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ABBREVIATIONS 

Abbreviation              Meaning   Section Reference 
        

AFM 
  

atomic force microscopy  
  

1.2.2.3, 2.1.5, 2.3.4, 3.3, 4.2.1 

ALD 
  

atomic layer deposition 
  

1.2.1.5, 1.2.2.2, 4.1, 4.3.1, 5.3, 

6.2, 6.2.2 

AM 1.5G 
  

air mass coefficient, a 

standardized light condition 

(close to the solar radiation 

spectrum) to test solar cell 

performance  

  
1.1.3.1, 3.4 

ArP 
  

argon plasma, to modify ZnO 

interlayer   
All sections in Chapter 5 

AZO 
  

aluminum-doped zinc oxide, an 

ETL material   

1.2.2.2 , 1.2.2.3, 2.1.4, 4.1, 4.3.1, 

6.2, 6.2.1 

BHJ 
  

bulk heterojunction, a device 

configuration in organic solar 

cells  
  

1.1.2, 1.1.4.2, 1.2.1, 1.2.1.2, 

1.2.1.3, 1.2.2, 1.2.2.1, 1.2.2.2, 

1.2.2.3, 1.3, 2.5, 2.5.1, 3.1, 3.3, 

3.4, 4.4, 4.6, 5.1, 5.2.2, 5.3, 5.4 

C60   

fullerene, used as an electron 

acceptor    

1.2.2.3, 1.2.3, 1.3, 5.1, 5.2.2, 5.3, 

5.4, 5.5, 6.1 

C-AFM 
  

conductive-atomic force 

microscopy   
1.,2.2.3, 1.3, 2.4.3, 3.3.1, 4.2.3 

CB, ECB 
  

conduction band (level), 

semiconductor materials' 

unoccupied energy state  
  

1.2.2.2, 1.3, 3.3.2, 4.1, 4.2.2, 

4.3.1, 4.3.2, 5.1, 5.2.2, 5.3, 6.2.1 

CIGS 
  

copper indium gallium sulfide 

solar cells   
1.1.1 

CR 
  

charge recombination 
  

1.1.5  

CT 
  

charge transfer 
  

1.1.4, 1.1.4.3, 1.1.5  

CV 
  

cyclic voltammetry 
  

1.3, 2.3.2, 4.2.2  

CVD 
  

chemical vapor deposition, for 

thin film formation   

1.2.2.2, 1.3, 2.1.2, 2.1.2, 2.4.1, 

2.4.2, 2.4.3, 2.4.4, 2.5.1, All 

sections in Chapter 3, 4.1, 4.3.1, 

6.1, 6.2.2  

D/A 
  

electron donor and acceptor 

(active-layer components in 

organic solar cells)  
  

1.1.2, 1.1.4.1, 1.1.4.2  

DET 
  

Dexter excitation transfer, 

particularly used here to 

describe electron-hole pair 

diffusion in organic solar cells 

  
1.1.4.2 

DSSC 
  

dye-sensitized solar cells 
  

1.2.2.2, 3.5, 4.1 
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 ABBREVIATIONS - continued 

Abbreviation    Meaning    Section Reference 
        

EIS 
  

electrochemical impedance 

spectroscopy   
4.3.2 

ETL 
  

electron transport layer, its 

function is to facilitate electron 

collection at cathode  
  

1.2, 1.2.1,4, 1.2.1.5, 1.2.2.1, 

1.2.2.2, 1.2.2.3, 1.2.3, 2.1.2, 

2.5.2, 3.4.1, 4.1, 5.4.1 

Fc 
  

ferrocene, a probe molecule in 

electrochemistry   
1.3, 2.3.1, 2.3.2, 3.3.3, 6.2.1 

FE-SEM 
  

field emission-scanning 

electron microscopy   
2.4.1, 3.3.1, 4.2.1 

FRET 
  

Förster resonance energy 

transfer, particularly used here 

to describe electron-hole pair 

diffusion in organic solar cells 

  
1.1.4.2 

FTO 
  

fluorine-doped tin oxide, a 

transparent conducting oxide 

material used as bottom 

electrode in photovoltaic 

devices 

  
1.2.2.1, 4.2.3 

HKE 
  

high kinetic energy edge in 

UPS spectrum    
2.2.1, 3.3.2, 5.3 

HT 
  

head to tail regioregularity, to 

describe polymer chain 

molecular ordering  
  

4.4 

HTL 
  

hole transport layer, its 

function is to facilitate hole 

collection at anode  
  

1.2, 1.2.1.1, 1.2.2, 1.2.2.1, 

1.2.2.2, 2.5.2, 5.1 

HOMO 
  

highest occupied molecular 

orbital   

1.2.1.1, 1.2.2.2, 4.4, 5.3, 

5.4.1 

ICT 
  

integer charge-transfer model, 

a theory describes electron 

coupling between 

semiconductor/semiconductor 

or semiconductor/conductor 

interface, used here to discuss 

the energy alignment at 

organic/electrode contact    

  
1.2.1.1  

IP 
  

ionization potential 
  

1.3, 2.2.1, 5.3 
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ABBREVIATIONS - continued 

Abbreviation    Meaning    Section Reference 
        

ITO 
  

indium tin oxide, a transparent 

conducting oxide material used 

as bottom electrode in organic 

solar cells 

  

1.1.2, 1.1.3.6, 1.2.1.1, 

1.2.1.2, 1.2.1.3, 1.2.2.1, 

1.2.2.2, 1.2.2.3, 1.3, 2.1.1, 

2.1.3, 2.1.4, 2.3.2, 2.4.1, 

2.4.2, 2.4.3, 2.4.4, 2.4.5, 

2.5.2, 3.2, 3.3.1, 3.3.2, 3.3.3, 

3.4.1, 3.5, 4.1, 4.2.1, 4.2.2, 

4.2.3, 4.3.1, 4.3.2, 4.4, 4.5, 

5.1, 5.2.2, 5.3, 5.4.1, 5.4.2, 

6.2.1, 6.2.2 

J-V 
  

current-voltage curve, an 

electrical characterization to 

evaluate solar cell performance 
  

1.1.3.1, 1.1.3.2, 1.2.2.3, 1.3, 

2.4.3, 2.5.3, 3.3.2, 3.4.1, 

3.4.2, 4.1, 4.4, 4.5, 4.6, 5.1, 

5.3, 5.4.1, 5.4.2, 5.5, 6.1, 

6.2.1 

LCMO 
 

  
linear combination of atomic 

orbitals    
1.1.5 

LKE 
  

low kinetic energy edge in UPS 

spectrum    
2.2.1, 3.3.2, 5.3 

LUMO 
  

lowest unoccupied molecular 

orbital    

1.1.1, 1.1.3.1, 1.1.3.2, 1.1.4, 

1.1.4.2, 1.1.4.3, 1.2.1.1, 

1.2.2.2, 1.2.3, 3.3.2, 3.3.3, 

4.1, 5.3 

Me10Fc 
  

decamethylferrocene, a probe 

molecule in electrochemistry   

2.3.1, 2.3.2, 4.3.1, 6.2.1, 

6.2.2  

Me2Fc 
  

dimethylferrocene, a probe 

molecule in electrochemistry   

2.3.1, 2.3.2, 4.3.1, 6.2.1, 

6.2.2  

MEA 
  

microelectrode array 
  

4.3.1, 4.3.2  

MIM 
  

metal-insulator-metal model, a 

theory describes electron 

coupling between interfaces at 

metal-insulator-metal three 

contacting materials, used here 

to discuss the energy alignment 

at organic/electrode contact    

  
1.2.1.1  
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ABBREVIATIONS - continued 

Abbreviation    Meaning    Section Reference 
        

MoO3   
molybdenum(VI) oxide 

  
1.2.2.2, 2.5.1, 2.5.2, 3.4.1  

OP 
  

oxygen plasma, to modify 

ZnO interlayer   
All sections in Chapter 5 

OPV, OPVs 
  

organic photovoltaic, 

organic photovoltaics   

1.1, 1.1.2, 1.1.3, 1.1.4, 1.1.4.2, 

1.1.4.6, 1.1.5, 1.2, 1.2.1, 

1.2.1.1, 1.2.1.2, 1.2.1.3, 1.2.1.4, 

1.2.1.5, 1.2.2, 1.2.2.1, 1.2.2.2, 

1.2.2.3, 1.2.3, 1.3, 2.1.2, 2.1.5, 

2.5.2, 2.5.3, 3.3.1, 3.3.3, 3.4.1, 

3.4.2, 3.5, 4.1, 4.2.1, 4.2.2, 

4.2.3, 4.4, 4.5.1, 4.6, 5.1, 5.2.1, 

5.3, 5.4, 5.5, 6.1, 6.2.1, 6.2.2 

p-n 
  

a junction between p- and 

n-type semiconductors, 

which creates an internal 

field and facilitates 

formation of free carrier in 

a semiconductor device  

  
1.1.1, 1.2.3 

P3HT 
  

poly-3-hexylthiophene, a 

conducting polymer and 

can be used as electron 

donor in organic solar 

cells 

  

1.1.2, 1.1.3.2, 1.1.5, 1.2.1.1, 

1.2.1.2, 1.2.1.4, 1.2.2.2, 1.2.2.3, 

1.3, 2.3.2, 2.5.1, 2.5.2, 3.3.1, 

3.3.2, 3.4.1, 4.1, 4.2.1, 4.3.1, 

4.4, 4.5, 5.1, 5.4.1, 5.4.2, 5.5   

PACVD 
  

photo-assisted chemical 

vapor deposition   
3.1 

PCBM 
  

phenyl-C61-butyric acid 

methyl ester, a fullerene 

derivative, used as an 

solution processable 

electron acceptor in 

organic solar cells 

  

1.1.2, 1.1.3.2, 1.1.5, 1.2.1.1, 

1.2.1.2, 1.2.1.4, 1.2.2.2, 1.2.2.3, 

1.1.2, 1.1.3.2, 1.1.5, 1.2.1.1, 

1.2.1.2, 1.2.1.4, 1.2.2.2, 1.2.2.3, 

1.3, 2.3.2, 2.5.1, 2.5.2, 3.3.1, 

3.3.2, 3.3.3, 3.4.1,4.1, 4.2.1, 

4.3.1, 4.4, 4.5, 5.1, 5.3, 5.4.1, 

5.4.2   

PEDOT:PSS 
  

poly(3,4-

ethylenedioxythiophene) 

polystyrene sulfonate, an 

HTL material 

  

1.2.1.1, 1.2.1.2, 1.2.2, 1.2.2.1, 

1.2.2.2, 1.2.2.3, 1.3, 2.5.1, 

2.5.2, 4.5.1, 5.1, 5.4.1, 5.4.2 
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ABBREVIATIONS - continued 

Abbreviation    Meaning    Section References 
        

PEI 
  

polyethylenimine, an 

insulating polymer interlayer 

to modify electrode work 

functions in organic solar 

cells 

  
1.2.2.1 

PEIE 
  

polyethylenimine 

ethoxylated, a PEI derivative 

to modify electrode work 

functions in organic solar 

cells 

  
1.2.2.1 

PES 
  

photoelectron spectroscopy 
  

2.2 

PHJ 
  

planar heterojunction, a 

device configuration in 

organic solar cells  
  

1.1.2, 1.1.4.2, 1.2.1 

PM-IRRAS 
  

polarization modulated 

infrared reflection 

absorbance spectroscopy 
  

2.4.6, 5.2.1, 5.3 

PV 
  

photovoltaic  
  

1.1.1, 1.1.3.1, 1.1.4.5, 1.1.5, 

4.1, 4.5, 5.4.2,  

R2R 
  

roll to roll, a process to 

manufacture organic 

electronics on flexible 

substrates  

  
3.1, 4.6, 5.1  

RF 
  

radio frequency, an 

alternating voltage induction 

way to generate plasma 
  

1.2.2.1, 1.3, 2.1.5, 5.1  

RT 
  

room temperature 
  

1.1.3.2, 2.1.3, 2.5.2, 3.2, 5.1,  

Ru(bipy)3
2+

  
  

tris(bipyridine)ruthenium(II), 

a probe molecule in 

electrochemistry 
  

2.3.1, 3.3.3  

SAMs 
  

self-assembled monolayers  
  

1.2.1.2, 1.2.2, 1.2.2.3, 4.3.1  

SCCM 
  

standard cubic centimeters 

per minute, a volumetric 

flow rate unit 
  

2.1.2, 2.1.5 

SEC 
  

spectroelectrochemistry 
  

1.3, 5.1, 5.2.2 
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ABBREVIATIONS - continued 

Abbreviation    Meaning    Section Reference 
        

sg 
  

sol-gel chemistry, a solution 

processable method to form 

ZnO thin film 
  

1.3, 2.1.3, 2.4.6, 2.5.2, All 

sections in Chapter 4 and 5 

SHE 
  

standard hydrogen 

electrode   
4.2.2 

sp 
  

sputtering, a vacuum 

deposition method to form 

ZnO thin film 
  

1.3, 2.1.5, 2.5.2, All 

sections in Chapter 4  

SQ 
  

Shockley and Queisser limit, 

a theoretical model to 

estimate maximum output 

power for a photovoltaic 

device 

  
1.1.5 

TBAPF6   

tetrabutylammonium 

hexafluorophosphate, used as 

electrolyte in electrochemistry 
  

2.3.1, 2.3.2, 2.4.5, 4.2.2, 

5.2.2 

TiO2   

titanium dioxide, a ETL 

material in organic solar cells   

1.1.1, 1.1.5, 1.2.1.2, 1.2.1.3, 

1.2.1.5, 1.2.2, 1.2.2.2, 

1.2.2.3, 1.3, 2.1.2, 2.4.1, 

2.4.2, 2.4.3, 2.4.4, 2.5.2, All 

sections in Chapter 3, 4.1, 

4.2.2, 4.2.3, 4.3.1, 5.2.2, 

6.1, 6.2, 6.2.2 

TMOs 
  

transition metal oxides, used 

as interlayer and electrode 

materials in organic solar 

cells 

  
1.2.2, 1.2.2.2  

TPD 
  

N,N′-Bis(3-methylphenyl)-

N,N′-diphenylbenzidine, a 

probe molecule in 

electrochemistry 

  

1.3, 2.3.1, 2.3.2, 3.3.3, 

4.3.1, 4.3.2, 6.2.1, 6.2.2  

TPC 
  

transient-photocurrent, an 

electrical parameter used to 

study charge 

transfer/recombination 

dynamics in an organic solar 

cell 

  
1.1.3.2 
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ABBREVIATIONS - continued 

Abbreviation    Meaning    Section Reference 
        

TPV 
  

transient-photovoltage, an 

electrical parameter used to study 

charge transfer/recombination 

dynamics in an organic solar cell 

  
1.1.3.2 

UPS 
  

ultraviolet photoelectron 

spectroscopy   

1.3, 2.2.1, 3.3.1, 3.3.2, 5.1, 

5.2.2, 5.3, 5.4 

UV-CVD 
  

ultraviolet assisted chemical 

vapor deposition, for the 

deposition of TiO2 interlayer 
  

1.3, 3.1, 3.3.1, 3.4 

UV-OFF 
  

without ultraviolet illumination 

for TiO2 deposition in the UV-

CVD system  
  

3.3.2 

UV-ON 
  

with ultraviolet illumination for 

TiO2 deposition in the UV-CVD 

system  
  

3.3.2 

VB, EVB 
  

valence band (level),  

semiconductor materials' 

occupied energy level  
  

1.2.1.3, 1.2.2.2, 3.3.2, 5.1 

Vo   

oxygen vacancy, a point defect in 

ZnO materials   
3.2, 5.1, 5.2.1 

VZn   

zinc vacancy, a point defect  in 

ZnO materials   
5.1, 5.2.1  

XPS 
  

X-ray photoelectron 

spectroscopy   

1.3, 2.2.1, 3.3.2, 5.1, 5.2.1, 

5.2.2, 5.3, 5.4.2 

XRD 
  

X-ray diffractometry 
  

1.3, 2.2.1, 3.3.1  

Zni   

zinc interstitial defect, a point 

defect commonly seen in ZnO 

materials 
  

5.1, 5.3 

ZnO 
  

zinc oxide, a ETL material in 

organic solar cells   

1.1.1, 1.1.2, 1.1.5, 1.2.1.1, 

1.2.1.2, 1.2.1.3, 1.2.1.5, 

1.2.2, 1.2.2.1, 1.2.2.2, 

1.2.2.3, 1.3, 2.1.3, 2.1.4, 

2.1.5, 2.3.2, 2.4.1, 2.4.5, 

2.4.6, 2.5.2, 3.3.1, 3.4.1, 

3.4.2, 3.5, All sections in 

Chapter 4 and 5 
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SYMBOLS 

Symbol 
  

Meaning Unit Section Reference  
    

φ 
  

work function  eV 2.2.1, 3.3.2  

Cd   

double-layer 

capacitance 
μF/cm2 

1.3, 3.3.3, 4.2.2, 5.2.2 

CPEDL 
  

constant phase element 

for double layer 

capacitance  
μF/cm2 4.3.2 

D 
  

diffusion coefficient cm2/s 1.1.4.2 

EF 
  

Fermi level eV 
1.1.4.5, 1.1.5, 1.2.1, 1.2.1.1, 

1.2.2.3, 1.2.3, 3.3.2, 5.3 

F.F. 
  

fill factor n/a 1.1.3.1, 1.3, 5.4.1, 5.5 

Jo   

reverse saturation 

current  
nA/cm

2
 1.1.3.2, 4.5 

Jsc   
short-circuit current                  mA/cm

2
 

1.1.3.1, 1.1.4.5, 1.2.1.1, 

1.2.1.4, 1.2.2.3, 1.2.3, 3.4.1, 

3.4.2, 5.4.1 

L 
  

diffusion length nm 1.1.4.2 

n0   
diode ideality factor n/a 1.1.3.2 

PCE 
  

power conversion 

efficiency 
% 

1.1.1, 1.1.2, 1.1.3.1, 1.1.5, 

1.2.2.2, 1.2.2.3, 1.2.3, 1.3, 

5.4.1 

Pin   
input power mW/cm

2
 1.1.3.1 

Pmax   
maximum power                   mW/cm

2
 1.1.3.1, 1.1.4.5, 3.4.1 

ra   

average radius of 

electrode active site  
μm 4.3.2 

rb   

average radius of 

electrode inactive site  
μm 4.3.2 

Rct   

charge transfer 

resistance 
Ω cm

2
 4.3.2 

Rp   
shunt resistance Ω cm

2
 

1.1.3.2, 3.3.3, 4.1, 4.5, 4.6, 

5.4.2 

Rs   
series resistance Ω cm

2
 1.1.3.2, 1.2.2.2, 4.1, 4.5, 5.4.1 

to   
lifetime ns 1.1.4.2 

Voc   
open-circuit voltage                  V 

1.1.3.1, 1.1.3.2, 1.1.4.5, 1.1.5, 

1.2.1.1, 1.2.2.1, 1.2.2.3, 1.2.3, 

3.4.1, 5.1, 5.4.1  

Z' 
  

real part of impedance   Ω cm
2
 4.3.2 

Z'' 
  

imaginary part of 

impedance   
Ω cm

2
 4.3.2 

ω 
  

radial frequency rad/s 4.3.2 
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ABSTRACT 

My research on metal oxide electron-harvesting interlayers for organic solar cells was 

focused as three interrelated projects in this dissertation: i) development of a chemical 

vapor deposition (CVD) system for titanium dioxide (TiO2) film; ii) an electrochemical 

methodology to evaluate ZnO thin film charge (hole) blocking ability; iii) the effects of 

plasma modifications on sol-gel ZnO and sol-gel ZnO/organic (active layer) interfaces. In 

i), we showed that nanoscale (12-36 nm) CVD TiO2 film deposited at 210 
o
C from our 

system obtains properties of conformal growth with ITO substrate, superior hole blocking 

ability, stoichiometric metal to oxide ratio, and close energetic alignment with electron 

acceptors, e.g., fullerenes. The introduction of CVD TiO2 film as an electron transport 

layer (ETL) into organic solar cell significantly improves its J-V characteristics compared 

to bare ITO electrode. The optimum TiO2 thickness in the OPV device applications was 

found to be 24 nm with a high fill factor (0.58) and power conversion efficiency (3.7%) 

obtained.   

In ii), simple electrochemical methods, i.e., cyclic voltammetry, impedance 

spectroscopy have been used to evaluate sol-gel derived ZnO (sg-ZnO) and sputtered 

ZnO (sp-ZnO) porosity and pinhole density. We showed that sg-ZnO with high surface 

area porous structure allows the probe molecules and poly-thiophene (P3HT) thin layer to 

direct contact ITO substrate, whereas sp-ZnO with dense structural property efficiently 

eliminates the probe molecule diffusion and the penetration of P3HT layer to ITO 

substrate. This electrochemical property difference also directly reflects on the device 

shunt resistance (Rp), where we observed larger leakage current for the devices using sg-

ZnO than that of devices using sp-ZnO. We envision these simple electrochemical 

characterizations can be applied into other similar metal oxide interlayers as well as on 
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flexible TCO substrates, in which pinholes and physical imperfections, e.g., cracking may 

occur after multiple bending processes.  

In iii), we demonstrated low power (10.5 watts) radio frequency (RF) O2 and Ar 

plasma treatments have significant impacts on sg-ZnO near-surface chemical 

compositions, which in turn influence the onset potential of sg-ZnO electron injection 

from the underlying ITO substrate and its energetic alignment with electron acceptors, 

e.g., C60. Using UPS, we found the presence of localized mid-gap states near the Fermi-

level (EF) of sg-ZnO, which induces the most favorable band bending and the largest 

vacuum level shift due to significant electron transfer from sg-ZnO to C60. As a result, the 

resultant solar cells show the best device performance.  Upon the plasma treatments, the 

passivation effects eliminate the mid-gap state. Therefore, we observed less degree of 

band bending at ZnO/C60 interface and poorer device performance for the plasma treated 

sg-ZnO.  The study demonstrates the importance of oxide/organics interface in operations 

of organic solar cells and provides a modification method to tune surface properties of 

oxide materials which can apparently be applied in other organic electronic devices, e.g., 

field effect transistors (FETs), organic light emitting diodes (OLEDs), etc.     
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CHAPTER 1 

INTRODUCTION 

1.1 Motivations for Organic Solar Cells  

Converting solar energy to electricity is a way to solve the global increase in energy 

demand, and can be seen an alternative energy resource to decrease our reliance on fossil 

fuels, such as natural gas and coal, that release large amounts of CO2. However, the 

percentage of solar energy in total energy consumption is only between 0.2 to 0.3% in the 

U.S.
1
 This indicates that limitations inhibit more widespread use of solar energy and that 

large improvements can be achieved to make it more publicly accessible. Continuing 

improvements to lower solar energy costs, while achieving promising module efficiency 

and lifetime is a task for the entire solar-cell community to solve. A major thrust to 

achieving this goal is the development of new, lower-cost materials with efficient power 

output. Therefore, during the past two decades, a great deal of research has shifted from 

inorganic- to organic-based materials and organic solar cells (OPVs).    

1.1.1 Types of Photovoltaic Devices       

Photovoltaic (PV) devices are categorized by the materials they are composed of: 

inorganic and organic. The active-layer materials in inorganic PV are highly crystalline 

metalloid (e.g., Silicon (Si), Gallium Arsenide (GaAs), Cadmium Telluride (CdTe)) or 

metalloid-metal (e.g., Copper Indium Gallium Selenide (CIGS)) semiconductors. The 

charge separation (of an electron-hole pair to free carriers) relies on the p-n junction 

potential for inorganic semiconductors. For organic solar cells, relatively low-cost 

molecular semiconductors, such as organic dye and fullerene-based materials can be used 

as active layer components where photon energy can be absorbed and converted. The 
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charge separation then relies on the energy offset created by different molecular orbital 

energy levels, i.e., HOMO and LUMO of organic materials.  

Conventional Si-based inorganic solar cells require highly pure
2
 (<1 ppb impurity, for 

Semiconductor Grade Silicon) single crystal materials in order to reach the desired charge 

mobility (> 1000 cm
2
/V·s)

3
 and high cell efficiency (> 20% power conversion efficiency 

(PCE)).
4
 However, because Si has an indirect band gap, Si solar cells typically have low 

molar absorptivity and therefore require a relatively large amount of material (ca. 200 µm 

in thickness) to ensure efficient photon absorption from sunlight. The high costs of 

purification and large material requirement drive the high prices of traditional Si solar 

cell products. This rationalizes the need to explore organic materials with a lower cost-of-

ownership. Since organic dyes have much higher molar absorptivity, smaller amounts of 

organic dye (< 1 µm in thickness) is enough for efficient optical absorption from sunlight 

irradiation. Finally, from a manufacturing point of view, the fabrication of organic solar 

cells using inks prepared from dye solutions is feasible in roll-to-roll (R2R) processing,
5–7

 

which leads to the fast production speeds that cannot be achieved for high-temperature-

treated and/or vacuum-deposited inorganic PV devices.  

For both inorganic and organic PV devices, an interlayer or “window” layer can be 

introduced between an electrode and the semiconductor layers in order to improve 

internal quantum efficiency and potentially enhance device performance. In this 

dissertation, my research on the development and characterization of titanium dioxide 

(TiO2) and zinc oxide (ZnO) interlayers for organic solar cells was summarized.    
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1.1.2 Planar Heterojunction (PHJ) and Bulk Heterojunction (BHJ) Organic Solar 

Cells 

Organic solar cells are typically in two configurations: planar heterojunction (PHJ) 

and bulk heterojunction (BHJ). These two different types of cell architectures are 

depicted in Figure 1.1. The active-layer components in both architectures are sandwiched 

between interlayers and two electrodes. The biggest difference between PHJs and BHJs is 

that the active layer of PHJ is composed of separate films of donor layer and accepter 

layer while in the BHJ configuration, the donor and accepter materials are intimately 

mixed in the active layer. This structural difference creates a significant donor/acceptor 

(D/A) interfacial area difference between PHJs and BHJs: the D/A interface in PHJ is 

only a two-dimensional plane and the interfacial area is significantly smaller than that for 

a BHJ with its three-dimensional interfacial geometry throughout the entire D/A layer. 

The increase in D/A interface area in a BHJ allows thicker photoactive films to be 

employed in order to generate more photocurrent. The D/A type configuration in both the 

PHJ and BHJ configurations provides the energy offset that leads to efficient charge 

transfer between donor and acceptor molecules, which will be discussed further in 

Sections 1.1.4.2 and 1.1.4.3.          

The first viable OPV device was made using a PHJ configuration in 1986,
8
 when 

Tang used indium tin oxide (ITO) as the transparent conducting oxide (TCO) anode and 

sequentially deposited a 20 nm layer of copper phthalocyanine (as the donor), and a 50  

nm layer of perylene tetracarboxylic derivative (as the acceptor). A silver layer was used 

as the cathode. The device PCE (defined as the maximum output power divided by the 

input power) was 1%.
8
 Since then, significant effort has been expended on both scientific 
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Figure 1.1 Typical organic solar cell architectures: PHJ and BHJ. In a PHJ, donor and 

acceptor materials are in two separated layers, while in a BHJ, donor and acceptor are 

intimately mixed.   
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and engineering fronts to understand the fundamental processes occurring in an OPV, 

e.g., the charge transfer and transport mechanisms and to improve cell performance 

through new active layer and interlayer materials development. In 2012, the most 

promising PHJ OPV device reported by Mitsubishi Chemicals was a tandem 

configuration (two devices stacked in series) with 10.7% PCE.
4
  

The initial effort for BHJ device configurations can be traced back to 1995.
9
 Yu et al. 

used poly[2-methoxy-5-(2’-ethyl-hexyloxy)-l,4-phenylene vinylene] (MEH-PPV) as the 

donor and fullerene derivatives as the acceptor, and blended these two materials to make 

the first BHJ OPV devices. The solution processability of active layer blends opened up a 

new route for organic solar cell device engineering and fabrication. In 2002, Schilinsky et 

al. used poly-3-(hexylthiophene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM) 

BHJ blends and achieved 2.8% PCE.
10

 Since then, P3HT:PCBM has become a widely 

used and well characterized BHJ system in the OPV community. More recently, progress 

in BHJ devices with conducting polymers and fullerene derivatives (PTB7:PC71BM) has 

been improved PCE to 9.2%.
11

 It has been shown that in BHJs, charge transfer/transport 

is strongly influenced by the morphology and phase-separation of the donor and acceptor 

blends and research efforts on the understanding of the blends self-organization to obtain 

optimized phase-separation is still underway.
12–18

   

In a BHJ OPV device, both the donor and acceptor materials are in contact with the 

top and bottom electrodes, which results in significant unwanted charge recombination at 

electrode surfaces. One of the advantages to using interlayer material between electrode 

and BHJ active-layer components is to physically separate two materials to suppress the 

charge recombination at electrode surface. However, we have found that this ability of 
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physical separation strongly depends on the nanostructure and density of interlayer, 

which is further explored in Chapter 4 using ZnO as an example.  

1.1.3 J-V Characteristics of a Solar Cell     

1.1.3.1 Light J-V: short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (F.F.) 

and power conversion efficiency (PCE) 

To evaluate the power output from a solar cell, J-V measurements under standard 

illumination condition (AM 1.5G, at 100 mW/cm
2
) are often used, from which device 

characteristics such as PCE, Voc, Jsc, and F.F. can be determined. J-V measurements in 

the dark are also widely studied to examine and quantify the diode properties of a solar 

cell. In this section, we will introduce and discuss the definition and the 

chemical/physical meanings of these parameters.  

A typical J-V response under light illumination is shown in Figure 1.2 (a). The sign of 

electrode polarization is determined with respect to the cathode, i.e., the cathode connects 

to ground. In the bottom right quadrant (applying positive bias) where PV devices 

actually operate, a PV device generates negative current and electrical work is done by 

the PV device on the environment. While in the top right and bottom left quadrants, work 

is done by the environment on the PV device and is dissipated as heat. In the bottom right 

quadrant, the cell output PCE can be determined and is expressed by Equation 1.1:  

   PCE(%) =
𝐽𝑠𝑐 · 𝑉𝑜𝑐 ·𝐹.𝐹.

