Correlation lengths were calculated from the Scherrer equation (Equation 3.1). 

The intercolumnar correlation length D = 54 nm was based on the [100] reflection. 

The intracolumnar correlation length D = 47 nm was calculated from the [010] 

reflection. 

The above results are in good agreement with room temperature powder XRD 

patterns obtained for the thioether side chain modified Pc 3 and Pc 4 (Figure 5.5), 

for which monoclinic unit cells with molecules tilted along one axis were also 

determined. 

 

 

5.2.2 Influence of temperature on packing of powder Pc5 at various 

temperatures 

Pc 5 was heated to 240°C or 200°C and then slowly cooled down to room 

temperature during temperature dependent XRD studies. Two transition 

temperatures were determined based on the changes in the diffraction patterns. The 

transition at 94°C corresponds to the crystal to liquid crystalline phase transition 

(K→LC) and the second transition at 220°C corresponds to isotropization (melting). 

The K→LC transition indicates the change from the crystalline phase with the three 

dimensional order to a columnar phase with the two dimensional order as discussed 

further in the chapter. Isotropization indicates the loss of order in the material.        

At 94°C, the loss of high angle peaks (13° to 30° 2Theta) in the XRD pattern 

indicates the K→LC phase transition. A fully formed columnar phase appeared at 
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120°C as indicated by four diffraction peaks in Figure 5.9. The change to the 

columnar phase from the monoclinic phase (determined at RT for Pc 5 powder) 

indicates reorganization in the intracolumnar and intercolumnar order/distances. 

For the columnar phase the intracolumnar order (distances between molecules in 

columns) is lost, as indicated by the lack of high angle peaks in the diffraction 

pattern at 120°C, which is attributed to the perturbations to the alignment of 

molecular cores caused by disordered side chains. 

The four low angle peaks shown in the 120°C pattern in Figure 5.9 were indexed 

to [10], [11], [20], [21] reflections in the disordered columnar hexagonal phase 

(Colhex). The disorder in the Colhex phase refers to different distances between 

molecules in a given column. However, the presence of four peaks that can be 

indexed to the Colhex phase indicates good intercolumnar order.  

The indexing was based on the characteristic for the Colhex ratios of d spacings:  

d[10]: d[11]: d[20]: d[21] = 1: 1/√3: 1/√4: 1/√7.  

All determined d values for [10], [11], [20], [21] reflections are shown in the Table 

5.2 and the corresponding distances between columns are shown in the Figure 5.10. 
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Figure 5.9 The temperature dependent XRD pattern of the Pc 5 powder at 120°C 

indexed to the columnar hexagonal phase (Colhex).  
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Figure 5.10 The schematics of the arrangement of columns in the columnar 

hexagonal mesophase with the d[hk] spacings, the characteristic rectangle with a and 

b dimensions and the lattice constant D and h and k axis. 

d 
observed 

[Å] 
[hk] Miller 

indices 
d 

calculated 
[Å] 

Lattice 

parameter 

23.94 [10] 24.25 

D = 28 Å 
13.68 [11] 14.00 

12.15 [20] 12.12 

9.09 [21] 9.17 

 

Table 5.2 d spacings and the lattice parameter for the columnar hexagonal 

mesophase at 120°C. 

 

d[10] 

d[20] 

d [11] 
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d[10] 
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600 

 b 

h

k
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In addition, for the Colhex, phase the relationships between the d[hk], h, k values 

and the lattice constant D (all shown in Figure 5.10) agreed with Equation 5.2 and is 

characteristic for a hexagonal lattice as shown in the Table 5.2 

 

     
 

   
  

 

 

(        )

     Equation 5.5 

Furthermore, the relationship, Equation 5.6 

 

           √                                Equation 5.6 

 

with a and b defined in Figure 5.10 is valid in this case which supports the columnar 

hexagonal mesophase indexing. 

The lattice constant D = 28 Å (indicating the distance between columns) shown 

in Figure 5.10 was calculated using the relationship shown in Equation 5.7: 

 

                                    
     

      
                                              Equation 5.7 

 

The intracolumnar correlation length in the [10] direction calculated for the LC 

phase at 120°C is 62 nm which corresponds to 22 columns (for D=2.8 nm). 
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The LC →isotropic melt transition occurred at 220°C and the isotropic melt 

phase was present up to 250°C. The isotropic melt is manifested by the presence of a 

broad peak in the low angle regime as presented in Figure 5.11 for the diffractogram 

collected at 240°C. As mentioned earlier the broad peak in the diffraction pattern is 

characteristic for systems that lack order.48 

When Pc 5 was heated to 250°C and then slowly cooled down to RT, the 

observed XRD pattern did not differ from the pattern obtained for the isotropic melt 

meaning that the material remained disordered. 

However, when Pc 5 powder was heated to 200°C and cooled down to RT, the 

diffraction pattern shown in Figure 5.12 was obtained. The obtained pattern was 

indexed to the Colhex phase with the same lattice parameters as described for the 

diffraction pattern at 120°C.  

These results indicate how significant thermal treatment is for molecular 

alignment. It also suggests that the molecular alignment can change during 

photovoltaic device operation depending on given conditions and significantly 

influence its performance.       
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Figure 5.11 The temperature dependent XRD pattern of the Pc 5 powder at 240°C. 

At this temperature Pc 5 is in an isotropic melt phase.  
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Figure 5.12 The temperature dependent XRD pattern of the Pc 5 powder at 25°C 

after heating to 200°C and slow cooling down. The pattern was indexed to the 

columnar hexagonal (Colhex) phase. 
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 Influence of substrate on Pc5 alignment 5.3

5.3.1 Focus of the research 

The focus of this chapter is the study of the molecular alignment of the first 

several monolayers of Pc 5 on smooth substrates such as SnS2, mica, and ultraflat, 

templated Au. Self - assembly from a dilute solution was used as a deposition 

method to minimize aggregation in a solution. SnS2 was studied to determine 

whether non-covalent S-S interactions between sulfur atoms in the side chains of Pc 

5 and sulfur atoms on the substrate can direct the self – assembly leading to the 

homeotropic alignment. Polar surfaces (mica and SnS2) were chosen to determine if 

the presence of heteroatoms in the Pc 5 side chains aids in homeotropic alignment. 

 

5.3.2 Absorbance spectra and exciton splitting theory 

UV – VIS absorbance spectra of Pc 5 involve electron transitions between HOMO 

and LUMO levels on a single molecule. The transition S0 → S1 (where S0 is a ground 

state and S1 is a first singlet excited state) corresponds to the Q band at ca. 711 nm 

in the absorption spectrum of Pc 5 (Figure 5.13).  The transition S0 → S2 (where S2 is 

a second singlet excited state) corresponds to the Soret band at ca. 330 nm as shown 

in Figure 5.13. The additional band at ca. 640 nm corresponds to the vibronic 

transition in the molecule.  

The Q band is broadened with the increasing concentration of the sample as a 

result of the increasing disorder. That creates in-equivalent molecules within a 
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sample due to the interactions between the transition dipole moments among 

neighboring molecules.  