𝑃𝑖𝑛
     (1.1) 

where Jsc (mA/cm
2
) is the current density under short-circuit conditions (zero applied 

voltage); Voc (V) is the applied voltage under open-circuit conditions (zero current); fill 

factor (F.F.) is defined as the area ratio of current to voltage product at maximum power 

point (Pmax) (mW/cm
2
) divided by the product of Jsc and Voc; Pin (mW/cm

2
) is the input 

power during the J-V measurement.    
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Figure 1.2 J-V characteristics of an OPV device with its proposed molecular origin and 

equivalent electronic component shown. (a) An typical OPV device J-V curve under 

illumination, with important J-V parameters labeled. (b) Energy level offsets for the 

donor and acceptor. Jsc is controlled by the energy offset between donor and accepter 

LUMOs. The theoretical maximum Voc is determined by the energy offset between the 

acceptor LUMO and donor HOMO. (c) An OPV J-V curve in the dark on a log-linear 

scale, with the regions highlighted that are affected by each electrical parameter in a 

modified ideal diode equation. The inset in (c) shows the equivalent circuit of an OPV 

device.       
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Material properties that link to PV device properties are always of interest and can be 

seen as an improvement route to designing new materials for better device J-V 

characteristics. For example, for OPVs it has been suggested that Voc and Jsc are strongly 

dependent on the HOMOs and LUMOs of active-layer components.
19,20,21

 The 

theoretically maximum Voc of an OPV device is determined by the energy difference 

between the donor HOMO and acceptor LUMO, as depicted in Figure 1.2 (b), equivalent 

to the potential energy difference of an electron in the acceptor LUMO and a hole in the 

donor HOMO assuming no charge recombination.    

The number of free carriers extracted at an electrode during a given period of time is 

defined as current. In an OPV device, the generation of free charge strongly depends on 

the efficiency of the separation of an exciton into mobile charges: electron and hole, 

which occurs by the given energy offset between the donor and acceptor LUMOs, as 

indicated in Figure 1.2 (b). The greater the energy offset, the higher the separation 

efficiency and Jsc. For a given donor with the same HOMO and LUMO levels, the 

LUMO of acceptor sets a tradeoff in Voc and Jsc: a lower LUMO level (away from 

vacuum) of acceptor increases exciton separation efficiency and a higher Jsc should 

result, but its energy difference with a HOMO of donor becomes smaller and hence Voc is 

lowered. On the other hand, a higher LUMO level of acceptor (close to vacuum) 

enhances Voc but lowers Jsc.  

1.1.3.2 Dark J-V: reverse saturation current (Jo), ideality factor (n0), shunt resistance 

(Rp), and series resistance (Rs) 

 

Studying the asymmetric dark J-V current response of an OPV device allows us to 

evaluate device electrical parameters, including diode ideality factor, reverse saturation 

current, and shunt and series resistances, which reflect material/contact properties. A 
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typical dark J-V curve on a log-linear scale is shown in Figure 1.2 (c). To determine these 

electrical parameters, a modified ideal diode equation is often used, as shown in Equation 

1.2:   

                                         𝐽 = 𝐽0 (exp (
𝑉−𝐽𝑅𝑠

𝑛0𝑘𝐵𝑇 𝑒⁄
) − 1) +

𝑉−𝐽𝑅𝑠

𝑅𝑝
− 𝐽𝑝ℎ                            (1.2) 

where J is the measured current as a function of the applied voltage (V); Jo is the reverse 

saturation current; Rs is the series resistance; no is the diode ideality factor; kB is the 

Boltzmann constant; T is temperature; e is elementary charge unit; Rp is the device shunt 

resistance; and Jph is the photocurrent.  

Jo is strongly dependent on the dark injection current from the acceptor HOMO to the 

donor LUMO through thermionic emission, neglecting current leakage pathway in the 

band gap and surface state at contacts. This energy barrier is typically larger than 2 eV, 

which is two to three orders of magnitude higher than room temperature (RT) thermal 

energy (kT, ~25 meV). Therefore, the reverse saturation current is thermodynamically 

unfavorable and expected to be very small (on the order of 10
-5

 to 10
-6

 mA/cm
2
 or less for 

a standard P3HT:PCBM device).
22–24

 Mathematically, the magnitude of Jo can be 

estimated from the current intercept from a linear fitting in the exponential range of the 

dark logJ-V curve, as indicated in Figure 1.2 (c).   

no is a qualitative value that describes the deviation of the diode behavior from its 

ideal condition. The value of no determines the shape of the current inflection in the 

middle range of positive bias, at around 0.3 to 0.6 V, where the electron injection from 

the cathode starts to dominate the current response and F.F. can be affected. no is 

associated with the type of majority carrier and charge recombination within the diode, as 

described by geminate (n0=1) and non-geminate (n0=2) recombinations. Geminate 
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recombination is defined as the occurrence of electron and hole recombination before the 

charges fully dissociate from one another, whereas for non-geminate recombination the 

electron and hole recombine after the charges become free carriers.
25

 Geminate and non-

geminate recombinations have been characterized with different lifetimes and spectral 

signatures, as revealed by the light intensity dependent Voc and F.F., and transient-

photovoltage (TPV) and -photocurrent (TPC) measurements.
22,25–28

 no values typically 

vary between 1 and 2, and reflect competition between geminate and non-geminate 

recombinations. Higher orders (n0 > 2) have been reported although their physical 

meanings are under discussion.
29

 Mathematically, the magnitude of no can be estimated 

by the slope (linear fitting) in the exponential range of dark logJ-V curve, as indicated in 

Figure 1.2 (c). 

 In a diode equivalent circuit, as shown in the Figure 1.2 (c) inset, Rp is in parallel 

with the diode. The magnitude of Rp influences the current diverging between the diode 

and Rp. Rp is desired to be large compared to the resistive component of the diode, so that 

most of the current will pass through the diode. The determination of Rp is one way to 

evaluate the quality of active layer and interlayer films as well as the compatibility of 

interface between the two, since the presence of current leakage pathways (pinholes) 

allows for more non-geminate recombination and shorting the devices. The influence of 

Rp on the J-V curve for an OPV device is predominantly in the whole-negative bias and 

early-positive bias regions, as shown in Figure 1.2 (c). 

In the equivalent circuit (inset in Figure 1.2 (c)), Rs is in series with the diode. Rs is 

desired to be small compared to the resistive component of a diode, so that the current 

magnitude in positive bias becomes large.  The determination of Rs, in general, is one 



36 

 

way to evaluate the resistive properties of materials, including: i) the electrode sheet 

resistance; ii) the bulk resistance of interlayer and active-layer components; and iii) the 

contact resistance between the interlayer and active layer. The influence of Rs on an OPV 

device J-V curves can be revealed in the far-positive bias region, as shown in Figure 1.2 

(b). 

1.1.4 Charge Generation Mechanism in Organic Solar Cells  

The fundamental understanding of each elementary step in the charge generation 

mechanism in an OPV is crucial for the device operation and optimization. Generally, 

this mechanism can be summarized in six steps, as depicted in Figure 1.3: i) exciton 

generation, where photon absorption excites a donor from its ground state to a higher 

energy state (D*) and creates an electron-hole pair, i.e., an exciton; ii) exciton diffusion 

where the generated exciton diffuses to the D/A interface under a concentration gradient; 

iii) charge transfer, where an energetically favorable downhill at the donor and accepter 

LUMO energy level offset allows donor to acceptor electron transfer, while the hole stays 

in donor (note: the electron-hole pair is still coulombically bound at this state and this is 

known as the formation of the charge transfer state for an electron-hole pair);
30–33

 iv) 

charge separation, where an electron-hole pair overcomes the attractive electrostatic force 

and dissociate into a free mobile electron and a hole; v) charge transport where a free 

electron transports throughout the acceptor layer toward the cathode, while a hole 

transports through the donor layer toward the anode.; and vi) charge collection where an 

electron is collected at the cathode, while a hole is collected at the anode and both 

charges sequentially recombine in the external circuit to generate electrical energy. In the 

following contents, we discuss each elementary step in further detail. 
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Figure 1.3 The photon-to-electron conversion mechanism in an organic solar cell. It is 

composed of six steps: i exciton generation; ii) exciton diffusion; iii) charge transfer – 

charge transfer (CT) state formation; iv) charge separation; v) charge transportation; and 

vi) charge collection (D, A denote donor, acceptor, respectively). The arrows point to the 

final state of charge or neutral exciton. Ef denotes the Fermi-level. 
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1.1.4.1 Exciton Generation 

When a photon is absorbed by a dye molecule, an electron can be raised from its 

electronic ground state (S0) to a singlet excited state (S1) and this process generates an 

electron-hole pair (exciton). The electron in this excited state quickly relaxes to the 

lowest vibronic state of S1 via thermalization (non-radiative decay). The typical 

timescale of photon absorption and vibronic relaxation are 10
-15

 and 10
-11

 to 10
-14

 

seconds, respectively.
34

 After photon absorption, the exciton should quickly diffuse to the 

D/A interface before the coulombically bound electron and hole recombine. Therefore, 

the lifetime of exciton becomes critical to achieve efficient free carrier generation in an 

OPV device.
30

      

1.1.4.2 Exciton Diffusion 

 Covalently bound inorganic materials, with significant electron cloud overlap 

between elements, produce a photogenerated exciton with a small binding energy 

(Wannier-Mott exciton), and RT thermal energy (1 kT, ~25 meV) can easily overcome 

this binding energy to generate free carriers.  In organic materials, the weak 

intermolecular interactions, such as van der Waals forces and dipole-dipole interactions, 

dominate with no significant electron cloud overlap present between an organic molecule 

and its neighbors. Therefore, the photogenerated exciton in an OPV typically has a 

binding energy of several hundred meV (Frenkel exciton) and RT thermal energy alone is 

not sufficient for it to dissociate to free carriers. To overcome this binding energy, the 

exciton needs to first diffuse to a D/A interface, where an energy level offset between 

donor and acceptor LUMOs is present. If the energy difference between the donor and 

acceptor LUMOs is large enough to overcome the exciton binding energy, the exciton 



39 

 

can be split at the D/A interface. To evaluate this process, exciton diffusion length (LD) is 

often used,
35,36

 (Equation 1.3) 

    LD = (D · t0)
½

                                              (1.3) 

where D is the diffusion coefficient and t0 is the lifetime of exciton, with LD defined as 

the propagation length over which the total exciton population decays from 100% to 1/e 

(~37%).  The typical t0 in organic polymers is on a time range from 1 ps up to 1 ns and D 

is typically on the order of 10
-3

 to 10
-4

 cm
2
/s.

35
 The varying t0 and D are originated from 

the different repeat units in conjugated polymers and their polymer chain conformations 

as well as the degree of polymer chain stacking, which impact the exciton diffusion in 

both intra- and interchain transfers.
37

 Using the above t0 and D values, one can determine 

LD to be ca. 10 nm or less. This sets up a tradeoff in OPVs. A large thickness is desired 

for the active layer to maximize photon absorption, but layer thickness is limited by the 

exciton recombination, vice versa. Therefore, in a PHJ configuration, the optimal donor 

layer thickness is thin, typically around several tens of nanometers, which is not enough 

to utilize the full photon flux of the sun irradiation spectrum. One strategy to solve this 

problem is to use the BHJ architecture, where the intermixed D/A structure significantly 

increases the D/A interfacial area allowing more exciton separation events to occur and 

shortens the intermolecular distance between D/A to account for LD.  

On the molecular level, exciton transfer is a type of energy transfer process. The 

energy absorbed by a donor molecule transfers to an adjacent donor molecule and further 

propagates to the D/A interface. One can imagine that intermolecular dipolar interaction 

and distance play a critical role in exciton diffusion. Two energy transfer mechanisms 

that operate on different length scales have been proposed, and can be used to describe 
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exciton diffusion in organic materials: i) Förster resonance energy transfer (FRET); and 

ii) Dexter excitation transfer (DET).  

Förster resonance energy transfer: In FRET, energy transfer proceeds through a 

resonant process, meaning that energy released from a donor molecule excited state (D*) 

is simultaneously absorbed by another donor at its ground state without involving 

electron transfer, as depicted in Figure 1.4 (a). This energy transfer is dictated by the 

interaction between the transition dipole moments of D* and D, which typically happen 

in a length scale range of 3-10 nm and is classified as long distance energy transfer.
38

 The 

energy transfer efficiency is highly distance dependent, being inversely proportional to 

the sixth-order of intermolecular distance. FRET has been suggested as a primary exciton 

diffusion mechanism for singlet exciton transfer in OPVs.
32

     

Dexter excitation transfer: The DET energy transfer process relies on electron transfer 

between D* and D as depicted in Figure 1.4 (b). DET is known as a short range (0.3-2 

nm) energy transfer.
38

 The electron clouds of the donor and acceptor need to have 

significant overlap for an effective DET-type energy transfer, and the energy transfer 

efficiency decays exponentially over the intermolecular distance. An electron with either 

singlet or triplet spin state can undergo DET energy transfer and it is known as the 

primary mechanism for triplet exciton transfer in conducting-polymer donor materials.
32

 

1.1.4.3 Charge Transfer 

When an exciton diffuses to a D/A interface, charge transfer may occur meaning an 

electron in a donor transfers to an acceptor, induced by the energy offset between the 

donor and acceptor LUMOs; while the hole is left behind in the donor. A chemical 

equation to describe this process can be expressed as Equation 1.4:  
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Figure 1.4 The proposed mechanisms of exciton diffusion: (a) Förster resonance energy 

transfer (FRET) and (b) Dexter excitation transfer (DET). D denotes a donor with either a 

singlet or triplet state notated on its left top corner; star (*) denotes an excited state; ET is 

the abbreviation for electron transfer.   
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D* + A  (D
+ 

+ A
-
)     (1.4) 

Although it should be noted that the electron transferred to the acceptor, and the hole 

in the donor, are not free and mobile charges at this stage. The binding energy between 

this electron-hole pair is ca. 10 kT (~250 meV), which can be attributed to their 

coulombic attraction. This is known as the formation of a charge transfer (CT) state, an 

intermediate state between the exciton (a fully bound electron-hole pair) and the free 

electron and hole charge carrier. The evidence of the existence of a CT state has been 

revealed by photocurrent spectral response (PSR).
39

 The PSR experiments have 

successfully demonstrated that the optical transitions associated with the CT state involve 

the energy absorption of electrons at the donor and acceptor band tail states.   

1.1.4.4 Hole-Electron Separation 

The CT state can dissociate into a free and mobile electron and a hole, or relax back 

to the ground state, as shown the chemical Equations 1.5 and 1.6: 

(D
+ 

+ A
-
)  D

+ 
+ A

-
                                        (1.5) 

   (D
+ 

+ A
-
)  D + A                                                      (1.6) 

The key point for a net free carrier generation is the need to effectively overcome the CT 

state binding energy leading to faster charge generation (1.5) rather than recombination 

(1.6). It has been demonstrated that the built-in potential at a D/A interface and polaron 

(charge movement with its neighboring dielectric lattice relaxation) stabilization energy 

facilitate the CT state charge separation (1.5) over recombination (1.6) process.
31

  

1.1.4.5 Charge Transport 

After charge transfer the exciton becomes free mobile charges. The resultant output 

current is determined by how many free mobile electrons and holes can be extracted at 
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their corresponding electrodes. The charges generated at the D/A interface need to be 

transported through the active-layer component to reach their respective electrode. 

Unfortunately, in organic materials the main charge transport mechanism is hopping due 

to weak intermolecular interactions, e.g., van der Waals forces and dipole-dipole 

interactions, meaning charges travel intermolecularly across a void space. The hopping 

rate typically drops exponentially with the intermolecular distance, which limits charge 

mobility in organic material to a magnitude of 10
-3

 to 10
-4

 cm
2
/V·s, six-to-seven orders 

magnitude lower than for inorganic material. Therefore, thin active-layer component (< 1 

μm) is required to ensure efficient charge transport.  

 The charge transport mechanism varies depending on the applied voltage. For a PV 

device under illumination, there are three voltages that are of particular interest: i) Jsc; ii) 

the maximum power point, Pmax; and iii) Voc. Charge transport is typically described as a 

sum of charge diffusion and migration. Under illumination regardless of the applied 

voltage, a steady generation of free carriers is created, leading to a carrier concentration 

gradient which is high at the D/A interface and low at the electrodes. Charge movement 

induced by this concentration difference is known as charge diffusion, whereas 

movement induced by an applied potential/internal electric field is known as charge 

migration. As shown in Figure 1.5 (a), at Jsc with a EF alignment between the anode and 

cathode, the migration current induced by the internal field points in the same direction as 

the diffusion current, which results in the largest current in the power output 

quadrant.   As shown in Figure 1.5 (b), at Pmax the polarization of electrodes allows the 

external bias to overcome the work function difference between two electrodes. 

Therefore, no internal electric field exists and the resulting current is only due to charge 
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Figure 1.5 The charge transport mechanisms at (a) Jsc, (b) Pmax,  and (c) Voc. The output 

current is the final product of diffusion and migration currents as function of different 

applied biases. Arrows denote the charge movement directions. Steady diffusion current 

(denoted as ED for electron; HD for hole) is generated by irradiation in three conditions, 

while migration current (denoted as Em for electron; Hm for hole) is induced by applied 

bias, and varies in three conditions. Figure is adapted from ref 38.  
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diffusion. As shown in Figure 1.5 (c), at Voc the polarization of electrodes further 

enhances the migration current in the opposite direction with respect to the diffusion 

current and both currents completely recombine, resulting in zero net current. It should be 

noted that in the potential range between Pmax and Voc, the applied bias starts to reverse 

the polarization of the internal field and the charge injected from electrodes (migration 

current) start to recombine with diffusion current. Furthermore, when the applied bias 

passes Voc, the net current is dominated by charge injection from the electrode and moves 

the net current to the power consumption quadrant. 

1.1.4.6 Charge Collection 

Once a photogenerated free carrier is successfully transported through an active layer, 

it must be extracted at a collection electrode (an electron at the cathode; a hole at the 

anode.) In OPVs, the bottom electrode is generally composed of a commercially-

available TCO substrate, e.g., ITO, and the top electrode is a metal, e.g., Al, Ag, or Au, 

deposited by thermal evaporation. The charge extraction at the organic/electrode interface 

is strongly influenced by the energy level alignment between organic layer charge 

transport level and electrode EF
19,20,30,40–44

 as well as the heterogeneity of the 

electrode.
45,46

 A poor electrical contact at an organic/electrode interface induces 

significant surface recombination – a localized electron (hole) at a surface trap state 

(resulting from a defect site) recombines with a free mobile hole (electron). This concept 

has been widely adopted for inorganic solar cells to describe power loss at an electrode.
46

 

Under illumination, semiconductor departs from thermal equilibrium, i.e., the 

photogenerated charges overwhelm the intrinsic carriers. One pathway to return to the 

thermal equilibrium is via surface recombination. In order to suppress surface 
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recombination in OPVs, one of the most effective strategies is to insert an interlayer in-

between the active layer and each electrode to passivate the surface trap state and 

potentially allow only one type of charge to be collected at each corresponding electrode 

(electrons at the cathode; holes at the anode).  

1.1.5 Limitations and Future Challenges for Organic Solar Cells  

The future of OPV devices relies on continuing improvement of device efficiency and 

stability. A theoretical prediction based on the optical properties of PV materials (the 

“Shockley and Queisser”, SQ limit) is often used to estimate the theoretical maximum 

PCE of an OPV device. The SQ limit was established under the assumption that photons 

with energy higher than the absorber band gap (Eg) are totally absorbed and the active 

layer has infinite charge mobility with 100% internal quantum efficiency; meaning no 

charge recombination loss within the device. The current OPV efficiency record (12 %) is 

still far away from the theoretical SQ limit of ca. 20%.
48

 The future routes for 

approaching this limit will rely upon the design of new light harvesters and the 

development of new interlayer materials, as well as novel device architecture engineering 

for OPVs.   

One factor keeping OPVs from the theoretical limit is that organic materials used in 

OPVs have less purity and crystallinity than inorganic materials, especially for the active-

layer and interlayer components, which leads to materials with structural disorder. A 

better understanding of this structural disorder is illuminated in Figure 1.6. The 

evaluation of energy levels from an atom to a molecule and further to a unit cell is often 

described by Figure 1.6 (a). The energy level of an isolated atom is a localized discrete 

level, and when a molecule is formed, each atomic level orbital starts to hybridize to 
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create new molecular orbitals through linear combination of atomic orbitals (LCMO). 

This orbital hybridization continues when more molecules are bound and the energy 

difference between new molecular orbitals becomes smaller. In an infinite solid with 

perfect structure, i.e., single crystal, its electronic state is continuous and a band diagram 

is formed and for semiconductor materials, the band edge is sharp, as shown in Figure 1.6 

(b). For polycrystalline and amorphous semiconductor with intrinsic defects present, the 

structural disorder induced from different molecular orientations/conformations (lattice 

mismatch) and as well as the presence of defects e.g., vacancies, interstitials break the 

crystal symmetry and lead to the introduction of mid-gap states in the band diagram, 

as shown in Figure 1.6 (c). Generally, two types of mid-gap states can be categorized: (i) 

exponential tail state close to band edge induced by the broadening of electronic states. 

The various chemical environments sensed by molecules in crystal lattices or from 

underlying heterogeneous electrode surface enlarge the molecular energetic distribution. 

This is also known as dispersive vibronic states
30

; (ii) the monoenergetic trap states 

caused by certain types of grain boundaries and defects in a crystal lattice.
49,50

 The energy 

positions of these defect states typically associates with their formation energies.
51,52

 

They can act as (electron) donor or acceptor state locating at shallow or deep in band gap 

and the density of each defect state is sensitive to the process conditions.
50–52

 During the 

charge transfer and transport processes in a OPV device, The monoenergetic trap state 

has been reported to act as recombination centers
39,53–58

 and the exponential trap state for 

both the active layer and interlayer components has been shown to enhance trap-assisted 

recombination,
25–28,59–62

 where charge is localized in the trap state and recombines with 

random walk and/or photogenerated carriers, as depicted in Figure 1.7. As discussed  
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Figure 1.6 Evolution of energy levels of (a) atom, molecule and unit cell and (b) single 

crystal and (c) polycrystalline or amorphous materials. From an atom to unit cell (a), 

atomic orbitals start to hydride and generate new molecular orbitals. Note that all the 

energy levels are still discrete. In an infinite solid ((b) and (c)), band diagram with 

definite band edge forms and the introduction of mid-gap state is driven by lattice 

mismatch and the presence of defects.       
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further below in Chapter 4, studies of trap states in metal oxides have been extensively 

carried out by electrochemical methods (especially for nanostructured TiO2) such as 

cyclic voltammetry and impedance spectroscopy.
63–80

 It has been demonstrated 

electrochemically at the TiO2/electrolyte interface that charge transport in TiO2 

accompanies multiple trapping/detrapping events
73,81

 (as shown in Figure 1.7), which in  

turn lower the quasi EF splitting and the resultant Voc of DSSCs.
30

 Although this has not 

been well understood in OPVs, the same effects of ‘material disorders’ are expected to be 

present in metal oxide interlayers relevant for OPVs such as TiO2 and ZnO.    

1.2 Interlayer Materials in Organic Solar Cells 

In a solar cell architecture, the interlayer refers to any kind of substance sandwiched 

between an electrode and the light harvester, which sometimes is referred to window 

layer.
82,83

 Typically in BHJ OPVs, interlayers are introduced next to both electrodes. The 

interlayer next to anode is known as the hole-transport layer (HTL), while that next to the 

cathode is called the electron transport layer (ETL). Appropriate interlayer materials can 

improve the electrical contact in OPVs and the resultant device performance. In this 

section, a broad overview of interlayer materials in OPVs will be discussed including 

their functions, material developments, and the future directions and challenges. 

1.2.1 Functions of Interlayer Materials   

The functions of interlayers in OPVs have been extensively reported in the 

literature
84–86

 and are typically classified as: i) providing energy level alignment at an 

organic/electrode interface; ii) determining OPV device polarity (the current flow 

direction in device); iii) improving charge “selectivity” by only allowing one type of 

charge to transfer between the PHJ or BHJ and an electrode; iv) serving as an optical  
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Figure 1.7 Energy level diagram of P3HT:PCBM, and ZnO/TiO2 electron-transport 

layers with exponential tail-state distribution shown near each band edge. The grey 

arrows indicate the charge movement direction. CT and CR denote charge transfer and 

trap-assisted charge recombination, respectively. The tail states cause broadening of work 

function, as indicated by the red arrow in ZnO, TiO2. The inset shows the multiple 

trapping/detrapping processes during charge transport, leading to a decrease of the 

effective quasi Fermi-level in dye-sensitized solar cells (DSSCs).
30
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spacer to redistribute electrical field; and/or v) improving solar cell stability. 

The desired electrical properties of interlayers for charge transfer in OPVs should 

include: i) a EF close to the electrode and active layer charge transport levels; ii) high 

mobility for the desired type of charge (either the electrons or holes, but not both); and 

iii) charge blocking ability of the undesired charge. In Sections 1.2.1.1, 1.2.1.2, and 

1.2.1.3, we discuss in detail how these goals can be achieved from the interlayer 

energetics. In Sections 1.2.1.4 and 1.2.1.5, we introduce other benefits – electrical field 

enhancement and improvement in device lifetimes from the use of appropriate 

interlayers.     

1.2.1.1 Providing Energy Level Alignment at Organic/Electrode Interfaces 

At the organic/electrode interface, misaligned energy levels can lead to loss of free 

carrier potential energy as well as the formation of a charge injection/extraction barrier 

that can promote charge recombination. This produces what is known as a non-ohmic 

contact i.e., contact limited, not bulk material limited. In this case, a reduction in Voc is 

expected, which is sometimes accompanied with lower FF and/or Jsc. The insertion of an 

interlayer can improve the ohmicity of an electrical contact at an organic/electrode 

interface. 

Two models to describe energy level alignment at the electrical contact and its impact 

on Voc are referred to as: i) the Metal-Insulator-Metal (MIM) model; and ii) the Integer 

Charge-Transfer (ICT). In the MIM model, the active layer is treated as an insulator and 

the electrode EF does not pin to the charge transport level of the active layer. In this case, 

Voc is determined by the work function difference between the two electrodes, 

independent of active layer energy levels. This is the typical case for non-ohmic contacts 
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at organic/electrode interfaces.  Mihailetchi et al. demonstrated the MIM model using an 

OPV cell configuration ITO/ poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate) 

(PEDOT:PSS)/ poly[(2-methoxy-5-(3’ ,7’-dimethyloctyloxy)-1,4 para-phenylene 

vinylene] (OC1C10-PPV):PCBM/metal with various top metal electrodes (LiF/Al, Ag, 

Au, and Pd) having different work functions with the aim to form ohmic (LiF/Al) or non-

ohmic (Ag, Au, or Pd) contacts with organic layer.
87

 Their results showed a linear 

correlation between Voc and metal work function with a slope close to 1, demonstrating 

that Voc is dictated by the electrode work function in the non-ohmic contact case. A 

counterexample was shown by Brabec et al. using ITO/PEDOT:PSS/ poly(2-methoxy-5-

(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene)(MDMO-PPV):PCBM/metal devices.
88

 

When an ohmic contact is formed at the organic/electrode interface using Ca, Al, Au, or 

Ag, the dependence of Voc with metal work function becomes less relevant. The linear 

coefficient between Voc and metal work functions was only 0.1, demonstrating that Voc is 

independent of metal electrode work function in the ohmic contact case.   

In the ICT model, EF pinning of the electrode to the organic layer charge transport 

levels occurs under certain circumstances. Two charge transport levels are used in ICT 

model: positive (EICT+) and negative (EICT-) integer charge-transfer states that are related 

to HOMO and LUMO levels, respectively. EICT+ is defined as the energy required to 

extract an electron from an organic material to vacuum, with the compensating 

reorganization (screening) energy from electrons in the HOMO of the oxidized species. 

Therefore, the EICT+ energy level is slightly higher than the HOMO energy. Conversely, 

EICT- is defined as the energy released to inject an electron from vacuum into the organic 

material, with the accompanying energy required to overcome molecular conformation 



53 

 

change, orientation change and dielectric medium relaxation for the reduced species. 

Hence, the EICT- state is slightly lower than the LUMO energy.   

Based on the ICT model, three circumstances can happen at the electrical contact 

between an electrode and active layer:  

i)  When the electrode EF is higher than EICT-, electrons flow from the electrode to the 

active layer to achieve charge equilibrium. As a result, the electrode EF pins to EICT-. This 

typically happens on the electron collection side (cathode). In this case, Voc is 

independent of cathode work function.  

ii) When the electrode EF is in between EICT- and EICT+, electrode EF pinning to the 

active layer does not happen and Voc is determined by electrode work functions, as in the 

case of the MIM model.  

iii) When the electrode EF is lower than EICT+, electrons flow from the active layer to 

the electrode to balance the charge density between the two materials close to the 

interface.  The electrode EF thus pins to EICT+ on the hole collection side (anode). In this 

case, Voc is independent of the anode work function.  

The reduction of Voc can be seen in both the MIM model and in case ii) of the ICT 

model. However, with the appropriate interlayer incorporated between the organic and 

electrode layers, Voc becomes independent of electrode work function. Hau et al. have 

demonstrated this concept in ITO/ZnO/P3HT:PCBM/metal devices using various metal 

electrodes (Pd, Au, Cu, Ag, Al, and Ca/Al.)
89

 The linear correlation between electron 

work function and Voc was 0.6 before the insertion of an interlayer. The authors chose 

PEDOT:PSS as the HTL and incorporated it between P3HT:PCBM and the metal 

electrode. The resultant Voc showed a steady value (~0.6 V) regardless of the metal 
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electrode work function. This can be attributed to the high work function of PEDOT:PSS 

(5.1 eV) pins its EF to the P3HT EICT+, and allows for the formation of ohmic contact at 

the electrical contact. 