The transition dipole moment interactions are important since they influence 

absorbance spectra causing shifts and the broadening of the Q band. The shift of the 

Q band can bring insight into the molecular organization. The exciton splitting 

model developed by Kasha and his coworkers correlates Q band shifts with the 

molecular organization in van der Waals and hydrogen bonded dimers.49 This model 

can be extended to molecular aggregates as phthalocyanines.49 

In molecular aggregates, interactions between transition dipole moments on 

adjacent molecules cause the splitting of energy levels. The exciton splitting model 

uses the quasi – classical vector model to approximate interactions between 

transition dipole moments (M) on adjacent molecules.49 The predicted splitting (∆E) 

depends on the transition dipole moment (M), the center to center distance between 

molecules (r), and the angle (θ) between the dipole and the line connecting centers 

of adjacent molecules as described by the Equation 5.8: 

  

        
   

   (         )                                   Equation 5.8 

 

At θ equal to 54.7° the splitting goes to zero and the aggregate Q band matches 

the monomer Q band. For θ angles lower than 54.7° (J aggregates), the red shift of 
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the aggregate Q band with respect to the monomer Q band will result, and for angles 

higher than 54.7° (H aggregates), the blue shift will result as described below.            

 

 

 

 

 

Figure 5.13 UV – Vis spectra of Pc 5 solutions in chloroform. 
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For H aggregates, the in – phase (↑↑) transition dipole arrangement leads to 

repulsion between dipoles and increase in the energy (E’’) compared to the excited 

state in a monomer (Figure 5.14). The out – of – phase (↑↓) dipole arrangement 

causes attraction between dipoles and leads to the lowering of the energy (E’). Since 

the transition dipole moment is given by the vector sum of the individual dipole 

moments, the transition to the E’ is forbidden, and only transition to the E’’ is 

allowed. As a consequence, the Q band for the H aggregate is blue shifted with 

respect to the monomer Q band.      

 Similar analysis for J aggregates leads to only one allowed state from the ground 

to E’ excited state (Figure 5.14). As a result, for J aggregates the red shift of the Q 

band with respect to the monomer Q band is expected.  

For oblique transition dipoles (Figure 5.14), two transitions are possible to E’ 

and E’’. As a result, two Q bands red and blue shifted with respect to the monomer Q 

band will be present in the absorption spectrum. 

In thin films, many molecules interact and for N interacting molecules monomer 

excited state splits into N states. The splitting energy for large aggregates is greater 

than for the dimer. In addition, Q bands are broader for bigger aggregates due to the 

greater number of interactions between molecules. 

Based on the position of the Q band in the thin film absorption spectra with 

respect to the position of the Q band in the solution spectra, the organization of 

molecules can be predicted.     
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Figure 5.14 Energy splitting in dimers of various geometries: H aggregate, J 

aggregate, and oblique. Blue ovals represent molecules with arrows indicating 

transition dipole moments. The arrows showing transitions between the ground 

state and excited states (E’, E’’) indicate allowed transitions for a given molecular 

arrangement. Short solid arrows placed next to the energy levels (E’, E’’) indicate the 

relative position of transition dipoles in a dimer, and the short dotted arrows 

indicate the sum of the transition dipole moments (the net transition dipole) in the 

dimer. Lack of the short dotted arrow indicates that the net transition dipole is 0 

and the transition is forbidden. 
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5.3.3 Alignment of Pc5 in SnS2 

Thin films of Pc 5 on SnS2 were studied using AFM and UV-VIS to determine 

whether sulfur - sulfur interactions between sulfur atoms in Pc 5 side chains and 

sulfur atoms on the SnS2 surface can direct self-assembly leading to homeotropic 

alignment.   

The SnS2 crystal structure consists of two – dimensional covalently bound 

sandwiched layers S – Sn – S with the octahedral symmetry.50 The layers are kept 

together due to van der Waals forces. The atomically smooth and chemically stable 

surfaces are obtained through cleavage of the SnS2 sample. The SnS2 surface consists 

of hexagonally closest packed sulfur atoms (Figure 5.15). With the band gap energy 

2.2 eV tin disulfide is transparent above 550 nm making optical characterization of 

adsorbed phthalocyanines possible.       

Figure 5.16 a shows the AFM image of a Pc 5 film on SnS2 deposited from a dilute 

chloroform solution (1x10-6M). The bearing analysis of this image (Figure 5.16 b) 

indicates that the thickness of this film is 3.9 ± 0.4 Å which correlates well with the 

thickness of one flat laying monolayer of Pc 5 (the distance between adjacent 

molecules is 3.5 Å as shown in Figure 5.7 b).  

The UV-VIS spectra of Pc 5 films on SnS2 are shown in Figure 5.17. For the film 

deposited from the diluted chloroform solution (1x10-6M), the obtained 

spectrumhas only one narrow Q band indicating the S0 to S1 transition as (explained 

in Section 5.2.1) at 736 nm. The determined Q band at 736 nm is red shifted with 

respect to the solution Q band at 711 nm (Figure 5.13). 
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The UV – VIS spectra b and c in Figure 5.17 correspond to thicker Pc 5 films on 

SnS2 (deposited from more concentrated chloroform solutions) that have two 

absorption bands at ca. 656 and 736 nm. The intensity of 656 nm band increases 

with the film thickness and also relative to the intensity of the band at 736 nm 

which indicates that this absorption band corresponds to Pc 5 aggregates.  

The blue shift of the band corresponding to Pc 5 aggregates with respect to both 

the Q band in the solution at 711 nm and band in the Pc 5 film at 636 nm suggests 

 

Figure 5.15 A 4 x 4 nm2 STM image of the SnS2 surface showing hexagonally closest 

packed sulfur atoms. [Adapted with permission from reference51; License number 

2947240958909]. 

 

ca. 3.6Å
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Figure 5.16 a. the 10x10µm2 AFM image of the Pc 5 film on SnS2 deposited from the 

1x10-6 M solution b. the bearing analysis performed on the AFM image shown in a 

with the measured depth 0.39±0.04 nm.  

  

8 nm

4 nm

0 nm

8 nm

4 nm

0 nm

  

0 2.5 5.0

Hist. %

9
6

D
e

p
th

 [
n

m
]

0 2.5 5.0

Hist. %

9
6

D
e

p
th

 [
n

m
]

Depth = 0.39±0.04nm 

a 

b 



252 
 

 

 

 

Figure 5.17 UV VIS spectra of Pc 5 films on SnS2 deposited from a. 1x10-6M b. 1x10-

5M and c. 1x10-4M solutions. 
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that the Pc 5 aggregate band corresponds to H aggregates (Figure 5.14). H 

aggregates indicate that molecules are aligned face – to – face due to π –π and S-S 

interactions.   

The red shift of the Q band at 736 nm with respect to the Q band in the solution 

spectrum may indicate presence of J aggregates (Figure 5.14) which is in 

agreement with flat laying Pc 5 molecules on a substrate. The lack of the Q band in 

the absorption spectrum corresponding to H aggregates and the thickness of the 

film determined from the bearing analysis (shown in Figure 5.16) indicate that the 

Pc 5 film deposited from very dilute solution is likely a monolayer of flat laying 

molecules on the SnS2.      

Figure 5.18 a shows an AFM image of the Pc 5 film deposited on SnS2 from the 

1x10-5M chloroform solution. The thickness (7.4±0.3 Å) obtained from a bearing 

analysis performed on this image corresponds to the thickness of ca. 2 monolayers 

of flat laying molecules. This result is supported by the UV-VIS spectrum of this film 

as shown in Figure 5.17 b. In this spectrum, as discussed above, two Q bands are 

present one at 736 nm corresponding to J aggregates, and the second at 656 nm 

corresponding to H aggregates. The above analysis indicates that the film deposited 

from the 1x10-5 M solution shows the onset of aggregation (presence of H 

aggregates) in the direction perpendicular to the substrate surface. 
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Figure 5.18 a. the 4x4µm2 AFM image of the Pc 5 film on SnS2 deposited from the 1 

x 10-5 M solution b. the bearing analysis done on the AFM image shown in a.  
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The above results are in good agreement with the LEED (Low Energy Electron 

Diffraction) results obtained by England et. al. for ClInPc and CuPc vacuum 

deposited on SnS2.52,53 It was determined that phthalocyanines adsorbed face-on on 

the SnS2 substrate. Compounds adopted square lattice geometries for low coverages 

but with multiple domains. The domains were rotated from the principle axis of the 

SnS2 substrate by ca. 4°. The modeling studies (the summation of overlayer – 

substrat van der Waals forces) done on the ClInPc also indicated that the most 

energetically favorable alignment of Pc on SnS2 is the square lattice with 

interdigitated benzenoid rings. It was calculated for the Pc lattice (nine neighboring 

Pc molecules) that the most probable arrangement of the lattice is with the central 

metal atoms in the Pc rings placed above the sulfur atoms in SnS2, and with the Pc 

lattice rotated ca. 4° with respect to the principal axis in SnS2. It is hypothesized that 

for the Pc 5 overlayer on SnS2 the alignment of molecules is driven by sulfur – sulfur 

interactions between sulfur atoms in the molecule and sulfur atoms in the substrate. 

The above results indicate that Pc 5 molecules, deposited from the dilute 

solution lay flat on the SnS2 for thicknesses up to ca. 2 - 3 monolayers. The observed 

face – on alignment is probably a result of noncovalent sulfur – sulfur interactions 

between sulfur atoms in side chains of Pc 5 and sulfur atoms on the SnS2 substrate. 

Molecules in the first layer act as nucleation sites for other molecules to adsorb on 

them. Further, the structure is driven by π-π and sulfur – sulfur interactions leading 

to homeotropic alignment. The deposition from a dilute solution suppressed 
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aggregation and caused molecules to self-assemble into columns from the surface of 

the substrate.  

 

5.3.4 Alignment of Pc5 on mica 

Films of Pc 5 on mica were characterized with AFM and UV - VIS to determine 

how this polar substrate influences the molecular alignment. The mica surface is 

composed of oxygen atoms arranged as shown on Figure 5.19.  

Figure 5.20 a shows an AFM image of the Pc 5 film on mica. The poor wetting of 

mica by Pc 5 indicates stronger interactions between molecules compared to 

interactions between the molecule and the surface. A bearing analysis (Figure 5.20 

b) on the image indicates that the thickness of the film is 2.2±0.2 nm (22±2 Å). 

The measured film thickness is greater than both the intermolecular distance 

along the b axis (3.5 Å), and along the c axis (19.8 Å) in the monoclinic unit cell 

determined for powder Pc 5 at RT (shown in Figure 5.7). Therefore, Pc 5 molecules 

are not aligned with b or c axis perpendicular to the substrate surface. However, the 

film thickness is smaller than the distance between two adjacent molecules along 

the a axis in the monoclinic unit cell (24.2 Å). We hypothesize that the film consists 

of a monolayer of edge - on aligned, tilted Pc 5 molecules laying with the cb face of 

the monoclinic unit cell on the mica surface.  

The calculated angle between the Pc 5 molecule and the substrate surface is ca. 

52° which results in the ca. 38° tilt angle between the normal to the molecule and 

the columnar axis (the b axis in the monoclinic unit cell) as shown in  
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. 

 

 

 

 

 

Figure 5.19 a. the composition of one layer of mica. b. the surface of mica is 

composed of oxygen atoms arranged as shown by gray prisms. [Adapted from:  

chemistry.binghamton.edu/ ZHONG/spm/stmafm1.htm]. 
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Figure 5.20 a. the 5 x 5 µm2 AFM image of the Pc5 film on mica deposited from the 

6x10-5M solution; b. the bearing analysis done of the AFM image. 
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Figure 5.21 Pc 5 molecules align along the b axis in the monoclinic unit cell 

(compare to Figure 5.7 b) on mica with the 38° tilt angle from the perfectly co-facial 

alignment. 

 

 

That indicates that Pc 5 molecules are tilted ca. 38° from their perfectly co-facial 

position along the b axis.  

It is interesting that the tilt from the perfectly co-facial position in the film is 

smaller than in the bulk (ca. 59° as shown in Figure 5.8). This is most likely caused 

by the interactions with the mica surface. It is not favorable for Pc 5 molecules to be 

align face-on on the mica, thus, they attain the more upright position compared to 

the bulk molecular alignment. In addition, the more upright molecular arrangement 

allows for the denser packing.    
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The UV – VIS spectrum (Figure 5.22) of the Pc 5 film shown in Figure 5.20 a has a 

Q band at ca. 661 nm. The relative blue shift of this Q peak with respect to the Q 

monomer peak in solution at 711 nm (Figure 5.13) indicates the presence of H 

aggregates. Presence of H aggregates can be explained by transition dipole 

interactions between co-facially aligned Pc 5 molecules along the b axis (Figure 

5.21).  

Chau and coworkers estimated that the absorption per one monolayer of ClInPc 

is ca. A=0.013.54 Therefore, the absorbance level of ca. 0.005 measured from the 

aggregate Q band indicates that the Pc 5 film on mica  is composed of less than one 

equivalent monolayer of Pc 5 molecules.54 The measured thickness of the film 

shown in Figure 5.20 a, its absorbance, and the blue shift of the Q peak suggest that 

the film is composed of one monolayer of edge - on aligned Pc 5 molecules.    