1.2.1.2 Determining OPV Device Polarity  

An interlayer material can tune electrode work function and modify the 

organic/electrode contact, and can also be used to change the type of carrier being 

extracted at a given electrode. For example, when a high work function p-type interlayer 

like PEDOT:PSS is spun on ITO the ITO is the anode used to collect holes, which is 

known as a “normal” device configuration. When a low work function interlayer such as 

an n-type metal oxide (e.g., ZnO or TiO2) is deposited on ITO, then ITO becomes the 

cathode to collect electrons, which is known as an “inverted” device configuration. OPVs 

with normal and inverted configurations result in different device performances and 

stabilities. BHJ devices with normal configuration, in general, have shorter device 

lifetimes than the inverted configuration.
90,91

    

In normal configuration, PEDOT:PSS and low work function top metal electrodes 

(e.g., Al) cause problems in device stability. The acidic chemical environment of 

PEDOT:PSS is known to etch the underlying ITO electrode
91

 and the hygroscopic nature 

of the PEDOT polymer and the additive PSS dopant allows ambient water absorption, 

which has been shown to increase device Rs over time.
93,94

 Al is susceptible to oxidation 

in an ambient environment and potentially form an insulating barrier (Al2O3) at the 

organic/Al electrode interface.
94

 It is also known that the diffusion of Al into the active 

layer can occur and has been demonstrated to negatively affect device stability.
95
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In the inverted architecture, more stable interlayer materials (e.g., ZnO, TiO2) can be 

deposited on ITO. They avoid the chemical reactions due to acidic PEDOT:PSS, and 

more inert metals can be used as the top electrode (e.g., Ag or Au). Another benefit of 

using a Ag electrode is its compatibility with R2R mass production processing, since its 

nanoparticle form can be processed in solution.
96,97

  

Ongoing research has been also focused on the impact of the interlayers on BHJ 

active layer morphology and phase segregation. In order to achieve the desired vertical 

phase separation in the BHJ, the surface energy of the interlayer is critical.
15,17,85,98–101

 

During the BHJ drying process, the low surface free energy component in a BHJ blend 

(P3HT, in P3HT:PCBM) tends to wet the low surface free energy side (air), while the 

high surface energy component (PCBM, in P3HT:PCBM) tends to move toward the 

higher surface energy interlayer/ITO side.  Changing surface energy results in different 

blend morphologies and affects the resultant OPV device performance.
15,17

 The blend 

morphology is further complicated by the selection of solvent, the ratio between donor 

and acceptor, and pre- and post-treatments such as the drying process, thermal annealing, 

self-assembled monolayers (SAMs) modifications, etc.
12,13,15–17,101

 Therefore, a 

continuing development of design principles to describe the interactions between solvent, 

active layer materials and substrate down to a molecular level, and how it affects the BHJ 

morphology and phase separation, is still needed.  

1.2.1.3 Improving Charge Selectivity 

In order to achieve efficient charge collection at the electrodes, electrons and holes 

are required to move to their respective electrodes, i.e., electrons toward the cathode; and 
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holes toward the anode. Appropriate interlayers facilitate these processes both kinetically 

and thermodynamically.  

When wide band gap, n-type metal oxides such as ZnO and TiO2 are incorporated 

into OPVs, the fast electron transfer from the organic phase to the electrode can be 

achieved since: i) the conduction band positions of ZnO and TiO2 are positioned to align 

with the acceptor charge transport level; and ii) an ohmic contact forms at the 

organic/ZnO or organic/TiO2 interfaces. Furthermore, the wide optical band gap of ZnO 

and TiO2 positions their valence bands (VBs) deep in the energy level scale (~7 eV) with 

respect to vacuum. This thermodynamically inhibits the photogenerated hole in the donor 

from transferring to the contact and thus improves the charge selectivity. This hole 

blocking ability is especially important for a BHJ system, since both donor and acceptor 

materials are in contact with each electrode in the absence of interlayers.  

1.2.1.4 Serving as an Optical Spacer 

The typical OPV device architecture consists of a TCO electrode and a reflective 

metal top electrode, with active-layer and/or interlayer components sandwiched in 

between. In the incident light pathway from the front TCO to the rear metal (top) 

electrode, the electrical field component of the electromagnetic wave varies and reaches a 

node at the metal electrode. The distribution of the electrical field within the cell can be 

controlled by the refractive index and thickness of materials. With appropriate kinds and 

thicknesses of interlayers incorporated into OPV devices, the device performance can be 

enhanced. Kim et al. used TiOx as an ETL and as an optical spacer in an 

ITO/PEDOT/P3HT:PCBM/TiOx/Al device.
102

 The optical data showed that the electrical 

field strength was enhanced within the active layer and the resultant device obtained 
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higher Jsc compared to the device without a TiOx layer. The authors suggested that this 

light management is especially important in OPVs, since the incident light wavelength is 

comparable to the absorption depth and total thickness of the OPV device.  

1.2.1.5 Improving Solar Cell Stability 

An ideal interlayer should exhibit excellent electrical properties to facilitate the 

extraction/injection of photo-generated carriers at electrodes, and chemical stability to 

retard any interfacial reactions that may occur within OPVs. Selected metal oxides, e.g., 

TiO2 and ZnO can be relatively stable in ambient environment, and can slow down the 

diffusion of ambient oxygen and water into the device.
103,104

 Recently, using 

nanolaminate thin films as ETLs as well as encapsulation layers deposited by atomic 

layer deposition (ALD) have been employed in OPVs and showed promising device 

performance and stability outcomes.
105–108

  

1.2.2 Materials Overview of Interlayers 

The development of interlayer materials is critical to improvements in OPV 

efficiency and lifetime. Since the topics of this dissertation mainly discuss the use and 

application of TiO2 and ZnO interlayers in inverted BHJ OPVs, in this section we provide 

a materials overview of metal oxide interlayers: including intrinsic, doped and self-

assembled monolayers (SAMs) modified metal oxides. In addition, we also include a 

review of polymer interlayers in OPVs, given that PEDOT:PSS is used as a HTL for 

OPV devices in this dissertation.      

In Figure 1.8 (a), we summarize the prominent interlayer materials used in OPVs for 

both normal and inverted configurations, which can be categorized as: i) conducting and 

insulating polymers; ii) n-type and p-type transition metal oxides (TMOs); iii) low work 
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function metals; iv) inorganic/organic buffers; v) SAMs; and vi) graphene oxide. Their 

energy level position relative to active layer and electrode materials are summarized in 

Figure 1.8 (b). The discussions of each type of material are beyond the scope of the 

dissertation, and have been summarized in multiple reports.
84–86,99

  In the following 

sections, we focus on OPV relevant interlayers using conducting and insulating polymers, 

n-type and p-type TMOs, and SAM-modified TMOs.  

 1.2.2.1 Conducting and Insulating Polymers  

Conducting polymers are typically solution processable and exhibit high charge 

mobility, which make them promising interlayer materials in organic electronics.
84,85

 The 

most widely used conducting polymer interlayer in OPVs is PEDOT:PSS as a HTL 

material. For the interlayer purpose, neutral PEDOT is oxidized by negatively charged 

PSS ions and the resulting PEDOT
+
:PSS

-
 complex is stable in aqueous solvents. 

PEDOT:PSS HTL has been seen in both normal and inverted configurations. Its unique 

properties include high work function (5.1 eV) and high electrical conductivity (10 to 10
3
 

S/cm
2
, adjustable by varying PEDOT

+
/PSS

-
 ratio, solvent systems and additives).

109–111
 In 

the normal OPV configuration, the ITO can be treated with radio frequency (RF) plasma 

to produce a hydrophilic surface, which can be wet by aqueous PEDOT:PSS. In the 

inverted OPV configuration, it is difficult for PEDOT:PSS to wet the hydrophobic 

surface of active layer. Adding surfactants and/or changing the solvent system of 

PEDOT:PSS are two main ways to improve its wettability with active layer. Surfactants 

such as Triton X (nonionic) and Zonyl (nonionic, fluorinated) are typically added at ca. 1 

wt% into a PEDOT:PSS aqueous solution to lower its surface tension.
98,112,113

 The same 

effect has been achieved with the addition of isopropanol into a PEDOT:PSS 
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Figure 1.8 (a) BHJ OPVs with common interlayers materials listed in both normal and 

inverted configurations. (b) Energy level schematic view of electrodes, interlayers, and 

active layer (donors, acceptors) in OPVs. Dotted lines denote material work functions.      
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solution.
98,112

 After deposition, thermal annealing of the PEDOT:PSS thin film is usually 

performed to evaporate residual solvent and facilitate polymer packing. As mentioned in 

Section 1.2.1.2, one of the concerns of using PEDOT:PSS is the device stability problem 

caused by the acidic nature of PEDOT:PSS. Therefore, the research efforts on new, stable 

conducting polymers and cross-linked polymers have been conducted and resulted in 

comparable or even better cell performance and much better device stability than 

PEDOT:PSS.
85

   

Conducting polymers for ETL application have been recently seen in normal 

configuration OPVs. Polythiophene and polyfluorene, which are compatible with donor 

polymer structures, are two of the most commonly studied polymer backbone 

systems.
114,115

 Side chain groups (e.g., amines, ammonium salts and alkoxy) are chosen to 

adjust the electron density of the backbone and to increase their solubility in water and 

alcohol to prevent dissolution of the nonpolar active layers during film deposition. When 

they are incorporated into OPV devices, the enhancement in device performance can be 

attributed to the reduction of the metal electrode work function induced by the dipolar 

effect and formation of an ohmic contact at the organic/electrode interface.
114

   

Insulating polymers used as an interlayer material rely strongly on their ability to tune 

the electrode work function, since their electrical conductivity is low. Charge transport 

through an insulating polymer interlayer is restricted to the tunneling mechanism. In 

order not to have a large tunneling barrier, the insulating polymer film thickness needs to 

be thin (1 to 10 nm) compared to conducting polymers. The incorporation of insulating 

polymers into OPVs has been useful in inverted configuration devices. In 2012, Zhou et 

al. used polyethylenimine (PEI) based thin films (1 to 10 nm) to modify metal oxides 
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(ITO, ZnO, fluorine-doped tin oxide (FTO)), metals (Au, Ag, Al), and organics 

(PEDOT:PSS, graphene) conductive substrates and found a general trend of the reduction 

in work function.
116

 The authors ascribed this work function reduction to the dipole effect 

from the neutral amine group in the polymer bulk layer and its charge-transfer character 

with these conductive substrates. As a result, the electrode work function pins to the PEI 

EF. The BHJ devices using the PEI derivative polyethylenimine ethoxylated (PEIE) to 

modify ITO, Ag, and PEDOT:PSS bottom electrodes all showed similar Voc, regardless of 

the intrinsic work functions of the unmodified electrodes.      

1.2.2.2 N-type and P-type Transition Metal Oxides    

Using n-type and p-type TMOs as interlayer materials has attracted significant 

research attention during the past decade. For ETLs, the two most prominent oxides are 

ZnO (n-type) and TiO2 (n-type). For HTLs, the commonly used TMOs include NiOx (p-

type), MoO3 (n-type), WOx (n-type) and V2O5 (n-type). All of these TMOs could be 

processed from solution for large-scale production, or deposited as ultra-thin layers in 

vacuum, to precisely control their stoichiometry, morphology, and uniformity for 

interface science studies. We will now briefly review the literature on TMO interlayer in 

OPVs. 

From the energetics point of view, wide band gap ZnO and TiO2 are typically used as 

ETLs since their conduction band (CB) energies (ca. 4 eV) are close to the LUMOs of 

common acceptor materials, such as fullerenes and perylene bisimides, while their VB 

positions are away from the HOMOs of donors, forming an energetic barrier for hole 

transfer. Solution processed ZnO and TiO2 films have been extensively employed as 
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ETLs in OPVs during the past decade, and an enhancement in device performance in 

both normal and inverted configurations widely reported.
68, 83-97

  

Solution processed TiO2 and ZnO typically formed from solutions of metal alkoxides, 

halides, carboxylates etc. as precursors mixed with an alcoholic solvent to form a 

colloidal solution. The introduction of organic/acid additive modifiers into the colloidal 

solution to act as capping ligand is usually performed for preferential nanostructured 

growth. Films are formed by spin-coating, dip-coating, or printing techniques, along with 

post deposition thermal annealing in ambient air to facilitate the precursor hydrolysis 

reaction, crystal formation, and evaporation of residual solvent. The typical optimum 

thickness of TiO2 and ZnO layers applied in OPVs is a few tens of nanometers, which 

provides high Rp to prevent electrical shorts but low Rs to reduce ohmic loss. We note that 

the charge mobility of TiO2 and ZnO thin films are dependent of the processing 

conditions,
117,118

 with electron mobility in TiO2 typically lower than for ZnO.
118,119

  

Therefore, to sustain the same electrical conductance TiO2 films with thinner thickness 

may be needed when compared to ZnO.  

Vacuum-deposited TiO2 and ZnO typically use sputtering, CVD and ALD deposition 

techniques, and are more commonly seen in inverted configuration deposited on a TCO 

contact, since higher processing temperatures are needed. Vacuum deposition of TMOs 

typically allow for more controllable processing conditions, such as the compositions of 

the background environment and a slower deposition rate than solution processed TMOs. 

When it comes to precise control of defects and defect densities, TMOs deposited in 

vacuum should be more suitable than the solution deposited films.                 
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Using doped TMOs as an ETL material has recently attracted significant research 

attention. The applications of doped ZnO/TiO2 in dye-sensitized solar cells (DSSCs), 

hybrid solar cells, quantum dot solar cells, etc. has been extensively explored, as 

summarized elsewhere.
54

 In OPVs, the doping of TMOs can be seen for ZnO, where the 

metal ion dopants include In,
120

 Ce,
121

 Mg,
122

 Ga,
123

 and the most often Al.
90,91,124–129

 One 

of the biggest advantages of introducing dopants into the metal oxide crystal lattice is to 

improve the electrical conductivity. With an appropriate amount of doping level, ZnO 

conductivity can be optimized without sacrificing its hole blocking ability. It is especially 

beneficial for large area device, since the improvement in oxide conductivity allows for 

the use of thicker interlayer films, which prevent electrical shorts without increasing 

device Rs significantly. Stubhan et al. compared intrinsic ZnO with 1% atomic ratio Al 

doped ZnO (AZO) in ITO/ZnO(AZO)/P3HT:PCBM/PEDOT:PSS/Ag devices.
129

 The 

increase in conductivity from ZnO to AZO is about three orders of magnitude (2.22 x 10
-6

 

vs. 2.35 x10
-3

 S/cm). The impact of the conductivity difference on device performance 

can be seen with two different film thicknesses of ZnO and AZO inserted into the 

devices. With a 30 nm film, the PCE of the device with ZnO is 2.56%, slightly better than 

for AZO (2.42%). When a 120 nm film is used, the PCE of the device with ZnO drops to 

1.54%, but AZO (2.40%) hardly changed.                 

For the applications of TMO HTLs in OPVs, two types can be categorized: i) p-type 

NiOx; and ii) n-type MoO3, WOx and V2O5. Solution-processed and vacuum-deposited 

NiOx has been used in OPVs in normal configuration,
130–135

 where NiOx is directly 

deposited onto the TCO substrate. NiOx is typically used as HTL since it is p-type and its 

VB is positioned close to the HOMO of the common donor materials, such as P3HT. It is 
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found that the electrical properties of NiOx are sensitive to RF plasma treatments in 

which the device performance can be influenced significantly.  Steirer et al. used O2 

plasma treated NiOx as the HTL in PCDTBT:P70BM BHJ devices and the device PCE 

outperformed similar PEDOT:PSS based devices (6.7% vs. 5.7%).
130

 The authors 

ascribed this enhancement to better energy level alignment at metal oxide/organic 

interface with a higher worker function obtained for O2 plasma treated NiOx (5.3 eV). 

Furthermore, Ratcliff et al. have correlated this change in NiOx work function to the 

change in its surface chemical components, and concluded that the dipolar surface 

component NiOOH plays a crucial role for charge transfer at the TMO/organic interface 

and the resultant cell performance.
134

 

MoO3, WO3, V2O5 are n-type TMOs commonly used as HTLs in OPVs. The working 

principles are different from TiO2, ZnO, and NiOx, whose EF are close to the active layer 

charge transport levels. The EF of MoO3, WO3, V2O5 are positioned deep (ca. 6.5 eV) 

with respect to the HOMOs of most donor materials (ca. 5 eV). As a result, electrons 

flow from the organic materials to the TMOs to reach charge equilibrium, and the donor 

component becomes highly p-doped approaching to the TMO/organic interface,
41,136,137

 

which creates a thermodynamically favorable uphill situation for hole extraction toward 

the anode. This concept has been verified in multiple TMO/organic systems, such as 

MoO3/ N,N-diphenyl-N,N-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (NPD),
138,139

 V2O5/ 

4,4’-Bis(N-carbazolyl)-1,1’-bipheny (CBP),
140

 and WO3/ 4,4’,4”-tris(N-carbazolyl) 

triphenylamine (TCTA).
141,142

 MoO3 and WO3 were initially used for organic light-

emitting diodes (OLEDs) and organic field effect transistors (OFET) via thermal 

evaporation. In OPVs, they have been deposited by solution process
137,143–146

 and thermal 
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evaporation
147–154

 in both normal and inverted configurations. The stoichiometry and 

frontier energy levels of MoO3, WO3, and V2O5 are highly dependent on the processing 

conditions and environment exposure. For example, with increasing annealing 

temperature, MoO3 substoichiometric components (Mo
5+

, Mo
4+

) are more prominent due 

to oxygen desorption and the work functions become smaller, which can be explained by 

the effect of n-doping created by the substoichiometric components. Their energetics 

position distribute widely between 0.4 to 1.2 eV below the MoO3 

CB.
41,136,138,143,150,153,155,156

 These substoichiometric components are found to be 

advantageous for hole extraction when appropriate amounts are introduced within the 

band gap.
150,153

     

1.2.2.3 Self-Assembled Monolayers (SAMs) 

Extensive research effort has been expended on the modification of TCO electrodes 

and metal oxide interlayers with SAMs in OPV applications during the past few years, 

since their ease of turning the work function of underlying TCO or interlayer by forming 

interface dipole. A SAM is typically composed of an organic molecule with one or 

multiple bottom anchoring group(s), such as carboxylic acid or phosphonic acid to 

chemically adsorbed on TCO or TMO surface and a variety of top grafting groups with 

different dipole strengths and orientations. By employing various SAMs, one can raise or 

lower the work function of the same substrate to different degrees and potentially 

influence the energetic alignment with next organic layer deposited on its top. It is also 

suggested that SAMs can lower metal oxide surface free energy to make it more 

compatible with organic active layer,
157–162

 and if proper modifications are chosen the 

interfacial charge transfer rate can be enhanced.
157–159,163,164

 The discussion of SAM 
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modification on TCO electrode goes beyond the aim of this dissertation. Here, we focus 

on SAM modifications to ZnO and TiO2 interlayer surfaces, with the aim of improving 

the electron-collection efficiency on either a top metal electrode (for normal 

configuration) or a bottom TCO electrode (for inverted configuration). The related 

literature will be reviewed herein. 

One of first applications of SAM modifiers on metal oxide interface was performed 

on ZnO/metal interface. Yip et al. modified ZnO ETL surfaces with various SAMs in the 

device configuration ITO/PEDOT:PSS/P3HT:PCBM/ZnO:SAM/metal.
165

 They 

employed SAMs with dipole moment direction pointing toward ZnO (lauric acid (LA), 

mercaptoundecanoic (MUA)), and with dipole moment pointing away from ZnO 

(perfluorotetradecanoic acid, (PFTDA)). Al, Ag, and Au were then thermally deposited 

onto the SAM-modified ZnO ETL. The modification of SAMs on ZnO, however, aims to 

tune the top metal electrode work function and thus the energy offset between ZnO and 

metal electrode. As a result, devices with the MUA modifier showed enhancements in J-

V characteristics for all top metal electrodes, which was ascribed to the shift of metal EF 

closer to that of ZnO, assuming no vacuum level shift and an ohmic contact is formed. In 

the case of devices with PFTDA modifiers, a reduction in device performance was shown 

for all top electrodes, attributed by the authors to the formation of a Schottky contact 

(barrier) at the ZnO/metal interface, since the metal EF shifted away from that of the ZnO 

interlayer. The authors then systematically studied a series of benzoic acid (BA) SAMs to 

modify ZnO/metal interface, whose various grafting groups had gas-phase dipole 

moments (arranged in sequence listing from the most negative, pointing toward ZnO, to 

the most positive, pointing away from ZnO) were: -OCH3 (-3.9 D) < -CH3 (-2.9 D) < -H 
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(-2.0 D) < -SH (1.5 D) < -CF3 (2.1 D) < -CN (3.7 D).
166

  Similar conclusion was drawn: 

modification with SAMs having a positive dipole leads to the shift of the metal EF closer 

to that of ZnO and showed an improvement in all the OPV device J-V characteristics, and 

verse versa. Additionally, a strong correlation between dipole moments of SAMs and the 

device Voc and FF was found. The Voc and FF, regardless of metal electrodes, increase as 

the gas phase dipole moment moves from the most positive (-CN) to the least positive (-

OCH3).   

In inverted configuration, the initial efforts for SAM modifications of TiO2 and ZnO 

ETL interlayers were focused on C60 SAMs.
89,167–170

 Using a C60-SAM as a template 

facilitates compatibility with fullerene-based acceptor materials, e.g., C60, PCBM and 

PC70BM, etc. This is especially important for BHJ systems, since the active layer 

morphology and phase separation strongly depend upon the surface free energy of ETLs. 

Additionally, it has been suggested that C60-SAM modifications of TiO2 and ZnO can 

passivate the oxide surface defects,
89,167,168

 and improve the active layer crystallinity.
88

 

Hau et al. chose carboxylic acid based SAMs, including C60, terthiophene (TT), BA, and 

LA, to tether on solution-processed TiO2 thin films in a device configuration: ITO/TiO2-

SAM/P3HT:PCBM/PEDOT:PSS/Ag.
169

 Different degrees of device performance 

enhancements were found in all SAMs-modified TiO2 layers compared to untreated TiO2: 

PCE was 2.8% for untreated TiO2; 3.8% for C60-SAM; 3.4% for TT-SAM; 3.2% for BA-

SAM; and 3.0% for LA-SAM, mainly due to the improvement of FF and slightly better 

Jsc. C60-SAM gave the best device performance. As field effect transistor (FET) and 

capacitance-voltage (C-V) measurements showed, in C60-SAM modified TiO2 electron 

mobility was larger than hole with more p-mode accumulation than n-mode in the BHJ 
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blends, indicating that C60-SAM allows for better percolation conduction pathway for 

PCBM in the BHJ blends compared to bare TiO2. 

The same research group also investigated the impact of C60-SAM modification of 

ZnO on OPVs in inverted architecture. Hau et. al. used a series of C60-SAMs with 

different anchoring groups, including BA,  catechol, phenylphosphonic acid and PCBM-

substituted BA SAM to modify a solution-processed ZnO ETL, and tested ITO/ZnO-

SAM/P3HT:PCBM/PEDOT:PSS/Ag devices.
168

 Not surprisingly, the results showed the 

enhancements on device performance for all C60/PCBM-SAMs. Another finding in this 

study is that the device performance was influenced by the SAM formation conditions. 

The etching of ZnO was found for SAMs with strong acidic anchoring group, e.g. 

phosphonic acid, when the immersion period is too long (240 minutes) and a reduction in 

device performance occurred. With weaker acidic anchoring groups, e.g. BA or catechol, 

the device performance was not affected by the immersion period.   

The modification of AZO with C60-SAMs has been reported recently. Stubhan et al. 

used three phosphonic acid SAMs, including a C6 alkane (C6), a C6 alkane with fullerene 

(C6-C60) and a C18 alkane with fullerene (C18-C60) to modify AZO in 

ITO/AZO:SAM/P3HT:PCBM/PEDOT:PSS/Ag devices.
125

 The best enhancement in cell 

performance can be observed in both C60-SAM systems. The authors attributed this 

enhancement to better phase separation in the BHJ induced by modifying the surface 

energy by C60-SAMs. A s-shape J-V curve was found in the device using the C6-SAM 

modification, since the C6 alkyl chain acts as an interface barrier between active layer 

and AZO. Comparing C6-C60 and C18-C60 SAMs, the different alkyl chain lengths allows 

for different intermolecular space between C60 and ZnO, and its impact should be 
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reflected in device J-V characteristics. Surprisingly, the best cell performance with C18-

C60 is comparable to that for C6-C60. The authors speculated that the intermolecular 

distance between fullerene and the AZO surface is actually close for both C6-C60 and 

C18-C60 SAMs, since with only one anchoring group the alkyl chain is likely to move 

and become compressed or tilted, and hence the deposited fullerene can closely contact 

the AZO surface. The authors verified their hypothesis by matching atomic force 

microscopy (AFM) topography and conducting-tip AFM (C-AFM) current 

mapping.                          

1.2.3 Future Directions and Challenges 

The continuing improvement of OPV performance and stability relies on material 

developments for active layers as well as interlayers. The typical F.F. in an OPV is below 

0.7, indicating the charge loss due to the recombination is not negligible. If we can raise 

FF to 0.8, assuming the same Voc and Jsc using the same active layer, the overall PCE can 

be enhanced by about 15%, which is expected to be achievable by better interlayer 

design. Including the interlayer energetic requirements and functions, as discussed above, 

here we explore more the desired properties for a well-behaved interlayer material in a 

next generation OPVs: 

i) The interlayer should always facilitate ohmic contact formation at the 

organic/electrode interface. This is especially important on the electron-collection side, 

since the development of acceptors has evolved toward low electron affinity (EA) 

(LUMO close to vacuum level) materials to achieve higher Voc, as can be seen in PCBM 

vs. indene-C60 bisadduct (ICBA) case.
171

 As the energy offset is increased between high 
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EA acceptors and the electrode EF, the future design of ETLs should assure the ohmic 

contact at acceptor/cathode interfaces.    

ii) The interlayer is necessary to equilibrate current matching and energy offset 

between two (or multiple) sub-cells in tandem OPVs. The idea is to enhance the output 

Voc, while maintaining the same Jsc.
6,172,173

 Each OPV sub-cell absorbs complementary 

wavelength photons, e.g., visible and infrared to maximize the spectral overlap with the 

solar spectrum. The interlayer engineering between sub-cells plays a crucial role. The 

energy level alignment of interlayers should match the charge transport levels or quasi EF 

of the hole and electron at its respective side, as discussed in Section 1.2.1. Besides, the 

current matching between sub-cells should be achieved, meaning the electron-driven 

current from one sub-cell compensates/recombines with the hole-driven current from the 

adjacent sub-cell within the interlayer. To achieve these goals, a p-n junction type 

interlayer combination has been proposed and incorporated into tandem OPV devices
173

 

with enormous progress made since.
54

   

iii) It is necessary to continue to improve interlayer compatibility with organic 

materials, and mechanical stiffness for all-solution R2R processing. Active layer blend 

morphologies and phase separation were found to strongly depend on the molecular 

compatibility between the interlayer and the organic materials, as discussed in C60-SAM 

case (Section 1.2.2.3). Active layer delamination is expected to be more severe on a 

flexible substrate through multi-cycle bending processes. The developments of interlayer 

materials should, therefore, focus on interlayer’s uniformity, conformity, and 

compatibility with the active layer and electrode, as well as the reduction of pinhole 
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density within an interlayer, which provide low leakage pathways and are beneficial to 

cell long-term stability.   

1.3 Dissertation Overview 

This dissertation covers the materials developments and characterization of TiO2 and 

ZnO interlayers for OPVs. Chapter 3 of this work describes the development of TiO2 thin 

film prepared by UV-CVD and the characterization of deposited films. We demonstrated 

UV-CVD TiO2 film with high quality, as revealed by their conformal growth with the 

underlying ITO substrate and the high chemical stoichiometry with the formation of TiO2 

without the presence of noticeable sub-stoichiometric species. Thin film characterization 

such as ultraviolet photoelectron spectroscopy (UPS), X-ray diffraction (XRD), C-AFM, 

and Tauc plot analysis were performed and the critical research outcomes were 

summarized. Another significance of this work is that we used an electrochemical 

method (cyclic voltammetry (CV)) to investigate and demonstrate the blocking ability of 

the deposited CVD TiO2 interlayers against the diffusion of probe molecules to charge 

transfer with the underlying ITO substrate, which shows a strong correlation with their 

hole blocking ability in OPV BHJ devices. As a result of the improvements due to the 

hole blocking ability of CVD TiO2 interlayers, the PCE of the resultant devices (3.7%) 

outperformed by ten times that of the device using only unmodified (bare) ITO (0.3%).  

Chapter 4 of this dissertation describes the works to use electrochemical methods, i.e., 

CV and impedance to evaluate the hole blocking ability and pinhole density of ZnO 

interlayers processed by sol-gel chemistry (sg-ZnO) and sputtering (sp-ZnO). Due to the 

different nucleation and film growth mechanisms in these two processing methods, sg-

ZnO and sp-ZnO with various morphology and nanostructure properties show 
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dramatically difference in their electrochemical characteristics, as revealed by three 

different analysis platforms: i) ITO/ZnO in contact with electrolyte; ii) ITO/ZnO in 

contact with electrolyte plus various probe redox couples; and iii) ITO/ZnO/P3HT only 

or P3HT:PCBM blends in contact with electrolyte. From i), we examined the ITO-

electrolyte double layer capacitance (Cd) due to the pinholes in the ZnO films and the 

chemical capacitance from the trap state distribution below the conduction band of ZnO. 