The layered structure of a thicker film of Pc 5 on mica is shown on the AFM 

image and bearing analysis in Figure 5.23 and also in the section analysis in Figure 

5.23. The bearing analysis with three double peaks indicates that the Pc 5 was 

deposited on not evenly cleaved mica substrate e.g. there is a mica step edge 

underneath the Pc 5 film. As a consequence, the part of the Pc 5 film is deposited on 

the ca. 0.6 nm lower mica terrace than the other part. However, the average Pc 5 

layer thicknesses are the same on both mica terraces. The average thickness of the 

Pc 5 layers (23 ± 2 Å), was measured from the bearing analysis (Figure 5.23 b). In 

addition, the thickness of the layers measured from the section analysis (Figure 5.24 

b) on the AFM image is ca. 22 ± 3 Å. These thickness values are consistent with the 
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Figure 5.22 The UV – VIS spectrum of the Pc 5 film on mica deposited from a 6 x10-

5M solution. The background correction was performed on this spectrum. 
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Figure 5.23 a. the 2 x 2µm2 AFM image of the Pc 5 film on mica deposited from the 

6x10-4 M solution b. the bearing analysis done on the AFM image 

 

 

20 nm

10 nm

0 nm

20 nm

10 nm

0 nm

20 nm

10 nm

0 nm

20 nm

10 nm

0 nm

20 nm

10 nm

0 nm

20 nm

10 nm

0 nm

     

0 0.7 1.4
Hist %

0
2

4
6

8

D
e
p

th
 [n

m
]

0 0.7 1.4
Hist %

0
2

4
6

8

D
e
p

th
 [n

m
]

average

Depth = 23 ± 2 Å

a

b



263 
 

 

 

Figure 5.24 a. the 2 x 2µm2 AFM image of the Pc 5 film on mica deposited from the 

6x10-4 M solution b. the section analysis performed on the AFM image across the 

black line.  
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Figure 5.25 a. the UV –VIS spectrum of the 1 x 10-6 M Pc 5 solution b. UV – VIS 

spectra of Pc 5 films on mica deposited from the 6x10-4 M solution c. UV – VIS 

spectra of annealed Pc 5 films on mica deposited from the 6x 10-4 M solution. 
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thickness of tilted, edge-on aligned Pc 5 molecules with bc face of the monoclinic 

unit cell (Figure 5.7) laying on the mica substrate. 

The analysis of the UV - VIS spectrum (Figure 5.25 b) of the thicker Pc 5 film on 

mica shown in Figure 5.23 a supports the above conclusion. The Q band at 659 nm is  

blue shifted with respect to the solution Q bands indicating H aggregates (Figure 

5.14), which are the result of interactions between Pc 5 molecules aligned edge-on 

on the substrate along b axis. The shoulder at ca. 711 nm in the Q band correlates 

with the solution monomer Q band (Figure 5.13). 

After annealing of the thicker Pc 5 film, the shoulder at 711 nm in the UV – VIS 

spectrum (Figure 5.25 c) is less pronounced compared to the shoulder at 711 nm in 

the spectrum of the pre-annealed film (Figure 5.25 b). It is hypothesized that there 

are monomers adsorbed at the outermost layer of Pc 5 which are incorporated into 

that outermost layer of Pc 5 during the thermal treatment. The post-annealed UV – 

VIS spectrum is narrower than the pre-annealed spectrum which suggests that 

annealing improves the coherence of the film.     

In conclusion, Pc 5 forms layered films with edge – on aligned molecules on mica. 

The presence of heteroatoms in the side chains of Pc 5 is not sufficient to obtain the 

homeotropic alignment on polar substrates.  

 

5.3.5 Alignment of Pc5 on ultra-smooth Au 

Pc 5 films on an ultra-smooth Au were analyzed using AFM to determine how 

this very smooth substrate influences molecular alignment.  
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Figure 5.26 a shows the thin Pc 5 film deposited from a 6 x 10-6 M chloroform 

solution. The Pc 5 film thickness was measured to be 21 ± 2 Å by the bearing 

analysis (Figure 5.26 b). Since the determined thickness is smaller than the distance 

between two adjacent molecules along the a = 24.2 Å axis in a monoclinic unit cell 

(Figure 5.7), it indicates that the film is composed of one monolayer of edge – on 

aligned Pc 5 molecules with a ca. 60° tilt angle with respect to the Au surface.  

The thicker Pc 5 film deposited from the 8 x 10-4M solution is shown on the AFM 

image in Figure 5.27 a. The Pc 5 film has a layered structure which is confirmed by 

the bearing analysis (Figure 5.27 b). The depth of 2.1 ± 0.2 nm corresponding to the 

average thickness of a layer in the Pc 5 film was determined in the bearing analysis. 

This film thickness correlates with the thickness of an edge - on aligned and ca. 60° 

tilted with respect to the substrate Pc 5 layer.  

The above results suggest that Pc 5 forms layered films of edge – on aligned 

molecules on ultra-smooth gold substrates. 
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Figure 5.26 a. the 5 x 5 µm2 AFM image of Pc 5 deposited from the 6x10-6M 

solution. 
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Figure 5.27 a. the 2 x 2 um2 AFM image of the Pc 5 film deposited from the 8x10-4M 

solution b. a bearing analysis done on the image indicating depth of 2.1± 0.2 nm. 
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5.3.6 Alignment of Pc5 on PEDOT: PSS modified ITO 

Pc 5 films on PEDOT:PSS modified ITO were investigated using X-ray diffraction 

and UV - VIS to better understand how the substrate influences the self-organization 

of this material. PEDOT:PSS modified ITO is a more relevant surface for photovoltaic 

devices.  

Studies were performed on both annealed and unannealed samples to determine 

how the thermal treatment changes the molecular alignment. These studies are 

critical to achieve a better understanding of the overall performance of photovoltaic 

devices that employ Pc 5.  

The Pc 5 films analyzed by UV – VIS and AFM were deposited from the 0.5 mM 

chloroform solution whereas Pc 5 films analyzed by thin film XRD were deposited 

from the 1 mM chloroform solution to allow for the thicker film to form. 

UV - VIS spectra of the Pc 5 films on PEDOT: PSS modified ITO in Figure 5.28 

show Q bands at ca. 658 nm nm for both annealed and not annealed samples. The 

blue shift of the Q band in the film with respect to the monomer Q band at 711 nm 

indicates presence of H aggregates.49  

Thin film XRD patterns obtained for the annealed and unannealed films are 

similar as shown in Figure 5.29. In both patterns two reflections, [10] and [20], were 

determined and indexed to Colhex phases. In the pattern corresponding to the 

unannealed film d[10] is 23.6 Å, and d[20] is 11.8 Å. In the pattern corresponding to 

the annealed film d[10] is 24.0 Å, and d[20] is 11.9 Å. Lattice constants D=27.2 Å for 

unannealed and D=27.7 Å for annealed films were calculated.  
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Figure 5.28 UV – VIS spectra of annealed and unannealed Pc 5 films on a 

PEDOT:PSS modified ITO. 
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Figure 5.29 Thin film XRD patterns from Pc 5 films on PEDOT:PSS modified ITO a. 

as deposited b. annealed at 2000C for one hour and then slowly cooled down to RT.  

 

3 4 5 6 7 8 9

0

25000

50000

75000

100000

125000

In
te

n
s

it
y

2 Theta

1mM Pc5; Thin filam XRD on PEDOT PSS modified ITO 

6 7 8 9
2500

3000

3500

4000

4500

In
te

n
s
it

y

2 Theta

[10] 

[20] 

3 4 5 6 7 8 9

0

25000

50000

75000

100000

125000

150000
1mM Pc5 soln. spun on PEDOT PSS modified ITO Annealed at 200C for 1h 

In
te

n
s

it
y

2 Theta

6 7 8 9
1000

1500

2000

2500

In
te

n
s
it

y

2 Theta

 5 point S-G Smoothing of annealed_baselinecorrec

[10] 
[20] 

a 

b 



272 
 

 

The determined lattice constants correlate well with the lattice constant D = 28 Å 

calculated for the Colhex phase for the annealed powder sample. 

The thin film XRD results indicate that Pc 5 columns form the Colhex phase with a 

coherence length in the [10] direction of ca. 60 nm for annealed and ca. 55 nm for 

unannealed films. The determined coherence lengths correspond to ca. 20 and 22 

columns for unannealed and annealed Pc 5 films, respectively.  

However, the XRD results do not give information about the alignment of 

columns with respect to the substrate. The AFM images of annealed and unannealed 

Pc 5 films on PEDOT:PSS modified ITO are shown on Figure 5.30 and Figure 5.31, 

respectively. The analysis of presented images indicates that Pc 5 film does not have 

a layered structure, and it can be concluded that columns are not aligned 

homeotropically on the substrate. On both films pinholes are present that are most 

likely responsible for the current leakage that will be discussed in the next section.       

It is hypothesized that Pc 5 film is composed of columns with the columnar 

hexagonal order and that these columns are lying on the substrate with columnar 

axis parallel to the substrate. The proposed alignment of Pc 5 molecules on 

PEDOT:PSS modified ITO is shown in Figure 5.32. Pc 5 alignment is affected not only 

by the chemical nature of the substrate but also by its roughness with RMS =2 - 3nm 

on a 5x5 µm2 area. In addition, spin coating of Pc 5 resulted probably in less ordered 

Pc aggregates due to a fast vaporization of a solvent. 

In the next section the performance of devices with the Pc 5 film deposited on 

PEDOT:PSS modified ITO will be discussed.  
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Figure 5.30 A 5 x 5 µm2 AFM image of the Pc 5 film on PEDOT :PSS modified ITO 

annealed at 200°C for 1 h. 
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Figure 5.31 A 5 x 5 µm2 AFM image of the unannealed Pc 5 film on PEDOT :PSS 

modified ITO. 
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Figure 5.32 The schematic representation of the Pc 5 film on PEDOT:PSS modified 

ITO. The interface with C60 is also shown. 

 

 Organic photovoltaic devices from Pc5  5.4

This section focuses on the preliminary characterization of the performance of 

bilayer solar cells utilizing solution – processed Pc 5 as a hole - transporting layer. 

The current density– voltage (JV), log J – voltage (log J - V), Incident Photon to 

Current Conversion Efficiency (IPCE), Absorbed Photon to Current Conversion 

Efficiency (APCE) graphs as well as UV – VIS spectra of the devices will be discussed. 

The JV and semi log JV (log J – V) plots of devices with the configuration: 

ITO/PEDOT:PSS/Pc 5/C60/BCP/Al with Pc 5 film deposited from 0.5 mM chloroform 

solution are presented in Figure 5.33 and Figure 5.34, respectively. The Pc 5 films 
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were equivalent to ca. 2 - 5 monolayers thick as determined from UV-VIS 

absorbance.  

Surprisingly, the performance of annealed and not annealed devices is almost 

the same. As can be seen from the dark JV plots in -0.5 to -0.8 V region, the leakage 

of current for both annealed and not annealed devices is apparent. The estimated 

shunt resistance (Rp) was ca. 1.4x103 [Ωcm2] for devices with unannealed and 

2.6x103 [Ωcm2] for devices with annealed Pc 5 films. The low values of shunt 

resistance are likely caused by pinholes in Pc 5 films as seen in AFM images in 

Figure 5.30 and Figure 5.31.  

When devices were illuminated, short circuit current (JSC) of 3.42 mA/cm2, open 

circuit voltage (VOC) of 0.42 V, and rather low fill factors (FF) of 33% for unannealed 

and 31% for annealed films were observed. The calculated power conversion 

efficiencies were 0.48% for devices with unannealed and 0.44% for devices with 

annealed Pc 5 films. 

The examples of JV and semi log JV plots of annealed and unannealed devices 

with Pc 5 film deposited from 1mM solution are presented in Figure 5.35 and 

Figure 5.36. As for the devices with the thinner Pc 5 layer, the performance of the 

devices with the thicker Pc 5 film (equivalent to ca. 4 - 6 monolayers) does not 

change significantly upon annealing. The current leakage, probably due to the 

pinholes in the Pc 5 film, is clearly seen in JV curves in the 0.3 V to 0.8 V region. The 

estimated shunt resistance (Rp) for thicker films was ca. 1.1x103[Ωcm2] for devices 

with unannealed and 1.3x103 [Ωcm2] for devices with annealed Pc 5 films.  
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Figure 5.33 The current density (J) – Voltage (V) plot of the device with the 

annealed Pc 5 film (blue – dark; and green – under illumination) and the unannealed 

Pc 5 film (yellow – dark and red – under illumination) in configuration: ITO/ 

PEDOT: PSS/ Pc5 (0.5mM)/ C60/ BCP/ Al. 
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Figure 5.34 Semilog plots (log J vs. V) of ITO/ PEDOT: PSS/ Pc5 (0.5mM)/ C60/ BCP/ 

Al devices: a. with the unannealed Pc 5 film: the red plot – under illumination and 

the yellow plot in dark, and b. with the annealed Pc 5 film: the green plot - under 

illumination and the blue plot in dark. 
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The efficiency of the devices is significantly lower compared to the devices with 

the thinner Pc 5 film. The measured average short circuit current (Jsc) was 1.7 

mA/cm2 and the average open circuit voltage (VOC) was 0.38 V for devices with not 

annealed Pc 5 films. The measured average short circuit current (JSC) was 1.9 

mA/cm2, and the average open circuit voltage (VOC) was 0.32 V for devices with 

annealed Pc 5 films. 

 

Figure 5.35 Current density (J) – Voltage (V) plot of the device with the annealed Pc 

5 film (blue – dark; and green – under illumination) and the unannealed Pc 5 film 

(yellow – dark and red – under illumination) in the configuration ITO/ PEDOT: PSS/ 

Pc5 (1mM)/ C60/ BCP/ Al. 
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Figure 5.36 Semilog plots (log J vs. V) of ITO/ PEDOT: PSS/ Pc5 (1mM)/ C60/ BCP/ 

Al devices: a. with the unannealed Pc 5 film: the red plot – under illumination and 

the yellow plot in dark, and b. with the annealed Pc 5 film: the green plot - under 

illumination and the blue plot in dark. 
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  The FFs were 27% and 26% for devices with not annealed and annealed Pc 5 

films, respectively. The calculated power conversion efficiencies were 0.18 % for not 

annealed and 0.17% for annealed films; there are ca. 3 times lower compared to 

devices with the thinner Pc 5 layer.    