As a result, sg-ZnO with high pinhole density shows ca. 10 times higher ITO-electrolyte 

Cd than that of pinhole free sp-ZnO. As for chemical capacitance, sg-ZnO with higher 

surface area allows more charge to transfer in the exponential growth trap state and 

concentrate near ZnO-electrolyte interface than that of low surface area sp-ZnO. In ii), 

we showed a strong correlation between the pinhole densities in ZnO films with their 

charge blocking ability with probe molecules, e.g., ferrocene (Fc) and N,N′-Bis(3-

methylphenyl)-N,N′-diphenylbenzidine (TPD).  The charge blocking ability of sg-ZnO 

becomes better as the film thickness increases (and pinhole density declines) as revealed 

using 40, 80 and 120 nm film thickness, whereas pinhole free sp-ZnO at only 30 nm film 

thickness outperforms all thicker sg-ZnO layers. The charge blocking ability of each 

sample correlates with its electroactive area and pinhole size and distribution estimated 

from impedance spectroscopy. In iii), we studied the pinholes (or leakage pathways) of 

ZnO in an OPV device relevant configuration, where the active-layer components were 

deposited onto the sg-ZnO and sp-ZnO. By studying the oxidation of P3HT polymer thin 

films, whose redox potential is in the band gap of ZnO, we showed that the porous 

structure with high pinhole density of sg-ZnO allows for the penetration of P3HT and 

P3HT:PCBM contacting underlying ITO substrate, while dense sp-ZnO efficiently blocks 
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the P3HT penetration to ITO substrate. The charge blocking ability of the ZnO films 

studied electrochemically shows a strong correlation with the Rp of the BHJ OPV devices 

employed with sg-ZnO and sp-ZnO layers. 

Chapter 5 of this work studied the surface modifications of sol-gel ZnO layer by 

oxygen (OP) and argon (ArP) radio frequency (RF) plasma treatments. High energetic 

ionized and neutral gas molecules generated by plasma can be implanted into the ZnO 

near-surface to vary the defect concentrations and affect the surface chemisorbed and 

physisorbed species for ZnO. The aim of this study was to create different ZnO surface 

chemical compositions and study their influence on ZnO/active-layer component 

energetic alignment and interface compatibility. We first used X-ray photoelectron 

spectroscopy (XPS) to study the chemical compositions of OP and ArP sg-ZnO. The 

biggest difference can be found in the O 1s spectrum. Compared to untreated sg-ZnO, we 

found: i) the surface –OH component increases; ii) the surface adsorbate component 

decreases for OP sg-ZnO; and iii) both components drop for ArP sg-ZnO samples. These 

changes in near-surface chemical compositions induce different charge transfer dynamics 

at the sg-ZnO/in-situ C60, which were investigated by UPS. We found for all ZnO 

substrates, the vacuum level and ionization potential (IP) of C60 gradually increases on 

the low coverage (< 4 nm) of C60, meaning significant electron transfer occurs from C60 to 

the ZnO interlayer. The energy level shift saturates after depositing > 4 nm C60. The 

degree of IP shift varies with the RF plasma treatments with untreated sg-ZnO (0.4 eV) > 

ArP sg-ZnO (0.3 eV) > OP sg-ZnO (0.2 eV), which is speculated to reflect the difference 

in electron extraction efficiency of sg-ZnO in a full OPV device. The change in EF for the 

same series of ZnO samples was investigated by CV and spectroelectrochemistry (SEC). 
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We found the onset potential of electron injection of sg-ZnO layers was varied based on 

the plasma treatments, which can be studied by an absorbance bleaching at ca. 365 nm 

(equivalent to the 3.4 eV band gap of sol-gel ZnO) and it can be explained by Burstein-

Moss effect, in which the injected electron (from ITO electrode) occupies the CB 

minimum of sg-ZnO and eliminates the direct band to band transition. The J-V 

characteristics of inverted bulk heterojunction (BHJ) OPV device based on the 

configuration: ITO/ (plasma treated) sg-ZnO/P3HT:PCBM/PEDOT:PSS/Ag supports the 

UPS results: an observed ca. 15% enhancement in F.F. of the device using untreated sg-

ZnO (0.57) compared to that of plasma treated sg-ZnO (ca. 0.50), which can be attributed 

to the better electron extraction at untreated sg-ZnO because of the more favorable band 

bending. The trend of OPV device Rp shows a strong correlation with the XPS Zn 2p 

spectral intensity for sg-ZnO/P3HT samples, where we are able to evaluate the 

penetration of P3HT into sg-ZnO porous structure and direct contacting with ITO (seen 

as leakage current pathways). We concluded that OP sg-ZnO with the highest adsorbate 

concentrations poorly wets the deposited P3HT layer, which in turn concentrates on ZnO 

top surface without intercalation into ZnO nanostructure. As a result, the Rp of the OPV 

device using OP sg-ZnO is enhanced compared to that of untreated and ArP sg-ZnO. 

These findings emphasize the importance of interface at metal oxide/organics in organic 

semiconductor devices and the device performance shows strong dependence on the 

metal oxide/organics energetic alignment and interface compatibility.     

  

 

 



75 

 

CHAPTER 2 

 EXPERIMENTAL METHODS 

2.1 Deposition of Metal Oxide Thin films 

2.1.1 Chemicals: 

Titanium isopropoxide (99.999%, Sigma-Aldrich), Zinc acetate dihydrate (≥ 98%, 

Sigma-Aldrich), 2-methoxyethanol (> 99.5%, Aldrich), ethanolamine (>99.9% Sigma-

Aldrich)  

2.1.2 Chemical Vapor Deposited (CVD) TiO2: 

The CVD system is shown schematically as Figure 2.1, consisting of a reservoir for 

the TTIP solution, a bubbling tower and gas introduction system which permitted control 

over TTIP flow rate, followed by a tube furnace to control gas temperature and a 

substrate stage with independent temperature control. Titanium isopropoxide (TTIP) used 

as the TiO2 film precursor was loaded into the glass reservoir in a N2 filled glovebox 

(Mbraun Labmaster).  

ITO substrates (ca. 15Ω/sq, Colorado Concept Coating, LLC) were cleaned with 

microfiber cloths (Peca Products Inc. ST-1) using Triton X-100 (Sigma-Aldrich) 

detergent, and sonicated in Triton X-100 detergent, nanopure water, and pure ethanol, 

sequentially. Cleaned ITO substrates were kept in pure ethanol for storage. ITO 

substrates were dried under a N2 stream before use.  

The ITO or Au slide (TA 134, Evaporated Metal Films (EMF) for X-ray 

diffractometry (XRD)), or quartz (GM Associate Inc., for optical absorption 

measurement) were treated with 10.5 watts O2 plasma at ca. 400 mtorr for 10 minutes 

(Harrick plasma, Model PDC-32G) before each deposition. After mounting the substrate  
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Figure 2.1 Schematic view of the CVD apparatus for the TiO2 electron transport layer 

(ETL) deposition in OPVs. TTIP is bubbled into a flowing stream of N2, to produce a 

mass flow rate of TTIP of ca. 0.67 sccm in a furnace held at ca. 180
o
C.  UV-excitation 

from an array of 254 nm lamps immediately follows the furnace, the substrate is 

positioned just downstream from this UV exposure, at a distance of ca. 5 cm, with a 

substrate heater to provide for control of temperature from RT to 240°C. 
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and sealing the precursor reservoir, the CVD system was immediately pumped down to 

ca. 700 mtorr. For each deposition, the furnace temperature was set to 180 
o
C (to prevent 

TTIP condensation), and substrate temperature to 20 
o
C, 70 

o
C, 140 

o
C, 210 

o
C, or 240 

o
C. Two 4-watt UV lamps (Philips, Model TUV/4W/T5/2P/G4T5) were positioned 

outside the quartz tube just downstream from the tube furnace to illuminate the vapor 

feed stream, 5 cm away from the substrate. The N2 carrier glass flow rate was set at 0.67 

standard cubic centimeters per minute (SCCM) using a mass flow control (Dakota 

Instruments, Model 6AGC1AL4-01NC). We opened/closed the connection valves 

between precursor reservoir and substrate to initiate/finish the deposition. After the 

desired deposition time, the TiO2 samples were cooled down to ca. 80 
o
C in vacuum and 

were then transferred into a N2 filled glovebox (Mbraun Labmaster) prior to 

characterization and/or OPV device preparation. 

2.1.3 Sol-Gel ZnO (sg-ZnO) 

Precursor solution preparation: In ambient air, ethanolamine (0.223 ml, 0.00369 mol) 

and 2-methoxyethanol (3.0 ml, 0.038 mol) were loaded in a clean 20 ml vial. After 

slightly hand shake, zinc acetate dihydrate (0.826 g, 0.00376 mol) and 2-methoxyethanol 

(2.0 ml) were sequentially added into the resultant solution. The vial was then sealed with 

plastic lid and transferred onto a 60 
o
C hot plate with 800 rpm stirring. After 30 minutes 

heating process, the zinc acetate dihydrate solid was totally dissolved and the solution 

became transparent. The solution was then cooled down to room temperature (RT). The 

solution was then filtered by a pore size 0.45 μm syringe filter (Whatman, PVDF) and 

stored in a dark drawer, preventing exposure to light when not used and kept at most for 

two weeks.   
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The deposition of sol-gel ZnO thin film on ITO: 1” x 1” ITO substrate was treated 

with 10.5 watts O2 plasma at ca. 400 mtorr for 10 minutes (Harrick plasma, Model PDC-

32G). After plasma treatment, the ITO was quickly transferred to a spin coater (Laurell 

Technologies, Model WS-400B2-6NPP/LITE) and spray 0.2 ml precursor solution to 

fully cover the ITO substrate. The spin coating (1 minute, 3000 rpm with acceleration 

rate equivalent to 2944 rpm/s) was performed in ambient air. The deposited film was 

typically seated in a petri dish with lid on and transferred to a 280 
o
C heat oven for 10 

minutes thermal annealing. After the annealing, the deposited film was cooled down at 

RT for 10 minutes. For thickness dependant study in electrochemical characterization 

(Section 4.3.1), multiple spin coating and annealing cycles (2, 3 times) were performed to 

obtain thicker sg-ZnO films.  

For the plasma treatments on sg-ZnO (Chapter 5), sg-ZnO/ITO samples were treated 

with 10.5 watts O2 or Ar plasma at ca. 400 mtorr for 5 minutes (Harrick plasma, Model 

PDC-32G), named OP and ArP sg-ZnO.            

2.1.4 Aluminium doped ZnO (AZO) 

Zinc acetate dihydrate (2.20 g), aluminium acetate, basic (0, 0.016, 0.16 g for 0, 1, 10 

Al atomic doping%, respectively) and ethanolamine (0.16 mL) were mixed in 100 mL of 

ethanol. The mixture was heated to 80 
o
C for 2.5 h. As a result, a clear solution was 

obtained. The solutions were filtered through 0.45 μm syringe filters (Whatman, PVDF) 

prior to use. 

Pre-cut ITO substrates (ca. 15Ω/sq, Colorado Concept Coating, LLC) were cleaned in 

a heated ultrasonic bath in a sequence of solvents with increasing polarity: hexanes (30 

min), acetone (15 min) and isopropanol (15 min).  Cleaned ITO substrates were kept in 
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isopropanol for storage. ITO substrates were dried under a N2 stream before use. The 

deposition of AZO film onto ITO substrate was carried out through spin coating (4000 

rpm, 1 minute). The deposited film was post-annealed on 150 or 260 or 350 
o
C hotplate 

for five minutes. Two spin coating and annealing cycles were performed to obtain ca. 50 

nm AZO film thickness. 

2.1.5   Sputtered ZnO (sp-ZnO) 

ZnO thin film formations via sputtering were performed by radio frequency (RF) 

sputtering (Kurt J. Lesker, Model AXXIS), where the applied bias between anode and 

cathode is flipped at a radio frequency in an order of ca. 10 MHz to prevent charge build-

up on ZnO target (99.999%, Kurt J. Lesker).  ITO substrate (Colorado Concept Coating 

LLC.) was treated with 10.5 watts O2 plasma at ca. 400 mtorr for 10 minutes and then 

transferred into sputtering chamber. The sputtering chamber was pumped down for at 

least 6 hours under one rough pump and one turbo pump running. A base pressure should 

be achieved less than 3 x 10
-6

 torr, the maximum base pressure allowed for sputtering. 

Next, the carrier gas – argon with 1 vol% oxygen concentrations was introduced into 

sputtering chamber with a total flow rate equal to 100 SCCM and the RF discharge 

plasma power was ramped up from 0 to 100 W with 0.2 W/s ramping rate. After 

achieving 100 W, the carrier gas flow rate was adjusted until chamber pressure 

approximated to 4.6 x 10
-3

 torr. After 5 minutes pre-sputtering (with the front shutter on 

sputtering magnetron closed), the front shutter was opened up to start the deposition. A 

typical thickness, 30 nanometer was deposited for sputtered ZnO for the use in OPV 

device configuration. The thickness determination was carried out by AFM through the 

height difference at front mask covered region to uncovered region. After deposition, the 
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shutter was closed and the discharge plasma power was ramped down from 100 to 0 W 

with 0.2 W/s rate. Finally, the carrier gas rate was adjusted to 0 SCCM and the chamber 

was vented with nitrogen. The samples were unloaded for further analysis. 

2.2 Characterization of Metal Oxide Chemical Compositions and Frontier Orbital 

Energy Levels by Photoelectron Spectroscopy (PES) 

2.2.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were conducted in a Kratos Axis-Ultra X-ray photoelectron 

spectrometer using monochromatic a Al Kα at 1486.6 eV as light source and a 

hemisphere analyser as a detector. The analysis pressure was maintained below 2 x 10
-8

 

torr during the whole measurements. Sample height was adjusted to maximize the 

photoelectron counts using “snapshot” mode for each sample. Survey scan (binding 

energy from 1200 to 0 eV) was performed at 1 eV step size with 100 ms dwell time and 

hemisphere analyser passing energy is 160 eV; Ti 2p, Zn 2p, O 1s, C 1s spectra were 

typically performed at 0.1 eV or 0.05 eV step size with 200 ms dwell time with 20 eV 

passing energy unless otherwise stated. The spectrum analysis was shown as followed: i) 

background subtraction: for Zn 2p, O 1s, and C 1s, linear background was determined by 

the flat region in each spectrum and was subtracted from each raw spectrum, while for Ti 

2p, Shirley background subtraction was used to overcome Ti 2p3/2 asymmetric 

background feature. ii) Peak fitting: Gaussian function was used for spectrum fitting. For 

O 1s multiple components fitting, constant full width at half maximum (FWHM): 1.1 eV 

was used for each component. The relative atomic composition was determined by the 

component area divided by each element sensitivity factor, i.e. 2.001 for Ti, 0.78 for O 

and 0.278 for C.      
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2.2.2 Ultraviolet Photoelectron Spectroscopy (UPS) 

UPS experiments were conducted in the same photoelectron spectrometer using            

21.2 eV He(I) emission as light source. The spectra were typically, taken at 5 eV passing 

energy with 0.01eV step size, 100 ms dwell time. -9.00 V bias was applied to the sample 

to enhance the collection of low kinetic energy electrons. For data analysis, low kinetic 

energy edge (LKE) and high kinetic energy edge (HKE) were determined from its 

respective end (photoelectron signal intercept at kinetic energy scale).  A sputtered Au 

spectrum was used to determine the equilibrant Fermi-level (𝐸𝐹) between sample and 

instrument, i.e. 31.8 eV. The work function (φ) and ionization potential (IP) are 

determined by the following equations: 

                                               φ = 21.2 − (𝐸𝐹 − 𝐿𝐾𝐸)                                                (2.1) 

                                              𝐼𝑃 = 21.2 − (𝐻𝐾𝐸 − 𝐿𝐾𝐸)                                         (2.2) 

2.3 Evaluation of Metal Oxide Interlayer: Pinhole Density, Hole Blocking Ability by 

Solution Electrochemical Protocols: 

2.3.1 Chemicals: 

Probe molecules: Tris(bipyridine)ruthenium(II) dichloride, Ru(bipy)3Cl2 (99.95%, 

Aldrich), and N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) (99%, Aldrich) 

were recrystallized before used. Ferrocene (Fc) (>98%, Fluka), Decamethylferrocene 

(Me10Fc) (97%, Sigma-Aldrich), 1, 1’-DimthylFerrocene (Me2Fc) (98%, Aldrich) were 

used without purification. Electrolyte: Tetrabutylammonium hexafluorophosphate 

(TBAPF6) (98%, Aldrich). Solvent: Acetonitrile (HPLC grade, EMD) 

2.3.2 Three-Electrodes Electrochemical Cell and Techniques 

Cyclic voltammetry (CV) was used to evaluate the pinhole density and hole blocking 
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ability of ZnO films on ITO. All the electrochemical measurements were conducted in a 

potentiostat (CHI 660c or 1030a) using a standard three-electrode electrochemical cell 

with TiO2/ITO or ZnO/ITO or P3HT/ZnO/ITO or P3HT:PCBM/ZnO/ITO as working 

electrode, platinum gauze as counter electrode and Ag/AgNO3 (BASi, 10 mM AgNO3 in 

0.1M TBAPF6 electrolyte) pseudo-reference electrode. 0.1 M TBAPF6 in acetonitrile was 

used as the supporting electrolyte. The probe molecule solutions were degassed with 

argon for at least half hour before use.  For TiO2/ITO. Ru(bipy)3Cl2, TPD, and Fc 

solutions were prepared with 0.1 mM in 0.1 M TBAPF6 acetonitrile solution. The scan 

rate was 0.1 V/s with voltage sweep range 0 V  1.5 V  0V  -2.3 V  0 V for 

Ru(bipy)3Cl2; -0.4 V  0.6 V  -0.4 V for Fc; -0.2 V  1.2 V  0.2 V for TPD.  

For ZnO/ITO in bare electrolyte (0.1 M TBAPF6 acetonitrile solution), the voltage 

sweep was set initially at 0.8 V and then scanned negatively to -0.9 V and reversed 

positively to 0.8 V, For ZnO/ITO in probe molecule solutions, TPD, Me2Fc, and Me10Fc 

solutions were prepared with 0.5 mM in 0.1 M TBAPF6 acetonitrile solution. The scan 

rate was 0.1 V/s with the initial voltage set negatively with respect to probe molecule 

redox potentials, i.e. -0.2 V for Me2Fc, -0.6 V for Me10Fc, and 0.1 V for TPD and swept 

positively (oxidation), then reversed back negatively (reduction). For P3HT and 

P3HT:PCBM on ZnO/ITO in bare electrolyte, the initial voltage set at -0.2 V and then 

scanned positively to 1.0 V and reversed negatively to -0.2V.     

2.4 Characterization of Metal oxide Morphology, Crystallinity, Electrical and 

Optical Properties 

2.4.1 Field Emission Scanning Electron Microscopy (FE-SEM) 

The top-view and cross-section image of ITO/CVD TiO2 or sg-ZnO were obtained 
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with a FE-SEM (Hitachi, Model 4800) using secondary electron mode. Cross-sectioned 

samples were coated with a few nm of sputtered platinum to prevent charging during the 

analysis. 

2.4.2 Grazing Angle X-ray Diffraction (XRD) 

The diffractogram of CVD TiO2 thin film on Au slide was obtained on a X-ray 

diffractometer (Philips X'PERT MPD) using a Cu Kα (0.154 nm) light source with 1
o
 

grazing angle incident to the thin film sample plane. The diffractometer was set at 0.02
o
 

per step point with counting time of 10 seconds per point, with the diffraction angle range 

(2ϴ) scanned between 20 - 100
o
.  The diffractogram of TiO2 anatase nanopowder (<25 

nm, 99.7%, Aldrich) was used as a standard for comparison.  

2.4.3 Atomic Force Microscopy (AFM) and Conductive-Tip AFM (C-AFM) 

The topography and current mapping images of CVD TiO2 on ITO and bare ITO 

were carried out by conducting tip atomic force microscopy (C-AFM – Agilent 5500, 

contact mode) using boron-doped diamond tips (Nanoworld, NW-CDT-FMR) with an 

applied bias of 0.2V (bare ITO), and 1.2V (CVD TiO2/ITO), where samples were 

grounded and the tip potential varied. The absolute value of the current observed in these 

TiO2/ITO samples, as presented in Figure 3.4 was occasionally shifted positively in the 

region from -2 to 2 volts in single point J-V measurements, and we normalized the 

baseline currents in order to compare electrical activity from one sample to another. 

The topography images of sg-ZnO and sp-ZnO on ITO were conducted by an atomic 

force microscope (Dimension 3100, tapping mode) using n-type silicon probe with 

aluminium back coating (MikroMasch, HQ:NSC15/AL BS).  

2.4.4 Transmittance and Reflectance measurements 
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Transmittance and reflectance optical measurements of CVD TiO2 thin film on quartz 

were carried out using a UV-Vis-NIR spectrometer (Cary, Model 5000). The thin film 

thickness is 36 nm. A transmittance/reflectance spectrum of a clean quartz substrate was 

used as background to calculate CVD TiO2 transmittance/reflectance value. The 

spectrometer was set at 1 nm interval with 100 ms integration time. The measuring 

wavelength range is from 200 nm to 1000 nm. 

2.4.5 Spectroelectrochemistry (SEC) 

The SEC of sol-gel ZnO on ITO was carried out by a UV-visible diode array system 

(Agilent 8453 A) and a potentialstat (CHI 660c). The sg-ZnO/ITO substrate was 

assembled in the same standard three-electrode electrochemical cell, as described in 

Section 2.3.2 and used as the working electrode (reference electrode: Ag/AgNO3; counter 

electrode: platinum gauze) in contact with 0.1 M TBAPF6 supporting electrolyte in 

acetonitrile. The assembled electrochemical cell was then positioned in the light pathway 

between the UV-visible light source and the diode array detector with the ZnO/ITO side 

straight-facing to the light source.  

The SEC was taken with difference spectra, where the spectrum of sol-gel ZnO/ITO 

working electrode biased at 0.8 V vs. Ag/AgNO3 was used to blank the spectrometer. 

With the spectrometer operating in “Kinetics” mode, the difference spectra as a function 

of applied bias from 0.8 to -0.8 V vs. Ag/AgNO3 were acquired at each 100 mV integral 

(1 nm spectral resolution, 0.5 second integration time.) The voltage sweep rate was set at 

0.01 V/s in the potentialstat.  Note that a manual synchronization between the 

spectrometer and potentialstat to initiate the spectroelectrochemical measurement was 

needed.      
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2.4.6 Polarization Modulated Infrared Reflection Absorbance Spectroscopy (PM-IRRAS)  

(Courtesy of Lingzi Sang, performing experimental works and providing experimental 

details) 

The investigation of PM-IRRAS for sg-ZnO was conducted by a Fourier transform 

infrared (FTIR) spectrometer (Nicolet Nexus 670) coupled to a tabletop optical 

module.  Polarization modulation is provided using a Hinds Instruments (Hillsboro, OR) 

PM-90 with a zinc selenide (ZnSe) 50 kHz optical head and a synchronous sampling 

demodulator (GWC Instruments, Madison, WI).  Optical signal is obtained using a MCT-

A detector (Thermo Electron Scientific Instrument Corp., Beverly, MA).  Slides were 

placed at 80º incidence angle and spectra are an average of 4096 scans with 4 cm
-1

 

resolution and maximum dephasing at 3000 and 1600 cm
-1

.   

2.5 BHJ organic solar cell fabrications and Characterization 

2.5.1 Chemicals 

Poly(3-hexylthiophene-2,5-diyl) regioregular (P3HT, electronic grade, Rieke Metals), 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 99.5%, Nano-C), poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS, Clevios P VP AI 4083), 

MoO3 (99.99%, Sigma-Aldrich), Triton X-100 (Sigma-Aldrich), 1,2-Dichlorobeneze 

(99%, Sigma-Aldrich), Ag (99.99%, Kurt J. Lesker) 

2.5.2 Active Layer, Hole Transport Layer (HTL), and Metal Contact Depositions 

i) BHJ device employing CVD TiO2 interlayer (Chapter 3) 

Bulk heterojunction OPVs were created on either bare ITO or sg-ZnO/ITO or CVD 

TiO2/ITO substrates, in a N2 filled glovebox (Mbraun Labmaster), a 1,2-dichlorobenzene 

solution composed of 1:1 wt% P3HT:PCBM (50 mg/ml total) was stirred at 60 
o
C for at 
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least 3 hours before use. This blend solution was spun on CVD TiO2/ITO or bare ITO at 

600 rpm for 1 minute at RT and then the deposited samples were kept in a covered petri 

dish for slow drying overnight. The blend layer was then transferred on a hot plate to 

anneal the layer at 110 
o
C for 12 minutes. 20 nm MoO3 interlayer and 100nm Ag top 

contacts were deposited sequentially via thermal evaporation at ca. 5 x 10
-7

, and 1 x 10
-6

 

torr, respectively. A shadow mask was used during Ag deposition to confine the cell area 

(0.019 cm
2
).  

ii) BHJ device employing sg-ZnO and sp-ZnO (Chapter 4 and 5) 

Sg-ZnO and 1% O2 sp-ZnO deposited ITO substrates were used to as the 

ETL/electrode to fabrication the BHJ devices. A 1, 2-dichorobenzene solution composed 

of 1:0.8 wt% P3HT:PCBM (36 mg/ml total) was stirred (600 rpm) at 60 
o
C for at least 3 

hours before use.  The blend solution was spun on the ETL/electrode at 700 rpm for 1 

minute and then the deposited samples were kept in a covered petri dish for slow drying 

overnight. After slow drying, the samples were annealed at 100 
o
C for 10 minutes and 

then cooled down to RT. PEDOT:PSS was used as HTL in this device fabrication. 1 wt% 

Triton X-100 surfactant was added into PEDOT:PSS solution to improve the 

PEDOT:PSS wettability to the blend layer. The mixed PEDOT:PSS solution was spun on 

the blend layer in air at 4000 rpm for 1 minute and rinsed with ethanol, isopropyl alcohol 

for multiple cycles (generally, 4 to 5 cycles, it may change based on the environment 

humidity) until the PEDOT:PSS layer completely wet the blend layer (identified by the 

optical color reflection of PEDOT:PSS layer, which is sensitive to human eye). The 

deposited samples were then transferred into N2 filled glovebox (Mbraun Labmaster) and 

annealed at 110 
o
C for 10 minutes. Ag top electrode was thermally evaporated on the 
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substrates at ca. 3 x 10
-6 

torr. A shadow mask was used during the Ag deposition to 

confine the cell area (0.125 cm
2
).  

2.5.3 Current to Voltage Testing  

The dark and light J-V measurements were carried out using a source meter (Keithley, 

model 2400) and in-house software (National Instruments Labview 8.2) in a N2 filled 

glovebox (Mbraun Labmaster). The scan voltage was swept from -2 V to 2 V with 10 mV 

steps. A 300 W Xe arc lamp (Newport) was used as a light source, light was passed 

through a neutral density filter (Thorlabs), an AM 1.5 filter (Melles Griot), and a 40
o
 

output angle optical diffuser (Newport), subsequently before illuminating OPV devices. 

The illuminating light intensity at the device plane was calibrated by a flat response 

thermopile (Newport) and a calibrated silicon photodiode (Newport – Model 818-SL with 

OD3 Attenuator) to achieve 100 mW/cm
2
. 
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CHAPTER 3 

DEVELOPMENT OF UV-CVD SYSTEM FOR TiO2 THIN FILM DEPOSITION 

AND ITS APPLICATIONS IN ORGANIC SOLAR CELLS 

The main research outcomes in this chapter have been published in J. Mater. Chem. 

A, 2013, 1, 6794-6803. The following contents are adapted and expanded from the above 

journal.   

3.1 Introduction 

Photo-assisted chemical vapor deposition (PACVD) for thin film depositions has 

been extensively studied since the 1970’s.  Deutsch et al. used 257 nm UV laser (power: 

~2 x 10
-4 

W) to illuminate the metal alkyl precursors in gas phase and successfully 

deposited fine controlled metal thin films.
1
 The external light source in PACVD can raise 

the substrate temperature, facilitating thermal decomposition of gas phase precursor 

and/or performing photo-dissociation of gas phase precursor to form radical species. As a 

result, the deposition enables to occur at lower temperature than conventional thermal 

CVD.  The development of PACVD has been successfully progressed and applied in 

many microelectronics devices for semiconductor, metal, and insulator depositions.
2
       

CVD of TiO2 attracts extensive research interest, since TiO2 is a promising material 

for optical coatings, protective coatings, photocatalyst, and dielectric layers in 

microelectronics, etc. One of the advantages of using CVD to deposit TiO2 film is the 

fine controlling of nucleation and growth of Ti precursor molecules on underlying 

substrate to tailor the chemical and physical properties of deposited films. Currently, 

significant research efforts have focused on the deposition of TiO2 in low-temperature 

processing, since the low processing temperature is suitable for many future applications, 
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such as organic solar cell roll to roll (R2R) process and dielectrics deposition in 

microelectronic devices when considering the device “thermal budget” in the 

fabrications. PACVD of TiO2 has been reported to be deposited at as low as 50 
o
C.

3
 In 

this chapter, we report the development of ultraviolet assisted chemical vapor deposition 

(UV-CVD) for TiO2 thin film proposed as an electron transport layer (ETL) in organic 

solar cell. The early work effort focuses on the characterization of CVD TiO2 thin film 

chemical, physical, optical and electrical properties and the second part of this study 

investigates the impact of CVD TiO2 interlayer on inverted BHJ devices.  

3.2 Deposition Mechanism in CVD TiO2: Thermal and UV Decompositions 

Thermal energy provided on the deposition substrate in a CVD is the main energy 

resource to overcome the activation energy of the chemical reaction – the decomposition 

of precursor molecules to final deposited film products.  The understanding of chemical 

kinetics and mass transport phenomena affected by the thermal energy is critical for a 

CVD system to create a desired thin film deposition.  