The series resistance (RS) of the devices was estimated to get information how 

the intracolumnar order of Pc 5 films changes upon annealing. The series resistance 

is attributed to the resistance to the charge transport through active layers in an 

OPV device and to the contact resistance between active layers and adjacent 

electrodes.8 The resistance to the charge transport through the active layer depends 

on the intracolumnar order of Pc and increases with the decreasing order of 

molecules in the columnar stacks. The RS was estimated by determining the inverse 

slopes of the dark JV plots at V >> VOC.  

The RS values for devices with the thin Pc 5 film were estimated to be ca. 6.6 

Ωcm2 for devices with unannealed Pc 5 films and ca. 6 Ωcm2 for devices with 

annealed Pc 5 films. The much higher RS values were obtained for devices with 

thicker Pc 5 films. RS of ca. 19 Ωcm2 for devices with not annealed and ca. 22 Ωcm2 

for devices with annealed Pc 5 films. The reported RS values are rather high and 

point to disorder in Pc 5 columns. Higher RS values for devices with the thicker Pc 5 

film indicate higher intracolumnar disorder in thicker films. In these cases, the 

annealing of the Pc 5 films that usually improves quality of DLC films did not change 

significantly the series resistance. The high value of RS decreases efficiency of the 

device by reducing the fill factor and short circuit current.  
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It is not surprising that the efficiency of the solar cell with the thicker Pc 5 film is 

lower. The “exciton diffusion bottleneck” effect is apparent here where the exciton 

diffusion length is shorter than the active layer thickness and excitons decay before 

they reach the donor-acceptor interface. Although the absorbance of the solar cell 

with the thicker Pc 5 film is higher compared to the solar cell with the thinner Pc 5 

film, the cell efficiency is not higher because only excitons that are within ca. 10 nm 

from the donor-acceptor interface make to that interface.  

The performance of OPVs is affected by lower exciton diffusion length and 

charge carrier mobility in the thicker Pc 5 film caused by lower intracolumnar order 

as confirmed by higher RS value. The lower intracolumnar order leads to the lower 

value of the excitonic coupling (Equation 5.3) and intermolecular charge transfer 

integral (Equation 5.4), and therefore to the overall lower performance of the device 

with the thicker Pc 5 film.            

The incident photon to charge carrier conversion efficiency (IPCE) plots and UV 

– VIS spectra of devices with the thin Pc 5 film are presented in Figure 5.37. There 

are two regions in which current is produced one in 400 – 500 nm with maximum at 

ca. 450 nm, and 580 – 750 nm with maximum at ca. 648 nm. These regions correlate 

with the absorption of C60 (mostly) and Pc 5, respectively. About 8% of incident 

photons are converted to current by the Pc 5 film. 

However, as can be seen from the IPCE plots, current is mostly generated by C60 

with about 24% and 22% efficiency for solar cells with unannealed and annealed Pc 

5 films, correspondingly. On the other hand, the absorbed photon to current 
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conversion efficiency plot (APCE) for the annealed film given in Figure 5.38 

indicates that ca. 30% of  absorbed photons is converted to current by Pc 5 whereas 

ca. 40% of absorbed photons are converted to current by C60.  

 

 

 

 

Figure 5.37 % IPCE plots of devices with annealed (yellow) and unannealed (red) 

Pc 5 films and UV – VIS spectra of devices with annealed (blue) and unannealed 

(green) Pc 5 films (deposited from 0.5 mM chloroform solution). 
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Figure 5.38 The APCE plot of the device with the annealed Pc 5 film (deposited 

from the 0.5 mM chloroform solution). 
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 Conclusions  5.5

As expected, the presence of sulfur linkers in Pc 5 strongly influenced packing of 

this compound leading to the 3D order in crystalline phase.  At room temperature, 

Pc 5 molecules self-organize into monoclinic unit cells with disks aligned and tilted 

along the b axis. Upon heating, the 3D order in the sample is lost and Pc 5 molecules 

form the Colhex phase.  

These results are similar to those obtained for sulfur linked modified 

phthalocyanines Pc 3 and Pc 4 (structures in Figure 5.5), whose molecules organize 

into monoclinic unit cells at room temperature with molecules tilted with respect to 

the columnar axis. However, in the crystalline phase both Pc 3 and Pc 4 have helical 

twist along b axis suggested by the XRD pattern.29 In the liquid crystalline phase, Pc 

3 and Pc 4 form disordered columnar obliqe mesophases, whereas Pc 5 form 

disordered columnar hexagonal mesophase.29 In addition, phase transitions for Pc 3 

and Pc 4 were reversible, whereas for Pc 5 are not reversible.  

The higher symmetry at room temperature for sulfur linked Pcs compared to 

oxygen linked Pcs is attributed to nonspecific sulfur – sulfur interactions between 

adjacent molecules. The presence of sulfur linkers causes stronger interactions 

between molecules leading to the 3D ordering. The molecular arrangement 

especially along the columnar axis (b axis for Pc 5), is important since the charge 

transport properties of the material depend on the intracolumnar order as 

discussed in chapter 1.3. The advantage of Pc 5 over Pc 3 and Pc 4 is that its K→LC 

transition temperature is lower which makes this compound easier to process. 
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Figure 5.39 The roadmap of XRD and temperature-dependent XRD studies of Pc 1 

through 5. Oxygen-linked Pc 1 and 2 demonstrate the dominant co-facial packing of 

the disks along the column axis with either the hexagonal or rectangular packing of 

molecular columns at RT and the dominant hexagonal packing at LC phases. Sulfur-

linked Pc 3, 4, and 5 are much more ordered in 3D monoclinic cells with Pc disks 

tilted and aligned along the column/b axis at RT. At LC phases, sulfur-linked Pc 3 

and 4 converted into a 2D oblique phase, and Pc 5 into a 2D columnar hexagonal 

phase, completely losing the long-range order along the column axis. Pc 2 and 4, 

with styrene functionalities in their side chains, exhibit the little change in the 

ordering upon photolysis at RT, but the drastic change in the ordering upon being 

photolyzed in their LC phases. (Figure adopted with permission from the 

reference29). 
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In addition, the columnar hexagonal packing at the liquid crystalline phase for Pc 

5 is more efficient than the columnar obliqe packing determined for Pc 3 and Pc 4. 

The combination of the low K→LC transition temperature, the 3D ordering at room 

temperature (with the 47 nm intracolumnar coherence length), and the columnar 

hexagonal packing in LC phase makes Pc 5 a better candidate for solar cell 

application than other phthalocyanines discussed above.             

The studies on adsorption of Pc 5 on SnS2, mica, Au and PEDOT:PSS modified ITO  

indicate that the adsorption of Pc molecules is controlled thermodynamically.  

Discotic liquid crystals have a tendency to adsorb edge – on because of the 

hydrocarbon side chains that like to “stand up” in air to minimize their energy. 

However, this tendency can be overcome if the affinity of flat laying Pc molecules to 

the substrate is increased to the level at which it is more energetically favorable for 

the molecule to adsorb face – on rather than edge – on.        

The control of interactions between adjacent molecules as well as between 

molecules and a substrate is critical for the homeotropic alignment of molecules in 

thin films of Pc 5. It is important to increase interactions between flat laying 

molecule and a substrate and at the same time decrease aggregation of Pc 5 in 

solution to achieve homeotropic alignment. Weaker aggregation in solution 

promotes molecules to grow into columns from the substrate, while stronger 

interactions between a flat laying molecule and substrate allow for face – on 

alignment of molecules in the first layer.     
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 Based on studies of Pc 5 films on mica it is apparent that heteroatoms in side 

chains do not guarantee face – on alignment on polar surfaces. The presence of 

oxygen and sulfur atoms in the Pc 5 side chains did not lead to homeotropic 

alignment on this polar substrate.          

Homeotropically aligned Pc 5 films on SnS2 obtained by a self - assembly from a 

solution were studied. The self – organization of Pc 5 molecules is governed by 

sulfur – sulfur interactions between the side chains of molecules and π – π 

interactions between molecular cores. The growth of molecular columns 

perpendicular to the substrate is most likely induced by the substrate. In the initial 

adsorbed layer, Pc 5 molecules lay flat on the substrate. This is likely due to sulfur – 

sulfur interactions between sulfur atoms in the side chains of molecules and sulfur 

atoms on the substrate surface. The molecules in the first layer subsequently act as 

nucleation sites for the further growth of Pc 5 layers maintaining the structure for 

up to 2 - 3 monolayers.           

The most important factor in obtaining homeotropic alignment was an increase 

of the surface affinity towards Pc 5 due to the presence of sulfur atoms in the SnS2 

substrate. The incorporation of sulfur linkers in Pc 5 not only increased molecule – 

surface interactions but also helped in the self - assembly of columns due to sulfur – 

sulfur interactions between adjacent molecules. Adsorption from dilute solutions 

discouraged pre-aggregation in the solution, which led to the decrease in molecule – 

molecule interactions. As a result molecules proceeded to assemble individually into 

columns from the surface of the substrate. 
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The preliminary results of a performance of the ITO/ PEDOT: PSS/ Pc 5/ C60/ 

BCP/ Al solar cell with the hole - transporting layer spin coated in air from a Pc 5 

solution is very promising.  

The achieved power conversion efficiencies for this solar cell are ca. an order of 

magnitude higher compared to the device fabricated in similar way from Pc 3.8 The 

power conversion efficiencies were 0.03% and 0.08% for the device with the Pc 3 

film not annealed and annealed, respectively. The better performance of the device 

with annealed Pc 3 film was attributed to the higher intracolumnar order and 

therefore lower Rs (1.6 Ωcm2) value. For comparison, the Rs value for the device with 

the not annealed Pc 3 film was 6.1 Ωcm2. In addition, annealing had texturing effect 

on the Pc 3 film that also contributed to improvement of charge separation due to 

the increased acceptor – donor interfacial area. However, for devices with Pc 5 

annealing of the Pc 5 film does not have texturing effect and does not significantly 

improve intracolumnar order. Although the Rs values for the OPVs with Pc 5 are 

higher compared to the annealed device from Pc 3, the overall device performance 

is better.   

L. Schmidt – Mende et al. showed the blend HBC derivative/ perylene derivative 

solar cell that is considered a state of the art for DLC solar cells.55 However, the 

measured Jsc of that cell was 33.5 μA/ cm2 which is much lower compared to the Jsc 

of the presented in this chapter solar cell from Pc 5 (3.42 mA/cm2).55 In addition, the 

saturation of the current density was observed for that solar cell above 1 mW/cm2. 
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On top of that, the HBC/perylene solar cell had worse spectral overlap with the solar 

spectrum.     

However, the discussed device with Pc 5 donor layer requires further 

optimization. It is obvious that Pc 5 film on a PEDOT: PSS modified ITO is not 

continuous and has pinholes which are responsible for a current leakage which 

reduces FF and also Voc. Moreover, the film is not aligned homeotropically which 

decreases the efficiency of the transport of charges through the film to the adjacent 

electrode. The alignment of molecules was affected by the nature and roughness of 

the substrate, and the deposition method resulting in a not well ordered film. 

Surprisingly, the thermal annealing of the film did not significantly change neither 

the quality of the film nor the performance of the device. It is possible that the bulk 

device with blend of Pc 5 and C60 would show higher efficiency.   

Preliminary results indicate that Pc 5 can be a good candidate for the hole 

transporting medium in organic photovoltaic devices since it is soluble in common 

organic solvents, has relatively high absorption in the red (600-800 nm) and it 

shows promise as a good p-transporting material.  
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CHAPTER 6 

6 CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Conclusions for Chapter 3 

Chapter 3 focused on understanding the structure, chemical composition, and 

electronic properties of ALD ZnO for samples that were as-received, Ar+ sputtered, 

OP treated, and modified with several aryl phosphonic acids. To our knowledge, this 

is the first study of the composition of ALD ZnO that combines XPS, UPS, PL and 

cyclic voltammetry. The results provide a basis for how to study the composition of 

metal oxides, how to interpret the data, and how to explain the performance of 

organic solar cells.    

The results indicate that ALD ZnO has a würtzite crystal structure and the ALD 

films grow with the c axis perpendicular to the surface of the substrate. This film 

growth results in an exposed polar ZnO surface that is O and/or Zn terminated. The 

polar ZnO surface is known to be an unstable surface that undergoes 

reconstructions and is prone to adsorption of contaminants such as H2O, CO2, CO, O2, 

and hydrocarbons, which influence electronic properties and may affect the 

performance of organic photovoltaic devices incorporating ALD ZnO.      

The results showed that as-received ALD ZnO has Zn vacancy (VZn) defects. The 

VZn defects in ALD ZnO were mostly present in the top layer close to the surface. The 
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OP treatment resulted in an increased concentration of defects and in an excess of O, 

which was interpreted as O interstitial (Oi) defects. However, PL indicated that the 

Oi defects formed during OP treatment are unstable, and they diffuse out of the 

sample spontaneously when the sample is left exposed in air. Interestingly, PL 

studies showed that surface modification with PAs prevented Oi defects from 

diffusing out of the ALD ZnO sample.    

UPS studies showed that the electronic properties of ALD ZnO are very sensitive 

to sample pretreatments. The as-received ALD ZnO has the lowest work function 

due to hydrocarbon surface contamination. Ar+ sputtering resulted in a higher work 

function due to the removal of carbonaceous species. The OP treatment results in 

the highest work function due to the removal of carbonaceous species, and the 

adsorption of water and other small gas molecules such as CO and CO2 and/or the 

creation of defects. The modification with PAs lowered the work function of ALD 

ZnO compared to OP treated ALD ZnO. However, there was no correlation between 

the work function and the dipole moment of these PA modifiers.  

As expected, the modification of the ALD ZnO with PAs decreased the surface 

free energy; especially its polar component, which made the ALD ZnO surface more 

compatible with organic active materials used in organic photovoltaic devices.  

The orientation of the PAs on ALD ZnO was investigated by NEXAFS since the 

orientation of their benzyl ring is hypothesized to be crucial to charge injection. The 
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results indicate that the angles between the normal to the benzyl ring and the 

surface normal are ca. 30° - 38°.  