The chemical kinetics and mass transport in a CVD are complicated, since it involves 

the chemical reactions and gas diffusion, adsorption/desorption in the gas phase and on 

substrate surface.
2
  The deposition mechanism can be summarized as the following seven 

steps,
2,4

 as shown in Figure 3.1: i) Transportation of gaseous precursors into the reaction 

chamber; ii) the precursors converts to intermediate species; iii) diffusion of the 

intermediate species through boundary layer; iv) intermediate species convert to reactants 

and adsorbed on substrate surface; v) decomposition of the reactants produces deposited 

product and by-products; the deposited products diffuse along the substrate surface 

forming nucleation center and film growth develops; vi) desorption of by- 
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Figure 3.1 The seven elementary steps in a Chemical vapor deposition (CVD) 

mechanism: i) gas molecule (precursor) transportation, ii) precursor to intermediate 

conversion, iii), intermediate transportation, iv) intermediate to reactant conversion at the 

deposition substrate, v) decomposition of reactant and the formation of deposit product 

(TiO2 in this case) driven by thermal energy, vi) desorption of by-products from the 

deposition substrate, vii) by-products diffusion toward high vacuum.   
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products from substrate surface; vii) the by-products diffuses through the boundary layer 

and exits the reaction chamber.   

The deposition in a CVD system at a given substrate temperature, chamber pressure, 

concentration of gaseous precursor can be categorized as (1) chemical kinetically and (2) 

mass transport limited regimes. 

The kinetics regimes, typically, occurs at low deposition (substrate) temperature, in 

which the deposition rate is controlled by the chemical reaction on the heated substrate. 

An Arrhenius-type relation between the deposition rate and substrate temperature is 

usually described, as shown in equation 3.1: 

                                            𝑅𝑎𝑡𝑒 ∝ 𝐴 exp (
−𝐸𝑎

𝑅𝑇⁄ )                                      (3.1) 

Where A is the pre-exponential factor; Ea is the reaction activation energy and R, T have 

their usual significance. Note that below a certain threshold temperature, the deposition 

rate due to the physisorption raises as the temperature becomes lower, which does not 

follow Arrhenius-type temperature dependence.
5
     

At a higher deposition temperature, the controlling of deposition rate shifts to the 

diffusion of gaseous reactant to the substrate surface, i.e. the rate is proportional to the 

flux of the reactant approaching to the substrate surface.
4
 This is known as mass transport 

regime and Fick’s first law can be used: 

                                               𝐽 = −𝐷(
𝐶𝑏−𝐶𝑠

𝛿
)                                                     (3.2) 

J is the flux of gaseous reactant entering the substrate surface; D is the diffusion 

coefficient; Cb, Cs are the concentrations of gaseous reactant in the bulk, at substrate 

surface, respectively. 𝛿  is the width of the boundary layer.  As is mentioned further 

below, we found in our CVD system, with 70 
o
C, 140

 o
C, 210

 o
C substrate temperatures 
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and at the given carrier gas flow rate (0.67 SCCM), the depositions of TiO2 belong to 

kinetics regimes, where the rate grows in an exponential manner when the temperature 

increases, as consistent with other CVD system.
3,5,6

     

For the optimization of a thin film deposition, one should consider the desired 

properties for the deposited film, e.g. uniformity, morphology, and 

chemical/physical/electrical properties. Using high substrate temperature produces fast 

deposition rate, but it likely to induce particle formation and aggregation in gas phase and 

may cause non-uniform film as well as poor adhesion with underlying substrate. At low 

substrate temperature, the thermal energy may be not high enough to complete the 

decomposition of precursor and thus the amount of physisorbed species within the film is 

expected. For our interlayer purpose, we anticipate a uniform film and conformal coating 

with ITO substrate with great controlling of film thickness in a nanometer scale. After the 

evaluation between the quality of the deposited films and the deposition rates at 5 

different substrate temperatures: 20 
o
C (RT), 70 

o
C, 140 

o
C, 210 

o
C, 240

o
C, we found the 

deposited film at 210
o
C exhibit the best film uniformity, providing for excellent control 

of thickness and morphology with appropriate deposition rate (1.2 nm per minute). The 

composition, structure and energetics (band edge energies) of TiO2 films ranging from 

12-36 nm were characterized in detail.  

The use of external UV light source in CVD of TiO2 and post treatment in the 

gelation process in sol-gel synthesis of TiO2 has been found.
3,6–12

 The UV light can 

hasten the dissociation of precursor molecule without interrupting the film growth on the 

substrate (for CVD) or in the solution (for sol-gel synthesis) from the thermal energy.  

With the employment of UV light, the deposited TiO2 samples have been shown with 
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higher crystalline structure, chemical stoichiometry and better photocatalytic activity.
7
 

The use of UV light during TiO2 film growth may also change the various kinds of defect 

densities, e.g. oxygen vacancy (Vo), titanium interstitials in the TiO2 film and lead to the 

change in the film electrical properties as an interlayer material in organic solar cell.   

We aimed to study the effect of UV light on the CVD TiO2 deposition and the 

deposited film and the following impact on organic solar cell. We intentionally added a 

pair of 254 nm UV lamps in our CVD system, where the light source was not directly 

positioned on the substrate, but close enough to illuminate the precursor molecule during 

it transits to the deposition substrate. We investigated the UV light effect on the deposited 

film chemical compositions, frontier energy levels, and device performance.      

3.3 Thin Film Characterization 

3.3.1 Film Morphology, Crystallinity, Electrical Heterogeneity and Optical Properties 

In the morphology study, we first showed the uniformity of CVD TiO2 films 

deposited on ITO surface. Figure 3.2 (a) shows a FE-SEM cross section of an ITO/CVD-

TiO2/P3HT:PCBM. The 24 nm TiO2 interlayer is clearly uniform and continuous 

throughout the device, demonstrating its compatibility with both active layer and 

electrode materials.  Next, the topography change on ITO before and after the deposition 

of CVD TiO2 was shown in the FE-SEM images. From the bare ITO (Figure 3.2 (b)), the 

ITO sub-grain structure is sharp and clearly defined. After 12 nm TiO2 deposition (Figure 

3.2 (c)), the ITO sub-grain structure is still clearly visible. In addition, on each ITO sub-

grain top, it is clear to see the growth of TiO2 nanoparticles, suggesting that a conformal 

growth of TiO2 film was obtained. The deposition TiO2 thin film on ITO substrate can be 

confirmed by the energy dispersive X-ray spectroscopy (EDX) image, as shown in Figure  
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Figure 3.2 (a) Cross sectional FE-SEM of P3HT:PCBM/CVD TiO2/ITO interface. Top 

view FE-SEM images of (b) bare ITO and (c) 12 nm UV-CVD TiO2/ITO deposited at 

210 
o
C the sub-grain structure for the ITO substrate is clearly seen in both images. (d) 

EDX Titanium content depth profile in cross sectional FE-SEM of UV-CVD TiO2/ITO 

interface. 
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3.2 (d), where the titanium content as function of the depth profile of the deposited film 

on ITO was studied. The titanium rich region is concentrated on the deposited film 

compared to the ITO region and void space. Similar images were obtained for all 210 
o
C 

TiO2 films up to the highest thicknesses explored (36 nm). Same observations were found 

in the topography images of ITO, ITO/CVD TiO2 by atomic force microscopy.  In Figure 

3.3(a), we showed a bare ITO topography, the ITO sub-grain is clear defined. After 36 

nm CVD TiO2 growth (Figure 3.3 (b)), still no obvious difference was observed. We 

intentionally deposited around 290 nm CVD TiO2 on ITO, not OPV interlayer relevant 

thickness, and found ITO sub-grain became difficult to define and TiO2 particles were 

still conformal with ITO sub-grain. The close root mean square surface roughness of 

three samples (bare ITO: 2.85 nm; 36 nm TiO2/ITO: 2.74 nm; 290 nm TiO2/ITO: 3.35 

nm) also suggests the CVD TiO2 conformity with underlying ITO substrate. We note that 

for TiO2 and ZnO films deposited by dip coating or spin casting from sol-gel solutions, 

we and others have found it difficult to resolve the underlying transparent conductive 

layer features suggesting that those films are not as conformal, and not as smooth, as 

those shown here.
13,14

     

X-ray diffraction (XRD) data, coupled with photoelectron spectroscopy and OPV 

performance (below) showed an interesting competition between substrate temperature 

and deposition rate and film quality and device performance. Films deposited at 210
o
C 

were amorphous, conformal and stoichiometric and produced the best OPV performance 

(see below). We found films deposited at 20 
o
C tended to be less uniform (only 

physisorption). Film deposited at 70 
o
C, 140 

o
C, the deposition rates were much lower 

than higher temperatures (210 
o
C, 240 

o
C). Films deposited at ca. 240 

o
C were crystalline  
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Figure 3.3 Tapping mode AFM image (1 x 1 μm) of (a) bare ITO, (b) 36 nm UV-CVD 

TiO2/ITO and (c) ca. 290 nm CVD TiO2/ITO (d) XRD diffractograms for a UV-CVD 

TiO2 film, created with a substrate temperature of 240 °C on Au and an anatase TiO2 

powder standard. 
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anatase (Figure 3.3 (d)) but also tended to be less uniform. For TiO2 films deposited at 

20, 70, 140, and 210 
o
C, we saw no clear diffraction peaks, indicating that these films 

have crystalline features smaller than the coherence length requirement for a clear X-ray 

diffraction Bragg peak, i.e. are effectively amorphous.  The peak width of the major 

Bragg peaks were used to estimate the coherence length for the diffraction peaks in the 

anatase films grown at 240 
o
C (ca. 21 nm), using the Scherer relationship.

15
 

Conducting tip-AFM was used to compare the topographic structure in CVD TiO2 on 

ITO, and the heterogeneity of their electrical properties.  Figures 3.4 (a) and (c) show the 

height topography and electrical current mapping for an ITO electrode coated with 24 nm 

of CVD TiO2 film, while Figure 3.4 (b) and (d) show the histogram distribution of height 

and current respectively, both measured at the boron-doped diamond AFM tip. The 

distribution of electrically active sites is broad and asymmetric, and ca. 20% of the 

sampled sites carry current densities of ca. 0.3 A/cm
2
 (assuming a 125 nm diameter 

spherical patch for the tip to collect current) whereas the median current density is ca. 0.1 

A/cm
2
. Similar distributions of current on bare and activated ITO substrates have been 

seen before.
16,17

 It is not clear whether the distribution obtained here is reflective of the 

number of conductive pathways established in the TiO2 film, or whether the film is 

electrically uniform and the observed distribution of electrical activity is simply reflective 

of the distribution of electroactivity in the underlying ITO substrate. 

From the above morphology studies by FE-SEM and AFM, it suggests that TiO2 

nucleation site span the entire ITO substrate during the first phases of CVD growth, 

leading to layered growth.  In CVD growth the interaction between vapor precursors and 

substrate dictates the growth mode of the film.
4
 Layered growth, island growth, or the  
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Figure 3.4 (a) Contact mode AFM image (2.5 x 2.5 μm) of a 24 nm UV-CVD TiO2/ITO 

film and (b) associated histogram. (c) C-AFM current data of the same area using 1.2 V 

applied bias (tip vs. TiO2/ITO); (d) surface conductivity histogram. 
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mixture of the two modes is observed depending upon rate of deposition, substrate 

temperature and strength of interaction of the precursor with the surface.
4
 It is known that 

TTIP is activated and/or decomposed to radical products in the vapor phase with UV 

illumination,
3,5,6,10–12,18–20

  which appears to strengthen the initial interaction with the ITO 

substrate, providing important nucleation sites for further deposition. A conformal, dense, 

and pinhole-free TiO2 film is thus obtained at the optimal deposition temperature 210 
º
C, 

with only slight differences in deposition rate with or without UV activation. At 210 
º
C 

substrate temperature we achieve instantaneous decomposition of TTIP and conformal 

oxide growth.
3,5

  

Optical Characterization of metal oxide is critical for the interlayer purpose in organic 

solar cell. Idea interlayers are visible transparent to prevent competing absorption with 

active layer materials in solar irradiation spectrum. The understanding of transmittance 

and reflectance of metal oxide allows for the optical bandgap determination as well as the 

evaluation of the effectiveness of acting as an optical spacer in an organic solar cell, as 

detailed in Section 1.2.1.4.    

In Figure 3.5 (a) and (b), we showed the transmittance data and camera picture of 

CVD TiO2 films on ITO substrates. 12, 24, 36 nm film thickness were compared here, the 

same film thickness incorporated in BHJ devices (see below). In the transmittance data, a 

sharp absorption edge around 300 nm is due to the ITO and glass UV absorption. With 

the growth in the film thickness, a decrease in transmittance ranging from 300 to 500 nm 

was observed. It may be attributed to the amount of undecomposed organic species 

within CVD TiO2 films and/or the change in the concentrations of defect and 

substoichiometric component, i.e. Ti
3+ 

.
21

  In Figure 3.5 (c), the Tauc plot of CVD TiO2  
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Figure 3.5 12, 24, and 36 nm CVD TiO2/ITO and bare ITO optical transmittance data (a) 

and optical image (b) (10, 20, and 30 labeled number means the deposition time in 

minute). (c) Tauc plot of CVD TiO2 on quartz using 36 nm CVD TiO2 film thickness, in 

which optical band gap of 3.7 eV was determined. 
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deposited on quartz was showed. In y-axis, the absorption coefficient (α) was determined 

by the following equation:
22

  

αt =  −ln (
𝑇

1 − 𝑅
)                                                            (3.3) 

Where t is film thickness; T is transmittance; R is reflectance. The optical band gap of 

CVD TiO2 was estimated from the intercept at photon energy axis, i.e. 3.7 eV. Combined 

with the ultraviolet photoelectron spectroscopy (UPS) data, the energetics position of 

CVD TiO2 with respect to vacuum level can be determined (see below).  

3.3.2 Near-Surface Chemical Composition and Frontier Orbital Energy Level 

The chemical composition and energy level of CVD TiO2 was investigated by X-ray 

photoelectron spectroscopy (XPS) and UPS, respectively. In XPS, we were particularly 

interested in the effect of UV light on the stoichiometry of deposited TiO2 films. We 

aimed to investigate the deposited film stoichiometric ratio and quantify the amount of 

remaining alkoxy groups within the TiO2 film. In this study, two films were used: with 

and without ultraviolet (UV-ON, UV-OFF) illumination during the deposition. Ti 2p, O 

1s, and C 1s core-level spectra were studied and shown in Figure 3.6. Figure 3.6 (a) and 

(b) are the Ti 2p spectra of UV-ON and UV-OFF, respectively. Two narrow peaks: 459.0 

eV was assigned to Ti 2p3/2 and 464.7 eV to Ti 2p1/2. Figure 3.6 (c) and (d) are the O 1s 

spectra of both samples. Two components: 530.5 eV was assigned to TiO2 lattice O
2-

 and 

532.1 eV to other species (e.g. carbon oxygen bond, surface hydroxyl group). Figure 3.6 

(e) and (f) are the C 1s spectra of both samples. Three components: (1) C-C, C-H at 

285.1eV (2) C-O at 286.5eV, and (3) O-C=O at 289.5 eV were used to de-convolute the 

C 1s spectra. The relative atomic ratio was summarized in Table 3.1. From the O to Ti 
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Figure 3.6 XPS Ti 2p spectra for CVD TiO2 films grown at 210
o
C with (a) and without 

(b) UV illumination during deposition; O 1s spectra with (c) and without (d) UV 

illumination; C 1s spectra with (e) and without (f) UV illumination. The background, 

fitting components are included in the spectra. The spectrum intensity was normalized 

with the highest peak of each UV-OFF spectrum. 
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Table 3.1 XPS summary of Ti 2p, O 1s, C 1s peak fitting parameters, and area 

quantifications of UV-ON, UV-OFF TiO2 samples grown at 210
o
C. 
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ratios (from Table 3.1) and the binding energy difference between Ti 2p3/2 and lattice O 

1s (O 1s – Ti 2p3/2 = 71.5 eV), we concluded the formation of stoichiometric TiO2 

occurred for both UV-ON and UV-OFF CVD TiO2 samples.
23

 From the C 1s spectra 

(Figure 3.6 (e) and (f)): in the absence of UV light, slightly higher carbon content 

entrapped within or enriched on the near-surface of the oxide film was found compared to 

the UV-ON sample. We speculate the observable carbon is arisen from sol-gel precursors 

trapped in the oxide film, not removed by the annealing during the film growth and/or 

physisorbed carbon in the ambient air during the sample transferring to the XPS analysis 

platform.  Therefore, the introduction of UV light allows the degree of decomposition of 

the sol-gel precursor to become higher and/or the UV light induces less surface affinity to 

absorb carbon species in the ambient air compared to the UV-OFF sample.      

UPS uses UV photon to excite electrons at the occupied state near the material band 

edge to vacuum level, where the kinetic energy of photoelectron can be measured. The 

aims for the UPS studies here were to determine the oxide materials valence band (VB), 

work function (φ) positions of CVD TiO2 films and the change in density of state (DOS) 

due to the presence of UV activation during the film growth. Figure 3.7 showed the UPS 

data for CVD TiO2 films on ITO, with and without UV activation during the oxide 

growth. The spectral features near the high kinetic energy edge of TiO2 are known to be 

composed of the lattice O 2p orbitals (ca. 4 eV below the Fermi-level (EF))
24

 and the 

oxide surface -OH 1π, and 3σ orbitals (at 7.6, 10.8 eV below EF).
25

 Surface adsorbates, 

e.g. H2O, CO and defect states can also influence the valence band features from such an 

oxide.
25–27
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Figure 3.7 UPS spectra of TiO2 films with (a), (c) and without (b), (d) UV illumination 

during the deposition. (a) , (b) are the low kinetic energy (LKE) edge, and (c), (d) are the 

high kinetic energy (HKE) edge features of both samples. (e) is the normalized intensity 

change at the HKE edge, derived from (c) subtracting (d). The spectra were normalized 

with respect to the highest secondary electron cascade intensity in each sample. (f) A 

proposed UV-CVD TiO2 energy level diagram was shown based on UPS results and on 

the optical band gap energy determined in Figure 3.5 (c).  
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We determined the valence band edge (EVB) of CVD TiO2 by taking the difference 

between the high kinetic energy (HKE) edge and the low kinetic energy (LKE) edge and 

subtracting that difference from the source energy (21.2 eV): EVB = 7.4 eV = 21.2 eV –  

(HKE – LKE).  Both types of TiO2 films showed comparable EVB, as can be calculated 

from the similar HKE and LKE positions in Figure 3.7 (a), (b) and Figure 3.7 (c), (d), 

respectively. Work functions for each film were estimated by computing: 21.2 - (EF – 

LKE), where EF is the assumed Fermi-level for the TiO2 film, which is the same as for a 

gold standard film, in electronic equilibrium with the photoemission spectrometer.   

For all TiO2 films we observed φ = ca. 3.8 eV, whether UV-activation was used or 

not.  To further examine the difference between UPS data obtained for TiO2 films grown 

with and without UV activation, we subtracted the UPS data for TiO2 films grown with 

UV activation from data taken for those without UV activation (Figure 3.7(e)). In this 

difference spectrum, we observed the increased lattice O 2p spectral features (ca. 4 eV 

below the EF), and the loss of surface –OH and adsorbate features (ca. 6 to 12 eV below 

the EF), consistent with the formation of an oxide layer with less adventitious impurities, 

especially the loss of unreacted sol-gel precursor and reaction products.
25

 From the VB 

position (7.4 eV) determined by UPS combined with the optical band gap (3.7eV) 

determined by the Tauc plot (Figure 3.5 (c)), we were able to position the energy levels 

of CVD TiO2 in vacuum energy level and estimate the energy offsets between this 

material with the underlying ITO and upper P3HT:PCBM active layer blends, as shown 

in Figure 3.7 (f). The CVD TiO2 CB (3.7 eV) and φ (3.8 eV) are close to the LUMO of 

PCBM, assuming no vacuum level shift. Therefore electron transfer from PCBM, 
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electron acceptor component to CVD TiO2 ETL should be efficient in our inverted BHJ 

configuration.   

3.3.3 Evolution of Hole Blocking Ability: Charge Transfer with Probe Molecules 

Studying the redox reactions of probe molecules in an electrochemical system has 

been commonly used to characterize the chemical kinetics of charge transfer across the 

interface of interest – CVD TiO2 and probe molecules in our case. We evaluated the 

ability of these CVD TiO2 films to selectively pass electrons (through states in the 

conduction band), and to reject hole carriers, using electrochemical reactions 

(voltammetry) of solution probe molecules. As was shown by the early work of Bard and 

co-workers, metal oxide semiconductor electrodes can reduce/oxidize a probe molecule, 

such as Ru(bipy)3
2+

, given that the reduction potential for the solution probe lies negative 

(electrochemical scale) of the conduction band edge.
28,29

 The voltammograms of 

Ru(bipy)3
2
 with CVD TiO2 deposited on ITO were summarized in Figure 3.8 (a), (b) and 

(c), in which different applied voltage regions were shown. In Figure 3.8 (a), the three 

successive one-electron reduction reactions for Ru(bipy)3
2+

, on TiO2/ITO electrodes (12, 

24 and 36 nm of TiO2), occur at nearly the same potentials as bare ITO, with somewhat 

reduced current densities, but with comparable rates of electron transfer as revealed by 

peak potential separation.
30

 In Figure 3.8 (b), on bare ITO, we clearly see the one-

electron oxidation process for Ru(bipy)3
2+

, with current densities significantly diminished 

on 12, 24 and 36 nm of TiO2/ITO electrode, since the oxidation potential of Ru(bipy)3
2+

 

lies within the band gap of TiO2.  It was also of interest to examine the background 

currents in this same potential window (Figure 3.8 (c)) where these currents associated 

with non-faradaic events – double layer capacitance (Cd) are also diminished with  
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Figure 3.8 Cyclic voltammograms of Ru(bipy)3
2+

 at bare ITO, and 12, 24, 36 nm CVD 

TiO2 covered ITO electrodes. (a) Three successive one-electron reductions for 

Ru(bipy)3
2+

; (b) one-electron oxidation of Ru(bipy)3
2+

; and (c) non-faradaic (charging) 

background current in the applied bias region where oxidation of Ru(bipy)3
2+

 would 

occur; (d) cyclic voltammograms of ferrocene (Fc/Fc
+
) and TPD at bare ITO and 36 nm 

CVD TiO2/ITO electrodes, showing complete blocking of their electrochemical activity. 
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increasing TiO2 film thickness, indicating smaller exposed ITO area to the electrolyte in 

solution.
31

 Interestingly, we found these capacitive currents showed an inverse trend with 

the shunt resistances (Rp) of the OPV devices (see Table 3.2 below). 36 nm TiO2 film has 

the lowest capacitive current, but highest Rp in the device J-V, vice versa. As discussed 

further below, a correlation between the leakage current in OPV device and the quantity 

of pinhole in CVD TiO2 films can be made.  Finally, in Figure 3.8 (d), we compared the 

voltammetry of two additional probe molecules, ferrocene (Fc/Fc
+
) and the hole-transport 

material in organic light emitting diode (OLED), N,N′-Bis(3-methylphenyl)-N,N′- 

diphenylbenzidine (TPD), which show reversible one-electron and two-electron 

oxidation/reduction reactions, respectively on bare ITO, both of which are 

electrochemically completely blocked on our TiO2/ITO electrodes.  

These electrochemical data suggest that these thin TiO2 films are minimally doped, 

with low densities of defects and trap states in the band gap region.
32

 The inert 

electrochemical activity for oxidation of the probe molecules, over a wide potential 

range, suggests that holes generated in an OPV active layer will not be efficiently 

harvested.  Along with the close energy level alignment between the VB and the transport 

LUMO level of PCBM, as revealed in last section. We expect CVD TiO2 to act as an 

efficient electron-harvesting and hole-blocking interlayer material in inverted 

configuration organic solar cells.    

3.4 Incorporation of UV-CVD TiO2 into Inverted BHJ Organic Solar Cells 

3.4.1 J-V Characteristics in the Dark and under Illumination 

Inverted BHJ organic solar cell configuration: ITO/CVD TiO2/ P3HT:PCBM 

/MoO3/Ag was used to evaluate the effect of CVD TiO2 interlayer on OPVs. We  
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Figure 3.9 (a) Dark and (b) illumination J-V responses for ITO/UV-CVD TiO2 (or sol-

gel ZnO)/P3HT:PCBM/MoO3/Ag bulk heterojunction OPVs.  Bare ITO electrodes show 

significant recombination near the maximum power point, lowered Voc, and very poor 

device efficiencies.  UV-CVD TiO2 films on ITO produce OPV responses comparable to 

sol-gel derived ZnO interlayers.  Because of apparent pin-holes in the 12 nm TiO2 films, 

showed slight lower Voc, F.F. and power conversion efficiency versus 24 and 36 nm TiO2 

films. 
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Table 3.2 Summary of J-V characteristics for P3HT/PCBM OPVs built on bare ITO and 

on various CVD TiO2 layers. 
a
 Shunt resistance (RP) is estimated from the inverted slope 

of light J-V curves at -1 V. 
b
 Series resistance (RS) is estimated from the inverted slope of 

light J-V curves at +1 V.  These data represent averages of six OPVs. 
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compared CVD TiO2 interlayers of 12, 24, and 36 nm thickness with sol-gel derived ZnO 

(sg-ZnO) interlayer films.
33–36

 MoO3 films were deposited from vacuum on all devices to 

create an ohmic contact for hole collection with the top Ag electrode.
37–39

  Figure 3.9 (a) 

and (b) show the dark and light J-V curves. Table 3.2 summarizes the device 

characteristics for a series of typical devices.  Using bare ITO for electron collection the 

OPVs showed J-V behavior indicative of a non-selective electron collecting contact, with 

poor dark rectification, enhanced surface recombination under illumination and poor 

overall performance.
40–43

 Devices with CVD TiO2 or sg-ZnO interlayers showed that 

recombination processes are significantly suppressed, especially near the maximum 

power point, Pmax. The responses using 24 and 36 nm TiO2 films showed F.F., Voc, Jsc 

and overall OPV performance comparable to that achieved from devices using sg-ZnO 

interlayers. OPVs using 24 nm CVD TiO2 films, deposited at a substrate temperature of 

210ºC showed the best overall performance, with an average Jsc = 11.1 mA/cm
2
, Voc = 

0.58 volts, F.F. = 0.58, to yield a PCE of 3.7%. 

3.4.2 The Impact of Light Soaking on Dark J-V Characteristics 

Using ZnO or TiO2 interlayers in OPVs is often accompanied by complications in the 

initial J-V response before extended exposure to UV light, where the rectification, F.F., 

Voc and even Jsc can be greatly improved by up to one hour of simulated AM1.5 

illumination prior to measuring the final OPV J-V.
43–45

 These changes have been ascribed 

to decreases in φ of the oxide interlayer, due to desorption of oxygen and other 

adventitious contaminants, from oxide surfaces,
46

 and/or changes in oxide composition 

which improve efficiency of electron harvesting.   
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Figure 3.10 Dark J-V curves before and after 5 minutes AM 1.5G light soaking for 

devices comparable to those in Figure 6 ((a) 24 nm UV-ON CVD TiO2; (b) 24 nm UV-

OFF CVD TiO2; (c) Sol-gel ZnO interlayers).   Average J-V curves are shown (6 cells) 

and one standard deviation error bars are included.  The dark J-V behavior of all three 

oxide interlayers is affected by the light soaking process, but the rectification ratios 

(comparing forward bias to reverse bias at +1 and =1 volts) are more strikingly impacted 

by light soaking than our sol-gel ZnO films. 
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Our device responses were also dependent upon light soaking of the device prior to 

the exposure of testing simulated solar irradiation (i.e., AM 1.5G), however, the 

illuminated J-V responses (Figure 3.9) ceased changing after only ca. 5 minutes light 

soaking.  Larger changes were observed in the dark J-V behaviors (Figure 3.10) before 

and after just 5 minutes of light soaking, suggesting compositional changes occurring at 

the oxide interlayer/active layer interface which impact on the rectification in these 

complete devices.  For TiO2 films grown with and without UV-activation we observed 

very poor dark rectification (1:1) prior to light soaking and good rectification (ca. 1000x 

at ±1V) and significantly lowered Rs after only 5 minutes exposure to the AM 1.5G light 

source, as shown in Figure 3.10 (a) and (b). We hypothesize that light soaking is 

responsible for changes in composition and trap density near the oxide surface, and that 

these traps are present in the oxide film whether grown with UV-activation or not.  

Similar but smaller effects were obtained for the sol-gel derived ZnO interlayers, as 

shown in Figure 3. 10 (c).   

3.5 Summary and Conclusions 

We have demonstrated a simple approach to the formation of high quality, conformal, 

electron-selective TiO2 interlayer films, using CVD, providing a new approach to the 

growth of interlayer films that could be easily scaled to an in-line process for the 

deposition rates, substrate temperature and UV exposure. These first studies have focused 

on the deposition of TiO2 films on ITO/glass substrates, a process which is enhanced 

slightly by the addition of UV-activation of the volatile precursor, which appears to lower 

the near-surface concentration of adventitious carbon.  It is interesting to note that in a 

narrow window of film structure, which is much more uniform than films created to date 
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by spin-casting of sg-ZnO or TiO2 precursors. This process enables the use of thinner 

TiO2 films with equivalent electronic properties to those of sg-ZnO interlayers. 

Interestingly the optimum film thickness for these CVD grown TiO2 films (ca. 24 nm) is 

in the range found to be optimum for individual TiO2 nanoparticles collected in micron-

thickness assemblies for dye-sensitized solar cells (DSSCs).
47–51

 The stoichiometric 

nature of our CVD films suggests a low concentration of the defects which have been 

indicated as recombination centers in nanoporous TiO2.
48,50

 We recognize, however, that 

the optimum deposition temperature is above the temperatures desired for film growth on 

plastic, e.g., polyethylene terephthalate (PET) substrates. However, addition of higher 

fluence light sources to the process stream suggests that oxide growth may be achievable 

at lower temperatures and higher deposition rates.
3,52

 Work in progress focuses on 

understanding changes to electrical properties by introduction of intentional defects and 

dopants, which will also control the recombination processes and impact both dark and 

illuminated OPV responses. The CVD approach, and related atomic layer deposition of 

metal oxides, provides a convenient pathway to add other refractive oxide components to 

the TiO2 layer, and enables the inclusion of dopants that can increase conductivity 

without enhancing surface recombination. 
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CHAPTER 4 

CHARACTERIZATION OF ZINC OXIDE INTERLAYERS FOR ORGANIC 

SOLAR CELLS: CORRELATION OF ELECTROCHEMICAL, ELECTRONIC 

AND DEVICE PROPERTIES 

4.1  Introduction 

Interlayer thin film materials are often introduced between active layer in organic 

solar cells (OPVs) and top and bottom electrical contacts, to provide for efficient and 

selective electron- or hole-harvesting.
1–8

 Inverted configuration OPVs typically use an 

electron-harvesting interlayer, such as ZnO or TiO2, on a transparent conducting oxide 

contact (e.g. indium-tin oxide, ITO), with an emphasis on interlayers which can be 

solution processed from sol-gel or nanoparticle precursors.
1,3,4,9–17

 Metal oxides such as 

ZnO and TiO2 are typically used as ETLs  since their conduction band energies are 

positioned close to the LUMO transport levels of electron acceptor components in most 

OPVs, and can provide for good suppression of hole-harvesting and interface 

recombination owing to their large bandgap energies.
3–5,7,8

 It is believed that the 

properties required for a hole-blocking, electron harvesting interlayer film must include: 

i) proper positioning of band edge energies to make electron harvesting possible and 

hole-harvesting thermodynamically suppressed; ii) high electron motilities and 

appropriate doping levels and dopant distribution which avoids series resistance (Rs) 

effects, e.g., aluminum-doped ZnO (AZO);
18–22

 iii) minimization of physical pathways 

(pinholes, shunts) by which the donor component in the OPV active layer can come into 

direct contact with the underlying electron harvesting contact.
3,4,7,23

 These properties are 

often interconnected and their optimization can be extremely sensitive to processing 



117 

 

conditions which control micro-/nanostructure, near-surface chemical composition and 

electronic properties of the oxide and further affect the employing OPV device 

performance.
11,20,24

 

A comparison between the nucleation and growth mechanisms for metal oxide 

interlayer formation by vacuum and solution based processing methods can be illustrated 

in Figure 4.1. Vacuum processing of metal oxide films by chemical vapor deposition 

(CVD), atomic layer deposition (ALD), or radio frequency (RF)/direct current (DC) 

sputtering (sp) can provide for fine control of nucleation and growth of quite dense ZnO 

films,
25–28

 as shown in Figure 4.1 (a). The strong interaction between gas phase molecules 

and substrate allows for conformal and compact metal oxide film growth. However, ZnO 

and TiO2 in interlayers for OPVs are often formed by processing from solution 

precursors,
11,12,24,29–34

 deposition occurs via dip/spin-coating precursor molecules and 

post-annealing to evaporate solvents and decompose the precursor ligands, 
8,35–37

 as 

shown in Figure 4.1 (b). Ultimately it is desired to “print” these layers, or slot-die coat 

them, at thicknesses that ensure good electrical performance in one deposition cycle.
38

 

Metal oxide nucleation, however, into larger and more heterogeneous nuclei than seen in 

CVD, ALD or sputtering deposition, begins in the liquid phase, where interactions 

between precursor molecules dominate over molecule-to-substrate interactions. “Island” 

growth of the oxide films may dominates
25

 and a mesoporous structure with high surface 

area can be obtained, typically relevant in TiO2-based dye-sensitized solar cells 

(DSSCs),
39–42

 and more recently perovskite solar cells.
43–47

 Such solution-deposited films 

may not be close packed, and not conformal to the underlying substrate, leading to high 

pinhole densities for thinner films and a “compact” TiO2 layer is typically introduced in  
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Figure 4.1 The proposed nucleation and growth mechanisms of metal oxide thin films 

deposited via (a) vacuum and (b) solution processing on ITO. For vacuum processing, the 

oxide thin film is conformal with the ITO substrate through layered growth because of 

the stronger oxide-ITO interaction. In solution processing, most nucleation and growth 

occurs in liquid bulk solution. The interaction between oxide particles dominates and 

island growth is formed on the ITO. 
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between transparent conductive oxide (TCO) and mesoporous TiO2 layer in the DSSCs
48–

52
 and perovskite solar cells

53–56
 configurations.  The pinhole density of films in a layer-

structured PV device is often indirectly evaluated through the device shunt resistance 

(Rp), which prevents individual assessment of Rp from each component layer, and a direct 

comparison between thin film pinhole density, for either hole- or electron-selective 

interlayer and device electronic properties has not been forthcoming.   

In this chapter, we demonstrate easily implemented electrochemical methods (cyclic 

voltammetry, impedance spectroscopy) to evaluate semi-quantitatively the physical 

imperfections, i.e., pinholes for ZnO (formed by sol-gel (sg) chemistry and by RF 

sputtering), which are then directly correlated with their device J-V behavior.  Similar 

approaches have been recently demonstrated by Bard and coworkers for characterization 

of ALD TiO2 films.
57

  Cyclic voltammetry is used firstly for the evaluation of 

background (capacitive) current responses for OPV-relevant ZnO interlayer thin films in 

contact with non-aqueous electrolyte solutions, where the magnitude of the capacitive 

current correlates with the active surface area of the oxide film.  We also 

electrochemically detect electron injection/extraction into trap states, in the form of 

“chemical capacitance,”
58,59

 at applied potentials which are equivalent to, or above, the 

conduction band energy, ECB. 

When small probe molecules are added to these solutions, whose redox potentials 

span the equivalent bandgap energy of the ZnO film, faradaic currents, voltammetric 

peak shapes, and impedance analysis, indicate the extent to which physical porosity in the 

oxide film is controlled.  Similarly we show for the first time that we can spin pure 

poly(3-hexylthiophene) (P3HT) or P3HT/PCBM blend films on these ZnO interlayers, 
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and that the extent of electrochemical oxidation of the poly(thiophene) appear to correlate 

with pinhole density in the oxide film, i.e. the degree to which the polymer donor can 

penetrate to the underlying ITO contact.  Finally we show that the degree of porosity of 

these oxide films, as revealed by these electrochemical measurements, correlates well the 

Rp extracted from dark J-V curves for full device platforms, and that those interlayer 

films with the greatest physical integrity lead to the most efficient OPV devices.  We 

expect that this approach to evaluation of film properties, correlated with Rp in PV 

platforms, will be applicable to the characterization of several other metal oxide 

interlayer materials, e.g., NiOx, MoOx, WOx, and VOx, and are the type of protocols that 

could be easily implemented with films created by roll-to-roll (R2R) deposition 

processes.
38,60,61

 

4.2 Evaluation of Sol-Gel (sg) ZnO and Sputtered (sp) ZnO Pinhole Density, Surface 

Area, and Interfacial State 

 

4.2.1  Film Morphology and Porosity 

A structural comparison between sp-ZnO and sg-ZnO films on ITO is shown in 

Figure 4.2 (a), (b) for cross-sectional FE-SEM images, of ITO/ZnO/P3HT:PCBM 

devices.  Figure 4.2 (c), (d) show schematic views of the hypothesized interaction of the 

polymer/small molecule active layers with the ZnO/ITO contact. sp-ZnO films are 

generally conformal with the ITO substrate, and quite compact, consistent with layered 

growth mechanisms for deposition,
25

 and are used here as a standard against which sg-

ZnO films are compared.  The sg-ZnO films are typically much rougher with significant 

apparent porosity when viewed in cross-section, consistent with what is expected from 

island growth mechanisms.
25

 These observed structural and morphology differences are 

consistent with their AFM-determined surface roughness root mean square (RMS) value 
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Figure 4.2 Cross-section FE-SEM of (a) sputtered (sp) ZnO/ITO and (b) sol-gel (sg) 

ZnO/ITO interfaces. Sp ZnO shows conformal growth with the ITO substrate, while sg 

ZnO has a porous structure and rough surface on ITO. (c) and (d) are the proposed active 

layer/ ZnO/ ITO interface for sp and sg ZnO layer, respectively. Dense and uniform sp-

ZnO films easily separate P3HT:PCBM active layers from the underlying ITO contact, 

minimizing leakage and dark injection pathways.  More porous sg-ZnO interlayers allow 

for penetration of the active-layer components through sg-ZnO layers, lowering Rp and 

compromising OPV performance. 
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: ca. 7.3 nm (sg-ZnO) vs. ca. 2.5 nm (sp-ZnO), as shown in Figure 4.3.  Previous studies 

of similar sol-gel derived oxide films suggest that the specific surface areas of annealed 

films can be as high as 280-300 m
2
/g to accompany this higher surface roughness.

62,63
  

Figures 4.2 (c), (d) show proposed interactions between P3HT:PCBM blend active 

layers and sp-ZnO versus sg-ZnO interlayers, emphasizing the role that pinholes in the 

sg-ZnO interlayers might play in providing pathways for hole-harvesting and injection at 

exposed ITO/P3HT interfacial regions. As discussed further below, the 40 nm sg-ZnO 

layer (a thickness typical for OPV relevant interlayers, spin-cast at 3000 rpm, one spin-

coating cycle), shows the least hole-blocking ability in the electrochemical data and leads 

to the highest leakage currents (lowest Rp) in OPV devices.  

4.2.2  Cyclic voltammetry: Double Layer and Chemical Capacitance  

 

We first consider ways to ascertain the degree to which inert non-aqueous electrolytes 

interact with sg-ZnO and sp-ZnO films which can be used as an indirect measure of 

“electroactive area” of porous oxide films, as measured by the displacement currents 

arising in voltammetric characterization in the absence of redox probe molecules. Cyclic 

voltammetry was used for CH3CN/0.1M TBAPF6 solutions, at a sweep rate of 1 V/s  

over potential ranges from +0.8 to -0.9 volts vs. Ag/AgNO3, a range that was selected to 

coincide with the energies of the band gap region of ZnO, and a negative potential limit 

which corresponds to electron injection into ECB of ZnO,
1
 with the energy level of ECB for 

ZnO equal to ca. -4.4 eV versus vacuum.
1,7

 These energies are estimated by converting 

the reference electrode potential (versus a probe redox couple such as 

ferrocene/ferrocenium) to an absolute energy scale, assuming that the standard hydrogen 

electrode (SHE) has an energy of ca. -4.5 eV versus vacuum.
64
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Figure 4.3 1 x 1 μm AFM images of (a) 40 nm sol-gel ZnO and (b) 30 nm sputtered ZnO 

deposited on ITO. (c) and (d) show the cross-section height profile of (a) and (b), 

respectively. The selected region is indicated with double arrow in the AFM images.   
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In the voltage region positive of ca. -0.4 volts (in the bandgap region below ECB for 

ZnO) the current density can be described by: 
65

  

𝑖 = 𝑣𝐶𝑑 [1 − exp (− 𝑡
𝑅𝑠𝐶𝑑

⁄ )]                                                  (4.1) 

where 𝑣 is sweep rate (V/s); 𝐶𝑑 (F/cm
2
) for a planar electrode would be described by the 

double layer capacitance at the ITO/electrolyte interface (assuming penetration of 

electrolyte to that contact), t is time; 𝑅𝑠 is solution resistance.  For sampling times that 

greatly exceed 𝑅𝑠𝐶𝑑, 𝐶𝑑 is estimated from the steady state current.   

As has been previously demonstrated for both TiO2 and ZnO thin films, and bulk 

semiconductor electrodes, as applied bias is made more negative of -0.5 V vs. 

Ag/AgNO3, approaching potentials equivalent to ECB for ZnO, we expect to observe 

additional background currents due to charge accumulation in “trap states” just below 

ECB.
59

 Such currents have been described previously as “chemical capacitance,” currents 

which rise exponentially with increasingly negative applied potential, as charge density 

and interfacial capacitance increases. Bisquirt et al. have combined theoretical modelling 

with experimental data acquired from cyclic voltammetry (CV) and impedance 

spectroscopy to study, at a microscopic scale, the electrochemical responses of chemical 

capacitance in a TiO2 layer.
58,59,66–68

 This charge trapping/detrapping of high surface area 

metal oxides is  dictated by any localized state present on an oxide surface. These can 

result from structural disorder and the polycrystalline/amorphous nature of the oxide,
69,70

 

and the presence of defect sites with energy levels close to ECB, e.g., the shallow donor 

state from a metal interstitial defect.
71–73

 The distribution of these trap states can be 

described by the following equation:
67,74

 

𝑔(𝐸) =
𝑁𝐿

𝑘𝐵𝑇𝑜
exp [

𝐸 − 𝐸𝐶𝐵

𝑘𝐵𝑇𝑜
]                                                     (4.2) 
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where NL is the electrode total volume density of traps; To is a temperature parameter to 

describe the broadening of the exponential distribution; E - ECB is the energy of the trap 

state with respect to the conduction band energy; kB is the Boltzmann constant.      

Figure 4.4 shows the cyclic voltammograms of sg-ZnO/ITO and sp-ZnO/ITO thin 

films as the structural properties shown in Figure 4.2. The sg-ZnO sample shows an 

exponential growth current when the applied bias is negative of ca. -0.4 V vs. Ag/AgNO3, 

while for the sp-ZnO sample, the capacitive current is ca. 10 x lower than sg-ZnO at -0.8 

V vs. Ag/AgNO3. The difference in the current magnitude can be attributed to the surface 

area difference between sg-ZnO and sp-ZnO thin films, as has been suggested in many 

nanoporous TiO2 films.
75–78

 The accumulated charge density in the chemical capacitance 

region was calculated to be 7.6 μC/cm
2
 for sg-ZnO (performing a linear background 

subtraction from 0.5 to -0.3 V vs. Ag/AgNO3), and significantly smaller current and 

charge densities were found for sp-ZnO films. It was also of interest to examine the 

capacitive current when the applied bias is positive of 0 V vs. Ag/AgNO3. In this 

potential region, the steady capacitive current has been suggested to be mainly attributed 

to the ITO/electrolyte double-layer capacitance.
59,79

 From the steady-state current and 

using eq. (4.1), the double-layer capacitance was determined to be 10 and 0.80 μF/cm
2
 

for sg-ZnO and sp-ZnO films on ITO, respectively (estimated from the current difference 

at 0.3 V vs. Ag/AgNO3 in forward and reverse sweep, which approximates to 2 times the 

product of 𝐶𝑑  and sweep rate, 1 V/s). The magnitude of 𝐶𝑑  reflects the degree of 

penetration of electrolyte to the ITO surface, which can be a direct way to qualitatively 

evaluate the pinhole density of deposited ZnO films. sp-ZnO forms a dense and 

conformal film with the underlying ITO substrate. As a result, it is harder for electrolyte  
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Figure 4.4 Cyclic voltammograms of sg-ZnO/ITO, sp-ZnO/ITO and sg-ZnO/sp-

ZnO/ITO heterojunctions in contact with 0.1 M TBAPF6 in anhydrous acetonitrile. The 

inset shows the similarity of the capacitive response of the sp-ZnO/ITO and sg-ZnO/sp-

ZnO/ITO samples, i.e. the sputtered ZnO film controls the capacitive response of even a 

more porous ZnO deposited over the sp-ZnO film. For all measurements, 1 V/s scan rate 

was used. 
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ions to penetrate the film and reach the ITO surface. The sg-ZnO, instead, forms a 

porous, discontinuous film with the underlying ITO surface, which in turn allows 

electrolyte ions to diffuse to the ITO substrate.  

In order to further confirm our explanations for the 𝐶𝑑  and chemical capacitance 

difference between these two ZnO film types, we prepared a layered ZnO interlayer with 

sp-ZnO (30 nm) deposited on an ITO substrate and an sg-ZnO film (40 nm) on top of the 

sp-ZnO film (ITO/sp-ZnO/sg-ZnO), as depicted in Figure 4.4. From this layered sample, 

we expect sp-ZnO with a low pinhole density would produce a small 𝐶𝑑, while sg-ZnO 

with high surface area would contribute to high exponential current in chemical 

capacitance region negative of applied potentials representing ECB. The voltammogram of 

ITO/sp-ZnO/sg-ZnO films are also shown in Figure 4.4. As expected, layered ZnO films 

on ITO show the capacitive response of sp-ZnO, at potentials positive of 0 volts, and the 

capacitive response of sg-ZnO at potentials negative of that bias. The 𝐶𝑑 (positive of 0.3 

volts) was ca. 0.79 μF/cm
2
 (comparable to 0.80 μF/cm

2
 in sp-ZnO, as shown in Figure 

4.4 inlet), the chemical capacitance accumulated charge density was determined to be 9.2 

μC/cm
2
 (on the same order magnitude as 7.6 μC/cm

2
 in just sg-ZnO films.  This suggests 

that a compact ZnO layer introduced in between ITO and high pinhole density sg-ZnO 

layer may be quite beneficial to OPV device performance, and it is notable that a similar 

strategy as has been used in the design of TiO2 photoanode configurations in both 

DSSCs, and more recently, perovskite solar cells configurations.
49,51–55

 

We also investigated the sweep rate dependent voltammetric responses to understand 

the kinetics of charge accumulation (non-faradaic) in the trap states with the competing 

faradaic processes. Figure 4.5 shows the cyclic voltammograms of ITO/sp-ZnO/sg-ZnO  



128 

 

 

 

 
 

Figure 4.5 Cyclic voltammograms of ITO/sp-ZnO/sg-ZnO film in contact with 0.1 M 

TBAPF6 in anhydrous acetonitrile at 5 different sweep rates. The inset shows the 

asymmetric voltammetric response between forward and reverse scan at the slow scan 

rates.  The voltammograms become more symmetric as the increase in sweep rates. For 

all measurements, 0.1 M TBAPF6 electrolyte in anhydrous acetonitrile was used. 
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films at the 1000, 500, 100, 50, 10 mV/s five different sweep rates.  The accumulated 

charge density in chemical capacitance regime for both forward (0.8 to -0.95 V vs. 

Ag/AgNO3) and reverse (-0.95 to 0.8 V vs. Ag/AgNO3) scans was calculated and 

summarized in Table 4.1. We found in the chemical capacitance region, as the sweep rate 

declines the forward and reverse scans become more asymmetric and the charge density 

in forward scan becomes higher, which has been suggested the forward current is 

accompanied with faradaic processes (not charge accumulation in the trap state)
58,68,80

 

and these processes become more prominent as the scan rate declines. The proton 

adsorption/intercalation on nanostructured TiO2 is known as an accompanying reaction 

when electrons fill the trap state and/or the CB (chemical capacitance regime) in aqueous 

electrolyte.
66,67,75–78,81

 Therefore, we suspect protonation on ZnO surface is the faradaic 

behavior that causes the asymmetry in our sweep rate dependent voltammograms. Using 

anhydrous acetonitrile as the electrolyte solvent in our electrochemical system the 

protonation reaction is expected to be minimum; only from the trace amount of water in 

the electrolyte and/or surface adsorbed water on ZnO. The mass transport of a proton 

onto a ZnO surface is then limited by the sweep rate. As the sweep rate increases, we 

observed less protonation and the majority of current is due to filling/emptying the trap 

states, and vice versa. 

4.2.3 Cyclic voltammetry: Interfacial State at ITO/ZnO Interface: Substrate Pre-

Treatment Dependent Effects 

The chemical and electrical heterogeneities at ITO surfaces have been demonstrated 

to be sensitive to pre-treatments, e.g., detergent cleaning (DC), RF plasma treatments 

(oxygen), and acid etching (HCl, HI), etc.  Brumbach et al. studied the electrical and  
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Accumulated charge density (μC/cm

2
) 

Sweet rate 

(mV/s) 
forward scan reverse scan 

1000 7.1 ± 2.2 4.2±0.0 

500 7.8 ± 2.2 3.9±0.6 

100 14 ± 3 3.1±1.8 

50 16 ± 4 x 

10 39 ± 17 x 

 

Table 4.1 The accumulated charge density in chemical capacitance region between 

forward and reverse scan in five different scan rates for the layered sol-gel ZnO plus 

sputtered ZnO/ITO sample, corresponding to Figure 4.5. The forward scan charge density 

increase because more faradaic event (protonation) occurs (“x” means undetermined, 

since the linear background subtraction from the double-layer capacitance region is 

inappropriate for the slow sweep rates in reverse scan).   
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electrochemical properties of DC, oxygen-plasma, and HI-etched ITO substrates by 

conductive-tip atomic force microscopy (C-AFM) and charge transfer with redox couples 

in voltammetry,
82

 and found variations in electrical conductivity and electrochemical 

properties of DC, oxygen-plasma, and HI-etched ITO substrates between these samples: 

surface conductivity and charge transfer rate in the sequence HI-etched ITO > oxygen-

plasma ITO > DC ITO. In follow-up studies by MacDonald et al., the OPV devices with 

ITO electrodes pre-treated by oxygen plasma outperforms the devices using DC and HI-

etched ITO,
83

 which has been attributed to the better energy level alignment with the 

charge transport level of the active layer materials and the improvement in electrical 

heterogeneity. 

We investigated the impact of the ITO pre-treatments on the deposition of sg-ZnO. 

The cyclic voltammogram data show a small local peak near the onset voltage of 

chemical capacitance, where the peak area varies depending on the ITO pre-treatments. 

Figure 4.6 shows the voltammograms of sol-gel ZnO deposited on DC, oxygen plasma, 

and HI etched ITO substrates. In the ITO-electrolyte Cd region (around 0.4 to -0.4 V vs. 

Ag/AgNO3) all samples have similar voltammetric response, indicting not surprisingly 

the pinhole density within the sg-ZnO films is almost independent of the pre-treatments, 

since the nucleation and film growth mostly occur in liquid phase for sg-ZnO and weak 

substrate-ZnO particle interaction is expected. Interestingly, a symmetric peak located at 

around -0.6 V vs. Ag/AgNO3 was found for DC and oxygen-plasma treated ITO 

substrates, while HI etched ITO showed no peak beyond the detection limit at the given 

scan rate (100 mV/s) and current sensitivity (10
-6

 A/V) in our voltammetry experiments. 

The integrated charge based on the peak area was determined to be 0.31 and 0.14 μC/cm
2
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Figure 4.6 Cyclic voltammograms of sol-gel ZnO/ITO deposited on ITO with different 

pre-treatments: HI etching, oxygen plasma (O2p) and detergent cleaning. For all 

measurements, 0.1 M TBAPF6 electrolyte in anhydrous acetonitrile with 100 mV/s scan 

rate was used. 

 

 

 

 

 

 

 



133 

 

for DC and oxygen-plasma treated ITOs, respectively (estimated from two-point linear 

background subtraction at around -0.5 and -0.7 V vs. Ag/AgNO3). In the related literature 

for nanostructured TiO2 studies, a strong correlation between the nanostructure and the 

shape and position of the local peak has been reported,
59,74,75,77,84,85

 but rare cases can be 

seen of substrate dependent growth.  The substrate dependence of the local peak has been 

revealed for a chemical bath deposited TiO2 film on titanium- and fluorine-doped tin 

oxide (FTO).
84

 With FTO as the deposition substrate, the local peak at around -0.2 V vs. 

Ag/AgNO3 was found, whereas on the titanium-doped substrate, this local peak 

disappears. The authors suggested a substrate template effect dictates the growth of the 

TiO2 nanocrystal. In our sg-ZnO cases no significant change in morphology were found 

for sg-ZnO deposited on DC, oxygen-plasma treated and HI-etched ITO (not shown), 

which may suggest substrate template effect is less likely. Instead, we proposed the 

existence of an interfacial state at the sg-ZnO/ITO interface. Using oxygen plasma 

treatment and HI etching creates a more oxidative environment compared to DC, which 

in turn affects the interfacial interaction between different pre-treated ITOs with sg-ZnO. 

However, more investigations, e.g., XPS to study the first or sub-monolayer of sg-ZnO 

formation on these three pre-treated ITO substrates are needed to classify the root cause.   

4.3 Electrochemical Characterization: Charge Blocking Ability of ZnO Films with 

Probe Molecules 

4.3.1 Cyclic Voltammetry: Charge Transfer through Pinhole within ZnO Films 

Studies of charge transfer of probe molecules through passive films on metal, or 

metal oxide electrodes, typically modified by self-assembled monolayers (SAMs), 

insulting polymers, and oxide films has been well characterizaed.
57,86–89

 The 
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electrochemical response of the passivated electrode, where the passivating layer has 

pinholes which allow electrolyte penetration, is highly dependent on the distributions, 

sizes, and geometric shapes of electroactive sites as well as the average distance between 

each electroactive site.
57,86–93

 For passivated electrodes with equally spaced electroactive 

sites (pinholes), modeling as a microelectrode array (MEA) configuration is often used to 

simulate their voltammetric and chronoamperometric behavior,
57,90–93

 where 

electrochemical characteristics are assumed to arise from with semi-infinite linear 

diffusion or steady-state radial diffusion.
86,88,91,92

 Bard and coworkers for example, have 

studied the electrochemical behavior of ALD TiO2-covered ITO and found the 

distribution of non-blocked ITO sites through pinholes can be simulated as a typical 

MEA when less than 30 ALD cycles, i.e., a ca. 2 nm TiO2 layer, is deposited on ITO.  

Sweep rate dependent voltammograms of probe molecules show mass transfer behavior 

transitions from radial to linear diffusion with increasing scan rate. To fully cover ITO 

surfaces without the presence of significant pinholes, more than 100 ALD cycles, i.e., 4 

nm, TiO2 layer was needed.
57

 

Using sg-ZnO covered ITO working electrodes, we expect that mass transfer 

characteristics will be complicated by the interconnected pinhole pathways in the sg-ZnO 

film, extending from the ZnO/solution interface to the ITO surface (as suggested by 

Figure 4.2) and semi-infinite linear diffusion based on the assumption of an individual 

cylindrical diffusion channel, without overlap of adjacent “microelectrodes” in the MEA 

model may not be entirely valid.  We can, however, assume the MEA model holds to the 

extent that it allows us to semi-quantitatively compare the degree of blocking of the ITO 

contact by the ZnO layer.  
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High quality, pinhole-free ZnO films will act as passivating layers, provided the 

redox potentials of the probe molecules are energetically within the band gap of ZnO, as 

we recently showed for several different probe molecules used to characterize CVD 

TiO2.
94

 The existence of pinholes, however, allows the electroactive species to diffuse to 

the ITO surface and where faradaic events may occur.
95

    

We compared sg-ZnO with sp-ZnO in terms of their hole-blocking abilities using 

voltammetry of the probe molecules: (decamethylferrocene (Me10Fc) and 1,1’-

dimethylferrocene (Me2Fc)) and N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine 

(TPD). All probe molecules have redox potentials within the band gap region of ZnO.
94

 

We first studied the hole blocking ability of sg-ZnO as function of film thickness and 

found a strong correlation between the pinhole density and the charge blocking ability. 

The cyclic voltammograms of Me2Fc, Me10Fc and TPD using bare ITO and sg-ZnO/ITO 

deposited with one (1x, ca. 40 nm), two (2x, ca. 80 nm), and three (3x, ca. 120 nm) 3000 

rpm spin-coating cycles, and a 30 nm sp-ZnO/ITO film are shown in Figure 4.7. The 

voltammetric responses of 1x sg-ZnO film (Figure 4.7 (b)) are nearly identical to those 

for bare ITO (Figure 4.7 (a)) with good voltammetric wave symmetry, indicating 40 nm 

sg-ZnO layers do not block the charge transfer of these redox probes, so that diffusion 

controlled voltammetric responses can occur at this sweep rates. Note that we also 

observed one spin-coating sg-ZnO layer, using a different spin speed (2000 rpm) 

generates a ca. 70 nm film thickness, but its voltammetric response, however, was similar 

to that of 1x sg-ZnO/ITO and bare ITO, indicating that the pinhole size and density in 

films which were the product of just one spin-coating cycle, is large enough for probe 

molecule to diffuse freely. The charge blocking ability becomes independent of film 



136 

 

 

 

 

 

Figure 4.7 Cyclic voltammograms of 0.5 mM TPD, Me2Fc, and Me10Fc (left to right) 

using (a) bare ITO and (b) one, (c) two, and (d) three spin-coating cycle(s) sg-ZnO/ITO 

and (e) 30 nm sp-ZnO/ITO. For all measurements, 100 mV/s scan rate was used. All the 

probe molecules with redox potentials in the band gap of ZnO. This series of 

voltammograms show the charge (hole) blocking abilities of different thickness sg-ZnO 

and sp-ZnO.  
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thickness at the given scan rate.  

The improvement in the charge blocking ability can be seen as we increase the 

number of spin-coating circles. The current magnitudes of the voltammograms for 2x sg-

ZnO films (Figure 4.7 (c)) become lower for all redox couples.  The elimination of 

pinholes is further enhanced for 3x sg-ZnO/ITO sample, where charge transfer with all 

three redox couples is almost completely eliminated (Figure 4.7 (d)).  Some secondary 

peaks were found for the 2x sg-ZnO film (Figure 4.7 (c)) and slightly observed in the 3x 

sg-ZnO film (Figure 4.7 (d)). The positions of these secondary peaks are close to, or in 

the range of, the chemical capacitance region, which may be an indication of charge 

transfer through the trap state below the CB.  This charge transfer blocking effect can be 

further improved in sp-ZnO thin films (Figure 4.7 (e), note that the current scale is fifty 

times smaller than the other voltammograms).  The dense structure of sp-ZnO films, with 

low pinhole density at only 30 nm film thickness is significantly more charge blocking 

than any of the thicker sg-ZnO films (40, 80, and 120 nm).   