The research presented is crucial in understanding defects for ALD ZnO, and the 

influence of OP treatment and PA modification. It shows that the defect chemistry of 

ALD ZnO depends upon the pretreatment and the environment the metal oxide is 

exposed to. The presence of defects in ZnO appears to be detrimental to the solar 

cell performance. The defects may act as charge traps and charge recombination 

centers that reduce the efficiency of charge collection. Since defects can occur at 

different oxidation states, they can be both electron and hole trap centers. 

Therefore, it seems reasonable to attempt to develop methods to reduce or 

eliminate defects from the ZnO lattice. However, the presence of some defects in 

ZnO may be beneficial to maintaining the electron conductivity although it is still not 

clear which defects are responsible for the electron conductivity.    

Further research should be conducted to determine the defects present in ALD 

ZnO by using extended X-ray absorption fine structure spectroscopy (EXAFS). This 

technique has the capability to probe bond lengths and therefore can provide 

information about the local ZnO lattice that surrounds defects. Synchrotron XPS 

should be employed to take advantage of its higher resolution when assigning O 1s 

binding energies for VZn and Oi defects. Synchrotron XPS would also be helpful to 

distinguish between different binding modes of phosphonic acids to ZnO. Additional 

PA modifiers should be examined to determine the influence of PA dipole moment 

on the work function. The formation of zinc phosphonates and ZnO etching during 
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PA modification should also be investigated for ALD ZnO, and their influence on 

energetics and defects. 

 

6.2 Conclusions for Chapter 4 

Chapter 4 focused on a determination of the crystal structure of modified TiOPcs 

(TiOPc-6 and TiOPc-9) incorporating side chains, which are soluble hole-conducting 

materials with a broad absorption range extending to the NIR in organic 

photovoltaic devices. The research presented for modified TiOPc molecules 

provides guidance for the design of new p-type materials and the interpretation of 

photovoltaic device data. 

The crystal structure of modified TiOPc is believed to be responsible for the 

absorption band in the NIR region. XRD studies at various temperatures (including 

RT) were performed on TiOPc-6 and TiOPc-9, as both powders and thin films on 

PEDOT:PSS modified ITO – an organic photovoltaic device-relevant substrate.  

Both TiOPc-6 and TiOPc-9 powders at RT showed a mixture of triclinic and Colhex 

phases. The triclinic lattice determined for modified TiOPcs correlates with the unit 

cell determined for the parent TiOPc.1 The triclinic phases for TiOPc-6 and TiOPc-9 

have c axes of 9.8 Å and 8.9 Å respectively that are analogous to the parent TiOPc c 

axis of 8.6 Å. 

The influence of the side chains on molecular organization is evident when 

powder samples of TiOPc-6 and TiOPc-9 are heated to 240°C. Due to its longer side 



295 
 

chains, TiOPc-9 transitions to a single columnar phase at a lower temperature when 

compared to TiOPc-6. TiOPc-9 transitions to a single Colhex phase at 60°C, and then 

to the Colrec phase at 210°C. TiOPc-6 undergoes the transition to the Colrec phase at 

100°C. The Colrec phase is characterized by stronger interactions between the cores 

of molecules and is characteristic of molecules with shorter side chains. 

The molecular organization in films of TiOPc-6 and TiOPc-9 deposited on 

PEDOT:PSS modified ITO was determined to be similar to the powder samples. At 

RT, triclinic phases were determined for both TiOPc-6 and TiOPc-9, together with 

the Colhex phase for TiOPc-6. It is hypothesized that the Colhex phase is also present 

at RT for TiOPc-9 but with a short coherence length that is not possible to detect by 

XRD.  

When films were annealed at 150°C the molecular organization changed to 

solely a columnar phase for both TiOPc-6 and TiOPc-9. One hour annealing for 

TiOPc-6 resulted in the Colrec phase, and 10 minute annealing for TiOPc-9 resulted in 

the Colhex phase. For TiOPc-6, the transition to the Colrec phase is a consequence of 

its shorter side chains, and the stronger interactions between cores.  

The changes in absorption spectra of TiOPc-6 and TiOPc-9 films correlate with 

the changes observed in the molecular organization. At RT both films exhibit the NIR 

absorption band that is hypothesized to be the result of molecular organization in 

the triclinic unit cell. When films transition to columnar phases, upon annealing, the 

NIR bands disappear completely or have significantly lower intensities. 
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The change in the molecular organization of modified TiOPcs, upon annealing, 

raises potential problems for the application of TiOPc-6 and TiOPc-9 in photovoltaic 

devices. The change in absorption spectra will most probably negatively affect the 

efficiency of devices. Therefore, to prevent changes in the molecular organization at 

elevated temperatures, and have molecules stay organized in the triclinic lattice, 

side chains have to be designed that provide additional points of interactions, such 

as hydrogen bonding. Bonds between side chains would keep molecules in the 

positions predicted by the lattice structure, even during annealing.        

 

6.3 Conclusions for Chapter 5 

Chapter 5 focused on studying the molecular ordering of modified copper 

phthalocyanine (Pc 5) in powder and thin films, and how molecular organization 

influences the efficiency of solar cells. The results for this project provided direction 

for the design of new phthalocyanines and interpretation of the performance of 

organic photovoltaic devices.  

A monoclinic unit cell was determined at RT for the Pc 5 powder that is 

characterized by the 3D order. This higher ordering is attributed to the chemical 

structure of Pc 5 molecules. Sulfur linkers provide additional π - π sulfur – sulfur 

interactions between adjacent molecules leading to the higher intercolumnar order. 

However, a decrease in the ordering to 2D (the disordered Colhex LC phase) was 

determined after the Pc 5 powder was annealed. This change in molecular ordering 
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was caused by side chains, which move due to the thermal energy of annealing and 

cause disruption in the 3D lattice.  

Although long and branched side chains have a positive impact on the solubility 

of discotic liquid crystals (DLCs), they lead to a lower K→LC transition temperature 

and intracolumnar disorder. The challenge in designing DLCs is to find side chains 

that will lead to DLCs with all the desired properties (such as solubility, a good 

absorption range, and a stable lattice) but are not affected by the temperature range 

required for the application. 

The results presented demonstrate that the alignment of columns with respect 

to the substrate can be controlled thermodynamically. Pc 5 has the tendency to align 

edge – on since it leads to minimization of its free energy, as demonstrated for Pc 5 

films on ultra-smooth Au, mica, and PEDOT: PSS modified ITO. However, the 

deposition of Pc 5 on SnS2 resulted in homeotropic alignment in the first three-to-

four layers of Pc 5. The tendency of the Pc 5 molecule to lay flat on SnS2 was caused 

by SPc - SSnS2 interactions when deposited from a dilute Pc 5 solution that prevented 

the aggregation of molecules in solution.  

The future direction for this project should involve designing molecules with 

side chains that make the material soluble while also allowing polymerization or 

formation of strong bonds between side chains to retain the molecules in the 

desired order.        
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