4.3.2 Impedance Spectroscopy: Electroactive Area, Pinhole Size and Distribution   

Studying charge transfer at a blocked electrode using electrochemical impedance 

spectroscopy (EIS) allows for the evaluation of the fractional coverage (1- θ) and the 

distribution of electroactive sites. In general, to determine the relative coverage of 

blocked areas (θ), the impedance data were fit with the Randles model, as shown in 

Figure 4.8 (a),
96

 where θ is estimated from previously derived relationships which use the 

charge transfer resistance (Rct) of blocked and unblocked electrodes:
97–100

 

θ = 1- (𝑅𝑐𝑡
𝑢𝑛𝑏𝑙𝑜𝑐𝑘𝑒𝑑/ 𝑅𝑐𝑡

𝑏𝑙𝑜𝑐𝑘𝑒𝑑)                                              (4.3) 

Modeling of the distribution of electroactive sites in a blocked electrode using  
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Figure 4.8 (a) The equivalent circuit (Randles model) for the impedance data fitting. CE 

is the counter electrode; WE is the working electrode; Rs is series resistance; Rct is charge 

transfer resistance; CPEdl is constant phase element for double layer capacitance; W is 

Warburg diffusion element.  The Nyquist plots of (b) bare ITO, (c) 1x sg-ZnO/ITO, (d) 

2x sg-ZnO/ITO, (e) 3x sg-ZnO /ITO, and (f) sp-ZnO/ITO using 0.5 mM TPD with 0.1 M 

TBAPF6 supporting electrolyte in acetonitrile solution. The potential was set at 0.42 V vs. 

Ag/AgNO3.  The experimental data is shown by circle (○) and the fit is shown as solid 

line (-). In (b), (c), and (d), the appearance of semicircle indicates that small Rct is 

obtained and TPD charge transfer with ITO is allowed or only partially blocked, while in 

(e) and (f), impedance characteristics is dominated by their capacitive property (large –

Z’’), indicating large Rct is obtained and TPD charge transfer with ITO is almost 

completely blocked.  
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EIS,
98,99,101

 typically uses the MEA model, and when θ is greater than 0.9, the average 

pinhole radius and the interelectrode distance can be estimated mathematically based on 

the “turning frequency” which is defined as the transition between high and low 

frequency regions in Z’ or Z’’ vs. ω-1/2
 plots.

97,99,100
 For our EIS studies the probe 

molecule, TPD, was chosen since its first redox potential is ca. 1 eV positive from ECB of 

ZnO on the electrochemical scale, as shown in Figure 4.7. Any faradaic events can be 

mainly attributed to molecule diffusion through pinholes, with only minimal 

contributions from charge transfer through trap states near ECB of ZnO. 

Figure 4.8 (b), (c), (d), (e), and (f) show the Nyquist (Z’’ vs Z’) plots and the fitting 

curves (using Randles model, as shown in Figure 4.8 (a)) of bare ITO, 1x, 2x, 3x sg-

ZnO/ITO and 30 nm sp-ZnO/ITO analyzed using TPD as a probe molecule, respectively.  

The fitting results for each component in the Randles model are summarized in Table 4.2. 

In Figure 4.8 (b) and 4.8 (c), a nearly complete semicircle in the high frequency region 

(10
4
 to 10

2
 Hz) and a linear region in the low frequency region (10

2
 to 1 Hz) were found. 

In the high frequency region, the impedance frequency response can be seen as the 

contribution of a combined parallel Rct and constant phase element for double layer 

capacitance (CPEDL) and when Rct is small compared to capacitive reactance (χc) of 

CPEDL, a distinct semicircle appears. In our system, it means the charge transfer process 

is kinetically controlled at the ITO/electrolyte interface, and the blocking effect from the 

ZnO film is minimal.  In the low frequency region, a linear characteristic means semi-

infinite linear diffusion of the redox species is achieved, with a Warburg diffusion 

element (W) modeling this diffusion behavior.
87,102,103

 In Figure 4.8 (d), (e) and (f), only a  
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Table 4.2 The modelling impedance characteristics of the charge transfer between TPD 

probe molecule with bare ITO and sg-ZnO layers and sp-ZnO covered ITO working 

electrodes base on the Randles model, as shown in Figure 4.8 (a). 
a 
The electrode active 

area was determined by the numerical ratio of 𝑅𝑐𝑡
𝐼𝑇𝑂 / 𝑅𝑐𝑡

𝑍𝑛𝑂 .
87

 Average and standard 

deviation of three samples were reported here. 
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semicircle or a fraction of semicircle with no low frequency linear region was observed. 

This observation indicates that the impedance response is dominated by kinetically 

controlled charge transfer, without linear diffusion mass transfer behavior over this 

frequency range, and as a result, an increase in Rct is expected, as showed in Table 4.2.  

The Rct of 1x sg-ZnO (290 Ω cm2) is at the same scale with slightly larger value than that 

of bare ITO (202 Ω cm2), meaning charge transfer of TPD at 1x sg-ZnO/ITO is not 

significantly inhibited by the physical barrier of the 1x sg-ZnO top layer, because of the 

presence of high density pinhole in 1x sg-ZnO and the TPD diffusion to unblocked ITO 

surface is facile, which shows a consistent trend with their similar voltammetric 

responses (Figure 4.7 (a) and (b)). As the increase in sg-ZnO film thickness, we observed 

greater than 10 times enhancement in Rct (2x sg-ZnO: 1939 Ω cm
2
; 3x sg-ZnO: 67037 Ω 

cm
2
) compared to that of bare ITO, also reflecting the better charge blocking ability. 

While for thinner but denser sp-ZnO, Rct is the largest (1219633 Ω cm2), meaning the 

TPD diffusion to ITO surface through sp-ZnO layer is the most forbidden compared to 

that of sg-ZnO. These impedance data of sg-ZnO and sp-ZnO are consistent with their 

voltammetric responses and based on these studies, we can conclude that the probe 

molecule charge transfer mainly occurs at uncovered ITO area, not ZnO surface, which 

also reveals no significant mid-gap states (to support kinetic/mass transfer control 

electrochemical behavior) present in the sg-ZnO and sp-ZnO films.  

Using Equation 4.3, the electroactive area of each sample with respect to bare ITO 

electrode (1- θ) was determined and also summarized in Table 4.2. The sg-ZnO and sp-

ZnO charge transfer blocking ability can be, therefore, evaluated quantitatively: the 

percentage of electroactive (uncovered) electrode area drops from 70 % (1x) to 10 % (2x) 
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to 0.3 % (3x) for sg-ZnO films as the increase in film thickness, as for sp-ZnO, the lowest 

electroactive coverage is obtained (0.02%). Note that this electroactive area is for the 

accessibility of mobile ion to underlying ITO, whereas in an actual device fabrication, the 

conjugated polymer donors and fullerene based acceptors with bulkier molecular 

structures should be different from mobile ions and possibly harder to access to ITO 

electrode during the spin coating and solvent drying process, but surprisingly we still 

observed significant leakage current density resulting from P3HT oxidation through 

directly contacting ITO, although the insertion of sg-ZnO as a physical separation barrier, 

which is further discussed in the next section. 

It is of interest to investigate the distribution of electroactive sites in our ZnO/ITO 

samples.  The Z’’ vs. ω-1/2
 plot for 2x sg-ZnO/ITO sample, derived from Figure 4.8 (d) is 

shown in Figure 4.9. Based on the theoretical studies done by Tokuda et al.
101

 and Finkea 

et al.,
99

 the turning radial frequency (ωmax), i.e., 74.8 rad s
-1 

at which the Z’’ maximum is 

obtained, can be used to estimate the average radius of pinhole sites on ITO (ra) and the 

average radius of inactive domain blocked by 2x sg-ZnO (rb), assuming a microelectrode 

disk shape for each electroactive site and forming a MEA distribution:  

   ω𝑚𝑎𝑥 =  
𝑞

2
                                                          (4.4) 

𝑞 =
𝐷

0.36𝑟𝑎
2                                                           (4.5) 

 1 −  θ =
𝑟𝑎

2

𝑟𝑏
2                                                         (4.6) 

q is the transition radial frequency; D is the diffusion coefficient of the probe molecule, 

TPD,. According to Equation (4.4) and (4.5), ra was estimated to be ca. 1.4 to 4.3 μm 

assuming diffusion coefficients of ca. 10
-6

-10
-5

 cm
2
 s

-1
 and from the value of ra and 1- θ  
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Figure 4.9 Z’’ vs. ω
-1/2

 plot for 2x sg-ZnO/ITO sample, the maximum –Z’’ obtained at 

the turning frequency, 11.9Hz (equivalent to 78.4 rad s
-1

), which can used to determine 

the average size of uncovered domain (pinhole) of ITO (ra) and the average distance 

between pinholes (rb). See context for more details.  
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(i.e., 0.10 from Table 4.2), rb was calculated to be ca. 4.4 to 14 μm. These reported data of 

2x sg-ZnO (ca. 80 nm)/ITO are consistent with the typical pinhole size and its separation 

distance for alkanethiols modified gold electrode.
97,99

 

4.4 Electrochemical characterization: charge blocking ability of ZnO films with 

P3HT layers 

Ideal interlayer materials not only provide charge selectivity for its corresponding 

electrode,
1,3,94,104–107

 but also physically separate active layers from the electrode. If any 

film imperfections exist to allow the organic layer materials to contact the electrode then 

charge recombination at electrode surface becomes enhanced,
4,7,33,94,108–110

 which in turn 

degrades the organic solar cell J-V characteristics.   

We deposited P3HT and blends of P3HT:PCBM onto ZnO surfaces in sg-ZnO/ITO 

and sp-ZnO/ITO samples and evaluated the oxidation of P3HT using voltammetry in 

contact with acetonitrile solutions, which are non-solvents for P3HT and commonly used 

as a solvent for electrochemical synthesis of poly-thiophene films.
111

 The HOMO 

transport level of P3HT is near 5 eV vs. vacuum, with poor electronic coupling with ZnO 

energy levels.
1,7

 If the density of mid gap states within the ZnO band gap is small, then 

the electrochemical response should be dictated by P3HT charge transfer with the 

underlying ITO contact through penetration of ZnO layers.  

  Cyclic voltammograms from the first scan of the spin-coated P3HT layer on sg-

ZnO/ITO, sp-ZnO/ITO and bare ITO are shown in Figure 4.10 (a). The positions of 

poly(thiophene) oxidation peaks generally reveal information about the polymer chain 

molecular ordering (head to tail (HT) regioregularity) and conjugation chain length.
112–114

 

poly(thiophene) with high HT regioregularity (and possibly long conjugation chain  
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Figure 4.10 Cyclic voltammograms from the first scan of (a) P3HT and (b) P3HT:PCBM 

(BHJ) films deposited on bare ITO and one, two, and three spin-coating(s) sol-gel 

ZnO/ITO and 30 nm sputtered (sp) ZnO/ITO. The (b) inlet shows the magnification of 

trace oxidative current of 2x and 3x sg-ZnO/ITO and sp-ZnO/ITO. The applied potential 

is in a range of P3HT oxidation which is in the band gap of ZnO. These measurements 

allow probing the P3HT oxidative current through its direct contact underlying ITO 

substrate and the leakage pathway within ZnO films can be evaluated. For all 

measurements, 100 mV/s scan rate was used. 
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lengths) tend to be oxidized at a negative potential, vice versa.  In Figure 4.10 (a), we 

observed the difference in the onset potential of oxidation of the P3HT film deposited on 

sg-ZnO/ITO and on bare ITO. For bare ITO, the first oxidation peak locates at ca. 0.25 V  

vs. Ag/AgNO3, whereas for sg-ZnO/ITO, the first oxidation peak shifts positively and as 

the increase in the sg-ZnO film thickness (spin-coating circle), the peak shifting becomes 

more positive: ca. 0.37 V, 0.45 V, and 0.72 V for 1x, 2x, and 3x sp-ZnO, respectively. It 

is unlikely that the observed trend results from the changes in the regioregularity and/or 

the conjugation chain length of P3HT films. The ease of electrochemical oxidation of 

these P3HT films more likely reflects the accessibility of electrolyte counter ion, i.e., 

hexafluorophosphate (PF6
-
) into the polymer film as it oxidizes, as the case seen in the 

poly(vinylferrocene) thin films.
115

  As the sg-ZnO/ITO film thickness increases, and 

pinhole density becomes smaller, ion diffusion and solution inclusion/expulsion which 

accompanies P3HT oxidation/reduction is restricted to the numbers and sizes of ion 

channels approaching to the deep oxidized sites of P3HT and larger overpotentials are 

observed. Note that the similar ions/electrolyte movements in/out conductive polymer 

thin films have been found to change the film structure irreversibly and cause dissolution 

and delamination of the polymer film.
115–117

  

We evaluated the physical contact between ITO and P3HT film from the reverse 

cycle of the voltammogram (sweeping from 1.0 V to negative potentials). Although in 

previous sections, we demonstrated the significant difference in the electroactive area of 

sg-ZnO/ITO (70% to 0.3% for 1x to 3x sg-ZnO) by the impedance measurements, all the 

reduction current (charge) densities of sg-ZnO/ITO are at similar scale as bare ITO, as 

shown in Figure 4.10 (a). This may be explained by the high conductivity of P3HT film. 
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Our hypothesis is that the deposited P3HT films may have different degrees of contact 

area with ITO through the pinholes in sg-ZnO films, the electrical conduction pathway 

throughout the P3HT polymer network, however, allows high current to follow for 

samples even with the small interfacial contact area, e.g., 3x sg-ZnO in our case. For the 

compact sp-ZnO film with only 30 nm film thickness, we observed almost complete 

charge blocking of P3HT oxidation, where faradaic P3HT characteristic oxidation peak 

cannot be found. This trend is consistent with its superior charge blocking ability in CV 

(Figure 4.7 (e)) and the lowest electroactive area in the impedance data (0.03% in Table 

4.2).  

The same electrochemical Characterization were extrapolated to the P3HT:PCBM 

blends (BHJ) layer deposited on the bare ITO, sg-ZnO/ITO, and sp-ZnO/ITO, as shown 

in Figure 4.10 (b). This sample structure of P3HT:PCBM/ZnO/ITO, is the half 

configuration of a compete inverted BHJ architecture. In this way, we approached the 

hole-blocking ability of ZnO electrochemically in a device relevant platform. Using bare 

ITO, we observed similar voltammogram of BHJ (Figure 4.10 (b)) with that of bare 

P3HT (Figure 4.10 (a)), meaning P3HT oxidation is still active in the BHJ/ITO and some 

portions of P3HT in the blends contact ITO directly. The voltammograms become 

different when sg-ZnO/ITO and sp-ZnO/ITO were used. Using 1x sg-ZnO layer, the 

P3HT oxidation onset shifts to ca. 0.65 V vs. Ag/AgNO3 with the appearance of a large 

peak in the region < +0.6 V, no significant oxidative current can be observed, 

significantly different from that of bare P3HT top layer on 1x sg-ZnO (Figure 4.10 (a)). 

We speculate this observation is consistent with the preferential phase segregation of 

P3HT:PCBM in the inverted OPV configuration.
7,10,118,119

 With PCBM enriched toward 
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the ZnO/ITO electrode as a barrier, the ion/solvent movement to the deep oxidized P3HT 

sites becomes more physically/kinetically hindered. Similar trend can be seen in the BHJ 

voltammograms using 2x and 3x sg-ZnO layers, both of which show almost complete 

charge blocking of P3HT oxidation and are dramatically different from that of bare P3HT 

in 2x and 3x sg-ZnO layers. As for compact sp-ZnO, the complete charge blocking ability 

still maintains when the BHJ deposited on its top with the smallest trace amount of 

oxidative current among the series of samples, as shown in Figure 4.10 (b) inset. Overall, 

these electrochemical studies of active layer components on sg-ZnO and sp-ZnO verify 

our initial hypothesis to a high level: the structural difference of ZnO induces differential 

interfacial impacts on the deposition of BHJ, as illustrated in Figure 4.2 (c), and (d).  

4.5  Correlation Between Hole Blocking Ability with Device J-V Characteristics 

The presence of pinholes in photon absorption layers and interlayers (window layers) 

leads to an unwanted current leakage pathway to the electrodes and shorts photovoltaic 

(PV) devices. The evaluation of any shorting route can be quantified by Rp and has been 

applied widely into various types of PV devices.
120–123

 Rp determines how much current 

passes through the circuit under reverse bias.
108,109,124,125

 Rp is desired to be large, so that 

the leakage current from the circuit is small and the diode (current) rectification in 

forward and reverse bias is enhanced.   

We determined the Rp of OPV devices with the 

ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag architecture and correlated Rp with ZnO pinhole 

density. One, two, and three spin-coating cycle(s) of sg-ZnO layers and 30 nm sp-ZnO 

layer were chosen as electron-transport layer in these devices, as we already observed 

electrochemically their vastly different charge blocking abilities. The dark J-V curves of  
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Figure 4.11 Dark J-V in log-linear scale in full-bias region (a) and linear J-V in reverse-

bias region (b) for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag bulk heterojunction OPVs 

using one (1x), two (2x), and three (3x) spin-coating cycle(s) of sg-ZnO and 30 nm sp-

ZnO electron transport layer. The leakage current and shunt resistance (Rp, summarized 

in Table 4.3) determined in the reverse bias show as strong correlation with the hole 

blocking abilities in the electrochemical studies.  
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the OPV devices are shown in Figure 4.11. In the logJ-V current (Figure 4.11 (a)), we 

found the devices with sg-ZnO layers have good dark rectification (around 18000x at 

±1V), and the device with sp-ZnO shows lower rectification (around 2600x at ±1V). The 

difference in the rectification ratio suggests the two ZnO deposition methods produce 

different charge transfer/recombination behavior in the devices,
108,120,126–131

 possibly due 

to charge injection barrier and/or trap state effects.  However, more investigations will be 

needed to classify the root cause.   

The impact of Rp on device J-V curve can be easily revealed in the reverse bias 

region. In this region, the current can be seen as the combination of reverse saturation 

current (J0) from the diode and any other leakage current passing through Rp. Jo is 

typically on the order of 10
-5

 to 10
-6

 mA/cm
2
 or smaller

105,132–134
 and the leakage current 

in Rp becomes dominated at far negative reverse bias, where the estimation of Rp can be 

done by taking the inverse instantaneous slope.
135

    

The J-V curve in linear scale in negative bias region is shown in Figure 4.11 (b) and 

the determined Rp at different reverse biases is summarized in Table 4.3. In Figure 4.11 

(b), we show the leakage currents of the devices using sg-ZnO interlayers become lower 

as the number of spin-coating steps (film thickness) increases, meaning that thicker sg-

ZnO (three spin-coating, 120 nm) blocks the leakage current more effectively than 

thinner sg-ZnO film (40, 80 nm), which is consistent with the determined Rp values in 

Table 4.3: thicker film have larger Rp, and vice versa. sp-ZnO interlayers with lower 

pinhole density (better charge blocking ability) than sg-ZnO, and at only 30 nm film 

thickness, show comparable or better leakage current blocking ability compared to the 

120 nm sg-ZnO interlayers. Note that the trend we observed here for Rp and leakage  
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Table 4.3 Summary of shunt resistance (Rp) for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag 

bulk heterojunction OPVs using various sg-ZnO layers and sp-ZnO. The determination of 

Rp is taken the inverted slope of dark J-V curves at -1.8, -1.5, -1.2 and -1V. 

 

 

 

 

 

 

 

Rp (Ω/cm
2
) 

 

1x sg-ZnO 

(ca. 40 nm) 

2x sg-ZnO 

(ca. 80 nm) 

3x sg-ZnO 

(ca. 120nm) 

sp ZnO 

(30 nm) 

-1.8V 230K 450K 830K 400K 

-1.5V 400K 550K 900K 890K 

-1.2V 520K 680K 1080K 1320K 

-1V 720K 790K 1200K 1420K 
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current of ZnO films shows a strong correlation with their electrochemical charge 

blocking abilities in both probe molecules and solid state active layer thin films.    

For the light J-V characteristics, although larger Rp is obtained for devices using thick  

sg-ZnO films the fill factor (F.F.) of devices using 2x and 3x sg-ZnO is lower than that of 

devices using 1x sg-ZnO (as seen in Figure 4.12 and Table 4.4.), which is likely due to an 

increase in the Rs, from the thicker sg-ZnO films, confirming the complexity of finding 

thicknesses and processing conditions which yield low pinhole densities, but acceptable 

Rs.      

4.6 Summary and Conclusions 

We have showed using simple electrochemical approaches, i.e., cyclic voltammetry 

and impedance spectroscopy, to characterize OPV-relevant electron-transport metal oxide 

interlayers: sg-ZnO and sp-ZnO films. These electrochemical methods provide for the 

optimization of ZnO in terms of the pinhole density prior to fabrication of actual OPV 

devices. We envision these electrochemical techniques can be applied for many kinds of 

metal oxides on a flexible TCO substrate during the roll to roll (R2R) process, especially 

for the evaluation of pinhole density created from physical cracks/imperfections after 

multi-cycle bending processes. Studying ZnO/ITO charge transfer with probe molecules 

and solid state active layer thin films, we evaluated the ZnO pinhole density approaching 

to the underlying ITO electrochemically, which shows a strong correlation with the 

leakage currents in the full BHJ OPV device. Porous sg-ZnO interlayers with a high 

pinhole density allows for ion diffusion/poly(thiophene) penetration to ITO, and shows 

high leakage current in reverse bias in the device J-V characteristics. Thinner, but denser 

sp-ZnO (compared to sg-ZnO) shows lower pinhole density and effectively blocks the ion  
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Figure 4.12 Light J-V curves of inverted BHJ devices using sg-ZnO (1x, 2x, and 3x) and 

sputtered (sp) ZnO as electron transport interlayer. Device configuration: ITO/ 

ZnO/P3HT:PCBM/PEDOT:PSS/Ag. 
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  Voc (V) Jsc (mA/cm
2
) F.F. PCE (%) 

1x sg-ZnO (ca. 40 nm) 0.626±0.002 8.80±0.08 0.55±0.01 3.02±0.07 

2x sg-ZnO (ca. 80 nm) 0.632±0.002 7.83±0.34 0.51±0.02 2.55±0.24 

3x sg-ZnO (ca. 120nm) 0.623±0.001 8.18±0.07 0.51±0.01 2.62±0.01 

sp-ZnO (30 nm) 0.626±0.001 9.32±0.07 0.53±0.01 3.10±0.01 

 

Table 4.4 Summary of light J-V characteristics for ITO/ZnO/P3HT:PCBM/PEDOT:PSS/ 

Ag bulk heterojunction OPVs using various sol-gel (sg) ZnO (1x, 2x, and 3x)  and 

sputtered (sp) ZnO layers. Average and standard deviation of five devices for each ZnO 

layer were shown here.  

 

 

 

 

 

 

 



155 

 

diffusion and polymer penetration, resulting in low leakage current and large Rp in the 

BHJ OPV device.  
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CHAPTER 5 

RADIO FREQUENCY PLASMA MODIFIED ZINC OXIDE INTERLAYERS FOR 

ORGANIC SOLAR CELLS: IMPACTS ON NEAR-SURFACE CHEMICAL 

COMPOSITION AND ENERGETIC ALIGNMENT/INTERFACE 

WETTABILITY WITH ORGANICS 

5.1 Introduction 

Researches on metal oxide semiconductors (MOS) have generated great interests in 

recent years because of their extensive applications in photovoltaics,
1–3

 photocatalysts,
4–6

 

chemical sensors,
7–10

 and transparent electrodes,
11–13

 etc. In particular, ZnO has been seen 

as one of the most promising MOS materials due to its unique chemical and physical 

properties, e.g., wide band gap, high carrier mobility, and n-type conductivity.  In 

addition, its low production cost, and ease of preparing via solution routes facilitate the 

process development toward high volume roll to roll (R2R) manufacturing. However, the 

kinds and concentrations of unintentional defects in ZnO strongly influence its electrical 

and optical properties, which potentially impact the device performance. The origin of 

rich defect chemistry of ZnO can be attributed to the presence of the native point defects 

in ZnO, including zinc vacancy (VZn), zinc interstitial (Zni), oxygen vacancy (Vo), 

oxygen interstitial (Oi) and antisites (OZn, ZnO).
14–16

 Each defect introduces its 

corresponding energetic states in ZnO band diagram and their energy levels are 

determined by the defect formation energies.
14–16

 The defect with energy level close to 

MOS band edge and can be thermalized at room temperature (RT) is known as a shallow 

state (valence band (VB) for a acceptor state; conduction band (CB) for a donor state), 

whereas a defect state which is away from the band edge and hardly thermalized at RT is 
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called a deep state. The control of defects in ZnO is critical to its applications since some 

defects, such as Zni, a shallow electron donor state, which can be easily ionized at RT and 

thus increase ZnO intrinsic carrier density
14,16–19

 are beneficial to the ZnO electrical 

properties, but some defects, which can act as a charge trap and recombination center,
20–

23
 may be detrimental to its applications. It has been found that the concentrations and 

formal energies of these defect states in ZnO are sensitive to processing conditions, e.g., 

annealing temperature and the relative abundance of Zn and O atoms in the processing 

environment.
16,17,24

 However, due to its rich defect chemistry, it is almost impossible to 

alter the degree of a certain type of defect in a ZnO sample without changing other defect 

concentrations. Therefore, there is no general consensus about the impact of individual 

defects on ZnO electrical properties so far. It is worth noting that MOS surface, distinct 

from its bulk material, contains dangling bonds and adsorbed ambient air species, e.g., 

O2, CO, CO2, etc., which in turn dictate the charge equilibrium and the associated space 

charge region with contact materials.
24,25

 As a result, the defects on MOS surface become 

more impactful when a nanostructured MOS with high surface to volume ratio is applied.  

In this chapter, we prepared high surface area ZnO nanoparticle samples by a sol-gel 

process (using zinc acetate dihydrate as a precursor) and modified the ZnO samples with 

low power oxygen and argon radio frequency (RF) plasma. We aimed to change the near-

surface defect concentrations of our ZnO samples and study their interfacial impacts 

when used as electron-selective interlayers in inverted BHJ OPVs.         

RF plasmas are typically applied for sample surface modification, activation, and 

etching.
26–28

 In its working principle, the energetic neutral and ionized gaseous glow 

discharge generated by the AC voltage bombard the surface of sample under negative 
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bias and then the removal of adsorbed volatile species by physical sputtering can be 

achieved. If plasma power is set high (100 watts and above) and reactive chemical gases, 

e.g., halomethanes, are introduced into reaction chamber, it becomes essential to remove 

bulk material with a high degree of directionality, which has been widely applied for the 

dry etching in integrated circuits fabrications.
29–32

 In its application in OPV devices, low 

power (ca. 10 watts) oxygen plasma has been widely used to modify indium tin oxide 

(ITO) bottom electrode. Commercially available ITO electrode typically obtains 

electrical heterogeneity in sub-micrometer length scale due to its rich, non-uniform 

chemical reactivity and nonstoichiometric chemical compositions on the surface.
33–36

 

Using plasma treatment has been demonstrated to homogenize and improve its electrical 

properties, such as, the increase in the work function (φ) and the improvement in the 

nanoscale electrical conductivity.
36–38

 As a result, the oxygen plasma treated ITO as the 

bottom electrode in OPV devices show better J-V characteristics than that of the devices 

using only detergent-cleaned ITO.
37

 Recently, oxygen plasma has been also applied for 

OPV relevant metal oxide interlayers, such as NiOx
39–41

. Steirer et al. has investigated the 

oxygen plasma effect on NiOx hole transport layer (HTL) and found the Voc of BHJ 

device with oxygen plasma treated NiOx shows around 150 mV enhancement than that of 

device using pristine NiOx.
40

 The authors attributed the enhancement in the device 

performance to the better energetic alignment between NiOx with active layer donor 

component resulting from the increase in NiOx work function.  

In order to investigate the changes in various surface defect concentrations in ZnO 

without dramatically changing its bulk material property, we decided to use low power 

(ca. 10 watts) plasma modifications: oxygen plasma (OP) and argon plasma (ArP) to 



159 

 

modify sol-gel ZnO (sg-ZnO) film. We show here from the O 1s core-level spectra in X-

ray photoelectron spectroscopy (XPS), the two RF plasma treatments effectively change 

the sg-ZnO near-surface chemical composition, especially for the surface hydroxyl (-OH) 

and surface adsorbate components. We speculate the changes in chemical composition 

cause different surface wettability of sg-ZnO and thus have different interfacial impacts 

on the deposited active-layer component, Poly(3-hexylthiophene-2,5-diyl) regioregular 

(P3HT), which strongly correlates with the leakage current in the full BHJ device J-V 

curves.  

The energetics of plasma treated sg-ZnO samples was investigated by 

spectroelectrochemistry (SEC) and ultra-violet photoelectron spectroscopy (UPS). In 

SEC, we studied the optical bleaching of the band to band transition in sg-ZnO as a 

function of applied potential. We found the changes in the near-surface chemical 

compositions and defect concentrations through OP and ArP treatments also vary the 

onset potential for the electron injection in sg-ZnO conduction band (CB). In UPS, we 

studied the frontier energy levels of untreated and plasma modified ZnO films as well as 

their interfacial charge transfer dynamics with fullerene (C60). We found that the presence 

of a localized trap state near the Fermi-level (EF) of sg-ZnO is sensitive to the plasma 

treatments and this trap state allows for significant electron transfer from sg-ZnO to C60, 

resulting in large vacuum level shift. We hypothesize Zni defect is responsible for the 

localized trap state and by lowering the concentration of Zni through the plasma 

treatments, we observe the quenching of this trap state. In the end, inverted BHJ OPV 

device based on the configuration: ITO/ (plasma treated) sg-ZnO/P3HT:PCBM 

/PEDOT:PSS/Ag was fabricated. The J-V characteristics of the device employing 
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untreated sg-ZnO film outperforms that of plasma treated ZnO films, which may be 

attributed to the better electron extraction at ZnO/PCBM interface, because of the more 

favorable bend binding, as revealed from the UPS studies. It also demonstrates the 

presence of this trap state near the EF of sg-ZnO, proposed as an efficient electron-

selective interlayer, is actually beneficial for its charge transfer dynamic with the 

fullerene based active-layer components. 

5.2 Characterization of Argon and Oxygen Plasma Treated Sol-Gel ZnO: Chemical 

Composition, Optical and Spectroelectrochemical Properties 

5.2.1 Near-Surface Chemical Composition 

Although various types of solution processed sg-ZnO have been shown as an efficient 

interlayer material for OPVs,
42–46

 their chemical compositions are not considered as 

stoichiometric ZnO, often identified by the relative content ratio between Zn and O in 

XPS,
44

 possibly due to the presence of organic residuals (from the solvent  and 

undecomposed ligands/modifiers) and the presence of defects. In order to investigate the 

changes in the defect concentrations in sg-ZnO after the plasma treatments, we used XPS 

and focused on O 1s core-level transition. Figure 5.1 shows the XPS O 1s spectra for 

untreated (a), OP (b), and ArP (c) sg-ZnO. Each spectrum was fitted with five Gaussian 

distributed components with binding energy (BE) from low to high in sequence: VZn 

(530.53 eV), lattice O
2-

 (531.11 eV), Vo (532.03 eV), surface -OH (532.90 eV), and 

surface adsorbate, such as CO, CO2, and H2O (533.85 eV). Generally, it is not intuitive to 

use five components to fit XPS O 1s spectrum for MOS samples. It has been more 

commonly seen using three components: lattice O
2-

, defects, (e.g., Vo) and surface –OH 

or surface adsorbate for O 1s spectrum in ZnO.
22,47,48

 Recently, Li et al., predicted the  
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Figure 5.1 XPS O 1s spectra for (a) untreated sg-ZnO, (b) OP sg-ZnO, and (c) ArP sg-

ZnO with fitting components and residuals shown. Five components: VZn, lattice O
2-

, Vo, 

surface -OH, and surface adsorbate were used to fit the spectra. Gaussian distribution 

peak with 1.1 eV FWHM was used for each component.  
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energy level of oxygen near VZn defect is positioned at low BE, i.e. < 531.0 eV in O 1s 

spectrum based on their density function theory (DFT) calculation.
18

 We then included it 

in our spectral fitting. As for the assignment of the fifth component, we observed when 

comparing the spectra of OP and ArP treated sg-ZnO, a distinct spectral difference in 

high BE region, i.e., > 533 eV, as shown in the difference spectrum in Figure 5.2 (a). In 

this region, OP sg-ZnO contains higher spectral intensity compared to ArP sg-ZnO and 

the difference spectrum shows a peak-shaped distribution, which may be indicative of the 

presence of a single component. Accordingly, we then decided to incorporate two 

individual components: surface -OH, and surface adsorbate into our fitting. In fact, 

similar assignments have been applied in gallium-doped zinc oxide (GZO),
25

 where the 

high BE region in XPS O 1s spectra was fitted with two components: Zn(OH)2 and 

surface adsorbate. Based on the pre-treatments on GZO, the near-surface chemical 

compositions changes and the area of these two spectral components also vary.     

Table 5.1 shows the fitting results and the relative contents of each component for the 

three samples. Some quantitative observations and hypothesis for the plasma impact on 

the changes in sg-ZnO chemical compositions are discussed here: i) lattice O
2-

 becomes 

more prominent after OP and ArP treatments, as a result from the drop in the component 

contents of surface –OH and/or Vo. ii) The decrease in the contents of surface –OH to 

similar value (ca. 16%) in OP and ArP ZnO may be explained by the similar physical 

sputtering effect from the plasma treatments and the dissociation of the chemisorbed 

surface –OH group was observed. iii) The content of Vo shows different trends for OP 

(13.9%) and ArP (18.3%) treated ZnO. Our explanation to this difference is that in OP 

treatment, the oxygen implantation into ZnO lattice enables to fill the Vo defect site and 
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Table 5.1 XPS summary of O 1s fitting parameters, and relative content of five 

components for untreated, OP, and ArP sg-ZnO. The OP and ArP treatments show 

different impacts on the near-surface chemical compositions of sg-ZnO (see context). For 

each component, Gaussian function peak shape with 1.1 eV full width half maximum 

(FWHM) was used.  
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Figure 5.2 (a) XPS O 1s spectra for OP and ArP sg-ZnO and their difference spectrum, a 

peak shape spectral feature found in the high BE in difference spectrum. (b) XPS O 1s 

spectra for the same sg-ZnO sample under a series of plasma treatments: (1) oxygen 

plasma (OP), (2) Argon plasma (ArP), and (3) OP. The spectral reversibility (high surface 

adsorbate concentration at high bind energy) is found after (1) and (3) treatments, 

indicating a similar near-surface chemical composition can be obtained after the oxygen 

plasma, regardless the initial conditions of sample, i.e., untreated or ArP surface. (c)  XPS 

C 1s spectra for untreated, OP, and ArP sg-ZnO. The dropping of C=O and C-C peaks 

indicates the decompositions of carbon contents from the OP and ArP treatments. 
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significantly lower its concentration, whereas for the ArP treated ZnO, the Vo content 

shows close component content as the untreated sample (19.6%), since the Vo defects still 

present. It also indicates that the Ar sputtering effect in the given plasma conditions (ca. 

10 watts plasma power, ca. 400 mtorr pressure) may not be energetic enough to further 

increase the concentration of Vo. iv) Another impact of the plasma treatments on the sg-

ZnO chemical composition can be seen in the surface adsorbate component. The content 

of surface adsorbate shows an enhancement in OP (9.9%), but a declination in ArP 

(2.4%) sg-ZnO compared to the untreated (6.0%) sample. Note that plasma-treated 

samples had been exposed to the ambient air during the sample delivery into the XPS 

analysis chamber. Therefore, we concluded that the plasma treatments induce different 

surface affinities to the physisorbed species from the air. OP creates a surface with higher 

polarity on sg-ZnO, which then attracts more H2O and carbonaceous species in the air 

compared to ArP treatment.  

In addition, the concentration change in the surface adsorbate of sg-ZnO by the OP 

and ArP treatments has been demonstrated to be reversible, as shown in Figure 5.2 (b), 

where the OP/ArP treatment consistently creates high/low surface adsorbate spectral 

feature during a sequential series of plasma treatments, respectively.        

More relevant to the bulk material property, the impacts of the plasma treatments on 

the decomposition of organic residuals in sg-ZnO was investigated by polarization 

modulation-infrared reflection-adsorption spectroscopy (PM-IRRAS). Figure 5.3 shows 

the IR spectra of untreated, OP, and ArP sg-ZnO. For the untreated sg-ZnO, the 

characteristic vibration frequency of alkyl (-C-H, 3000, 2927, 2856 cm
-1

), carbonyl (-

C=O, 1598 cm
-1

), and hydroxyl (-OH, 3465, 3289 cm
-1

) groups show high spectral 
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Figure 5.3 PM-IRRAS spectra for (a) untreated, (b) OP, and (c) ArP sg-ZnO. The -C-H 

(3000, 2927, 2856 cm
-1

) and -COO- (1598 cm
-1

) become significantly lower after the OP 

and ArP treatments, indicating the decompositions of organic species from plasma 

sputtering effect. As for -OH (3465, 3289 cm
-1

), after the treatments, the -OH broad peak 

becomes stronger with the presence of more low-coordinated (3465 cm
-1

) than high-

coordinated (3289 cm
-1

) -OH compared to untreated sg-ZnO.  
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intensity, meaning the organic ligand, i.e., acetate, and residual solvent are not fully 

decomposed by the thermal annealing (280 
o
C in air for 10 minutes). For OP and ArP sg-

ZnO, we observed the decrease in the spectral intensity, especially in -C-H and –C=O, 

indicative of the decomposition by the plasma treatments, which is consistent with their 

XPS C1s spectra, as shown in Figure 5.2 (c) where the surface C=O and C-C groups are 

significantly suppressed after the plasma treatments. The change in the spectral shape in 

the broad -OH region was found after the plasma treatments. The spectral signature of 

low wavenumber (3289 cm
-1

) corresponding to highly coordinated –OH (e.g., bridged 

mode)
49

 is dominated for untreated sg-ZnO, while that of high wavenumber (3465 cm
-1

) 

corresponding to low coordinated –OH is prominent for ArP and OP sg-ZnO, which is 

not resolved by the XPS O 1s spectra.   

5.2.2 Optical Band Gap and Spectroelectrochemistry (SEC): Electron Injection Onset 

Voltage 

Tauc plot is typically used to determine the bandgap energy for MOS materials.
50–53

 

We evaluated the impact of the plasma treatment on sg-ZnO optical band gap. Figure 5.4 

(a) shows the Tauc plot of untreated, OP and ArP treated sg-ZnO deposited on quartz 

substrate.  ZnO is a direct band gap semiconductor material, so the exponent equivalent 

to ½  is used
54

 in eq. (5.1) and the absorption coefficient (α) can be derived from eq. (5.2) 

as a function of wavelength.  

                                        αhv = A(hυ − 𝐸𝑔)1/2                                               (5.1)                                

    𝐼 = 𝐼0𝑒−𝛼𝑥                                                         (5.2) 

where A is the proportionality constant; x is the film thickness i.e, 40 nm, Eg is the 

optical band gap, and h, υ, I and Io have their usual significance.  The optical band gap  
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Figure 5.4 (a) Tauc plots for untreated, OP, and ArP sg-ZnO; (b) cyclic voltammograms 

of untreated, OP, and ArP sg-ZnO in contact with bare TBAPF6 electrolyte in acetonitrile 

solution (scan rate: 100 mV/s). The voltammograms show sg-ZnO double layer and 

chemical capacitance characteristics (see context) with the estimated onset potentials of 

chemical capacitance labeled in the voltammograms. Spectroelectrochemical data of OP 

(c), ArP (d), and untreated (d) sg-ZnO, a strong absorption bleaching was found close to 

the CB edge. This is also known as Burstein-Moss effect (see context).  
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can be estimated through the x-axis intercept from the linear portion of the curve, as 

shown in yellow fitting curves in Figure 5.2 (a) and were determined to be 3.26, 3.27, and 

3.29 eV for OP, ArP, and untreated sg-ZnO, respectively, close to some reported ZnO 

optical band gap value
44,55

 and are almost insensitive to the plasma treatments. Next, we 

evaluated the change in untreated, OP and ArP treated sg-ZnO optical transition as 

function of different applied potential using SEC.   

The early effort using electrochemistry and SEC to characterize nanocrystalline 

TiO2and ZnO films can be traced back to two decade ago, as needed for the early 

developments for dye-sensitized solar cell (DSSC).
20,21,56–62

 The samples with TiO2 and 

ZnO deposited on conductive working electrode allows for the potentiostatic control of 

electron injection into the charge transport levels of TiO2 and ZnO to study the 

corresponding change in optical properties. Therefore, using electrochemistry and SEC 

has been demonstrated to be an effective way to study nanostructured TiO2 and ZnO band 

edge position as well as trap state distribution.
20,21,23,57–59,61,63–65

  

Figure 5.4 (b) shows the cyclic voltammograms of untreated, OP, and ArP treated sg-

ZnO. ZnO layers were deposited on ITO substrate in contact with supporting electrolyte, 

i.e., tetrabutylammonium hexafluorophosphate (TBAPF6). The applied voltage window 

was chosen from +0.8 to -0.9 volts vs. Ag/AgNO3, a range that was selected to coincide 

with the band gap region of ZnO, and a negative potential limit which corresponds to 

electron injection into ECB of ZnO.
3
 In the region of potential > -0.2 V vs. Ag/AgNO3 

(away from ZnO CB), we observed nearly invariance in the voltammetric responses for 

all three samples. It has been demonstrated that in this region, the current is dominated by 

the capacitive current at electrolyte-TCO double layer capacitance (Cd)
66

 and it varies 
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depending on the pinhole density of deposited metal oxide layers. The fact that the almost 

unchanged Cd charging steady state current indicates the pinhole density of sg-ZnO is 

insensitive to the plasma treatments, inferring that the plasma treatments are only 

essential for sg-ZnO surface modifications, but not for the change in structural property 

of sg-ZnO. In the region of potential < -0.4 V vs. Ag/AgNO3 (close to ZnO CB), the 

voltammetric response has been correlated to the ITO charge transfer to the exponential 

trap state below the CB of metal oxide,
67,68

 which is also known as chemical 

capacitance.
66,67,69–71

 In Figure 5.4 (b), we observed the difference in the onset potential 

of the sg-ZnO chemical capacitance, which is estimated to be ca. -0.4, -0.5, -0.7 V vs. 

Ag/AgNO3 for OP, ArP, untreated sg-ZnO, respectively. After the onset potential, the 

voltammetric current starts to rise exponentially and this can be attributed to the chemical 

capacitive current as well as some other faradaic processes, such as hydrogen evolution.
59

 

The SEC data of the same series of samples are shown in Figure 5.4 (c), (d), and (e). The 

difference spectrum is referenced to the background spectrum taken at 0.8 V vs. 

Ag/AgNO3. The difference spectra were acquired progressively increasing the potential 

negatively by -0.1 V from 0 to -0.8 V vs. Ag/AgNO3. In the region of potential > -0.2 V 

vs. Ag/AgNO3, the electrochemical spectra did not show any noticeable changes 

compared to the background spectrum for all the sg-ZnO samples, This observation is 

consistent with our CV data where charging the electrolyte-ITO Cd is not expected to 

change optical transition of sg-ZnO. At a potential of < -0.4 V (in the region of ZnO 

chemical capacitance), a bleach band appeared at ca. 365 nm accompanying with a new 

absorbance band at ca. 340 nm. As the applied potential becomes more negative, the 

optical bleaching and the absorbance band become more prominent with a blue shift in 
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their peak positions. Such a spectral signature has been observed previously in ZnO 

colloidal solutions and nanocrytalline films.
20,21,23,58,59

 This blue shift in the optical 

spectra can be explained by a Burstein-Moss effect.
72

 When electrons are injected from 

ITO into ZnO CB states, the filled states inhabit the minimal energy band to band 

transition and a higher energy photon is needed for the subsequent absorption.
20,21,58,59

 

Some extrinsic dopant incorporated ZnO also show the similar optical change.
73

 It has 

been seen in hydrogen incorporated ZnO, where hydrogen acts as a shallow donor to 

occupy the states close to ZnO CB minimal and then the resultant band gap energy 

increases.
73

 Besides Burstein-Moss effect, other possible explanations, such as the 

screening of excitons in the electric field of shallowly trapped electrons
74

 and an increase 

in the exciton energy due to the strong electric field caused by the stored electrons
75

 have 

been proposed for the similar spectral change in semiconductor quantum dots.  

In order to gain quantitative information on the number of electron injected into sg-

ZnO with the accompanying optical bleaching, we calculated the accumulated charge 

density in the chemical capacitance region (i.e., < -0.4 V vs. Ag/AgNO3) and the change 

in absorbance at ca. 365 nm of sg-ZnO. Figure 5.5 shows the change density vs. 

absorbance change in a potential range of -0.3 to -0.8 V vs. Ag/AgNO3 for (a) ArP, (b) 

OP sg-ZnO (untreated sg-ZnO is not shown in the figure because of the minimal change 

in accumulated charge density (in the order of 0.1μC/cm
2
) with the increasing negative 

potential; indicating thicker film is needed to estimate the accurate accumulated charge 

value for untreated sg-ZnO). The integrated charge density at every 0.1 V increment was 

determined from their CV data (Figure 5.4 (b)) after performing a linear background 

subtraction from 0.5 to -0.3 V vs. Ag/AgNO3 in the reverse scan (-0.8 to 0.8 V) and the  
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Figure 5.5 Optical bleaching at 365 nm and accumulated charge density as function of 

applied voltage in the chemical capacitance region of ZnO for (a) ArP and (b) OP sg-

ZnO. The linear fitting was taken using voltage range from -0.6 to -0.8 V vs. Ag/AgNO3 

for both charge density and absorbance change curves. The electron injection onset 

voltages can be estimated from the intercepts at the top x-axis.     
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optical bleaching was determined from the peak area obtained after fitting the bleaching 

peak at ca. 365 nm (in Figure 5.4 (c) and (d)) with a Gaussian function.   

In Figure 5.5, the onset potentials of electron injection into ArP and OP sg-ZnO from 

the absorbance change (abs.) and accumulated charge density (charge) were determined 

to be 0.54 V (abs.) and 0.57 V (charge) vs. Ag/AgNO3 for ArP sg-ZnO and 0.45 V (abs.) 

and 0.50 (charge) vs. Ag/AgNO3 for OP sg-ZnO. This change in the onset potential by 

the plasma treatments can be seen as the difference in the energy level of ZnO CB band 

filling, which may also accompany with the alteration of sg-ZnO frontier energy levels, 

e.g., EF and local vacuum level. Such effects have been seen in plasma treated ITO and 

gallium zinc oxide (GZO) and attributed to the change in surface dipoles.
25,37

 We expect 

similar change in surface dipole in sg-ZnO by the plasma treatments, especially after we 

observed the change in the near-surface chemical composition by XPS. In the following 

section, UPS is used to study the change in sg-ZnO frontier orbital energies induced by 

the plasma treatments. Further, the impact of plasma treatments on the energetic 

alignment at sg-ZnO/C60 interface is investigated to evaluate the electron extraction 

process at sg-ZnO/electron acceptor interface in the BHJ devices. 

5.3 Investigation of Plasma Treated ZnO Frontier Energy Levels and Charge 

Transfer Dynamic with C60 

 

Energy offset between MOS/organics is critical to the charge transfer across the 

interface.
19,76,77

 Any charge injection/extraction barrier for non-ohmic contacts at 

MOS/organics can lead to a potential energy loss of free carriers and lower internal 

quantum efficiency in OPV device.
78,79

  The investigation of frontier orbitals for 

MOS/organics, e.g., φ, vacuum level then becomes important, since it enables to 

investigate the presence and extent of charge injection/extraction barrier and the 
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associated space charge region (estimated from integer charge transfer (ICT) model).
80

 It 

has been reported the surface φ of a MOS is sensitive to numerous factors, such as 

physic-/chemi-sorbed species, surface dipole, point defects, etc.
81,82

 In XPS and PM-

IRRAS results, we observed the plasma treatments strongly influence the chemical 

compositions of sg-ZnO. It is of interest to study the impact of the plasma treatments on 

the energetics of sg-ZnO and sg-ZnO/organics interface. We characterized the frontier 

energy levels of sg-ZnO and sg-ZnO/C60 using He (I) (21.2 eV) UPS. The sg-ZnO/C60 is 

analogous to the ZnO/PCBM heterojunction in the fabricated BHJ devices with the 

advantage of gradual growth of C60 film thickness in situ under ultra-high vacuum (UHV) 

conditions. Similarly, the energy offset between atomic layer deposited (ALD) ZnO with 

electron acceptor components, e.g., 3,4,9,10-perylenetetracarboxylicdiimide (PTCDI) and 

C60  has been previously characterized
19,83

 and shown that the presence of mid-gap state, 

especially shallow donor, strongly influences charge redistribution across ZnO/electron 

acceptor interface.      

Figure 5.6 shows a series of UPS spectra for untreated sg-ZnO/C60 formed by 

incremental deposition of 0 to 16 nm C60 layer. The energy axis is shown with respect to 

EF, assuming sample and photoemission spectrometer are in electrical equilibrium. In 

Figure 5.6, the middle panel shows the full UPS spectra and the left and right panels 

show the magnified region of low kinetic energy (LKE) and high kinetic energy (HKE) 

edge, respectively. The ionization potential (IP) of ZnO and the highest occupied 

molecular orbital (HOMO) level of deposited C60 film were estimated from the energy 

difference between the HKE and LKE edge and subtracting that difference from the 

excitation energy (IP = 21.2 eV- (HKE - LKE)). Work function (φ) for each ZnO/C60 
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sample was calculated from φ = 21.2 - (Ef  - LKE), the value of  EF, (i.e., 31.8 eV) is 

obtained from an Ar-ion sputter-cleaned gold film. In HKE, as the C60 coverage 

(thickness) increases, the C60 HOMO feature (peak at ca. 3 eV) appears and gradually 

grows its intensity up to 16 nm layer thickness.  From LKE, the local φ increases 

dramatically (3.1 to 3.5 eV) on the deposition of partial monolayer (0.5 nm) coverage of 

C60 and continues growing to 4.2 eV on the deposition of multilayer coverage, i.e., 16 

nm. Similar spectral trend of the emergence of C60 HOMO feature and the increase in φ 

were obtained for OP and ArP treated ZnO/C60, as shown in Figure 5.7 (a) and (b). 

Accordingly, experimentally determined energy level diagrams of interfaces between 

untreated, OP, and ArP treated ZnO/C60 can be illustrated schematically in Figure 5.8 

using the optical band gaps: 3.3 eV for ZnO and 2.3 eV for C60
84

 for the estimation of 

ZnO electron affinity (EA) and C60 lowest unoccupied molecular orbital (LUMO) levels.  

The determined φ  of untreated, OP and ArP treated ZnO are 3.1, 3.7, 3.7 eV, 

respectively, which are significantly lower than the reported φ for stoichiometric single 

crystal ZnO (4.4 to 4.6 eV).
85,86

 Note that all the φ are above (degenerately doped) or 

slightly below the ZnO CB for OP, ArP and untreated sg-ZnO. As discussed further 

below, we speculate the observed lower φ are due to the n-type doping from intrinsic 

point defects, especially from shallow electron donor states, which are facile to be 

ionized at RT.  

The presence of –OH and surface adsorbate (contaminations) on MOS have been 

known to increase φ through their corresponding surface dipole effects.
18,81,87

 From the 

XPS data (Table 5.1), we observed similar relative contents of –OH component in OP 

and ArP sg-ZnO samples (ca. 16%), but for the surface adsorbate component, the  
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Figure 5.6 UPS spectra for untreated sg-ZnO on the deposition of C60 from partial 

monolayer (0.5 nm) to multiple monolayers (16 nm) coverage; the spectral regions of 

LKE and HKE edge are magnified as shown in the left and right panels, respectively. The 

secondary electron cut-off at LKE and HKE edge are labeled with energy value indicated 

in each spectrum, from which work function (φ), and ionization potential (IP) can be 

determined.    
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Figure 5.7 UPS spectra for (a) OP and (b) ArP sg-ZnO on the deposition of C60 from 

partial monolayer (0.5 nm) to multiple monolayers (16 nm) coverage; the spectral regions 

of LKE and HKE edge are magnified as shown in the left and right panels, respectively. 

The secondary electron cut-off at LKE and HKE edge are labeled with energy value 

indicated in each spectrum. 
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Figure 5.8 Energy diagrams for untreated, OP, and ArP sg-ZnO/C60. Upon the deposition 

of C60, untreated sg-ZnO shows the largest vacuum level shift and degree of band binding 

compared to OP and ArP sg-ZnO, indicting large degree of charge transfer between 

untreated sg-ZnO with C60. 3.3 and 2.3 eV were used as the band gaps for sg-ZnO and 

C60 to estimate the energy levels for electron affinity (EA) in ZnO and LUMO in C60.  
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contents of two samples are significantly different (OP: 9.9%; ArP: 2.4%). It is expected 

OP shows higher φ than that of ArP, since its surface adsorbate concentration is higher. 

However, no prominent explanations can be given to rationalize the constant change in 

φ by both ArP and OP treatments. We suspect it may be associated with the substantially 

low φ , i.e., 3.1 eV (untreated sample) before the plasma treatments, but more 

investigations will be needed to clarify the root cause. 

As the C60 coverage increases from 0.5 nm to 16 nm thickness, the vacuum level 

shifts for untreated, OP, ArP sg-ZnO are 0.7, 0.5, 0.3 eV, respectively, which can be used 

to evaluate the degree of change transfer between sg-ZnO and C60. The consistent upward 

vacuum level shift of C60 as the coverage increases indicates electron transfer from sg- 

ZnO to C60 and based on the magnitude of vacuum level shift, untreated sg-ZnO shows 

the largest degree of electron transfer to C60 than that of OP and ArP sg-ZnO.  These 

vacuum level shifts are not accompanied with as large shift in the IP, i.e., 0.4, 0.2, 0.3 eV 

for untreated, OP, ArP sg-ZnO, respectively. It may be explained by the high carrier 

concentration of sg-ZnO, which causes short screening length and thus narrow space 

charge region. Such an effect has been seen in the case of ALD ZnO (with 10
19

 to 10
20

 

cm
-3

 defect concentration)/PTCDI.
19

 Nevertheless, using the corresponding IP band 

bending, one can estimate the internal field for the electron extraction from C60 to sg-ZnO 

and untreated sg-ZnO/C60 shows the most energetically favorable, i.e., 0.4 eV downward 

band bending toward ZnO than OP (0.2 eV) and ArP (0.3 eV) sg-ZnO, which may be 

useful to explain the trend found in the J-V characteristics of BHJ devices, as is discussed 

in the next section. 
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To further investigate the difference in interfacial energetic alignment and the charge 

transfer dynamics at sg-ZnO/C60, the electronic state distribution near EF was examined, 

as detailed in logarithmic spectral intensity vs. energy plot shown in Figure 5.9. Figure 

5.9 (a), (b), and (c) show the UPS spectral feature near EF for untreated, OP, and ArP sg-

ZnO without deposition of C60. In all spectra, the concave down feature (at ca. 4 eV) is 

the spectral signature of sg-ZnO IP. In the region between the ZnO IP and EF, the 

decaying photoelectron count can be attributed to scattered secondary photoelectron, 

mid-gap states and satellites from primary emission, etc.
88

 A Fermi-edge like 

photoemission feature, commonly seen in metallic materials
89,90

 is found just below the 

EF of untreated sg-ZnO (Figure 5.9 (a)), whereas for OP and ArP sg-ZnO, no such a mid-

gap state feature is observed (Figure 5.9 (b) and (c)), suggesting that the plasma 

treatments effectively passivate sg-ZnO surface defects and eliminate these mid-gap 

states. Similar surface passivation on solution processed ZnO nanoparticle through UV-

Ozone treatment has been studied.
91,92

 In this study, the authors verified the declination of 

mid-gap state density through this treatment by the photoluminescence (PL) 

measurement, where the defect emission band has been significantly quenched and as a 

result, the resultant OPV device obtains longer photo-carrier lifetime than that of 

untreated ZnO. As for the chemical origin for this Fermi-edge like state, Ozawa et al. 

have demonstrated through hydrogen adsorption, single crystal ZnO enables to transit 

from semiconductor to metal (metallization) by partially filling (doping) metallic bands 

with a Zn 4s character.
93,94

 In addition, Zni is commonly proposed as one of the major 

intrinsic defect for the n-type conductivity of ZnO
14,16–19

 and has been suggested to act as 

a shallow donor state, responsible for the charge redistribution with electron acceptor  
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Figure 5.9 HKE regions for (a), (d) untreated, (b), (e) OP, and (c), (f) ArP sg-ZnO and 

sg-ZnO/C60. (a), (b), and (c) show bare ZnO HKE edge; (d), (e), and (f) show ZnO/C60 

(0.5 nm) HKE edge. The spectral intensity is shown in logarithmic scale. Untreated sg-

ZnO shows a Fermi-edge like feature (highlighted with small blue oval) in (a) and an 

extensive charge transfer dynamics with C60 (highlighted with large blue oval) in (d) 

compared to OP and ArP sg-ZnO. High concentration of zinc interstitial (Zni) defects in 

untreated sg-ZnO is speculated to be responsible for the spectral difference (see context).    
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components.
19,83

 Therefore, we hypothesize the mid-gap states observed originate from 

Zni and are interested in their impact on charge redistribution at sg-ZnO/C60. Figure 5.9 

(d), (e) and (f) show the spectral feature near EF for untreated, OP, and ArP sg-ZnO after 

the deposition of partial C60 monolayer coverage (0.5 nm). Compared to Figure 5.9 (a), 

(b) and (c), a peak-like spectral feature associating with C60 HOMO emerges and its 

energy position is ca. 1 eV below the ZnO IP. A secondary spectral contribution for the 

C60 HOMO feature from He β satellite emission, which is ca. 1.87 eV smaller than He I 

(21.2 eV)
95

 can be seen at the corresponding energy level for OP and ArP sg-ZnO. For 

untreated sg-ZnO, a new photoemission feature with broader energy distribution and 

higher photoelectron counts was found, which cannot be solely attributed to the satellite 

emission. In addition, this feature overlaps the mid-gap states in bare untreated ZnO. 

Therefore, we conclude the new spectral feature is a combination of ZnO mid-gap states 

(in the range of ca. 0 to 0.5 eV) and charge-transfer states at ZnO/C60 (in the range of ca. 

0.5 to 1.5 eV) as well as a small observed spectral density from the satellite emissions of 

C60 HOMO (at ca. 1 eV). Along with the band diagrams illustrated in Figure 5.8, these 

charge-transfer states are evident of electron transfer from the mid-gap states originated 

from Zni defects in untreated sg-ZnO to low-lying acceptor levels of C60 and thus results 

in the largest degree of band bending and vacuum level shift at untreated sg-ZnO/C60 

compared to OP and ArP sg-ZnO.   

Based on the XPS and UPS results, a proposed near-surface molecular view for 

untreated, OP, and ArP sg-ZnO is illustrated in Figure 5.10. We proposed untreated sg-

ZnO layer has the least stoichiometric crystal structure with the largest amount of surface 

–OH groups (estimated 0.5 to 1.0 monolayer coverage, as seen in aluminum oxide  
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Figure 5.10 A proposed near-surface chemical composition picture for untreated, ArP, 

and OP sg-ZnO based on the UPS and XPS studies. Each oxygen and zinc atom was 

drawn in tetrahedral molecular geometry based on a wurtzite structure. Untreated sg-ZnO 

shows the presence of zinc interstitial (Zni) and surface hydroxyl group (-OH) with high 

concentrations; ArP sg-ZnO shows low concentration of surface hydroxyl group (-OH), 

whereas OP sg-ZnO shows high concentration of surface adsorbates, e.g., H2O, CO, CO2. 

For both ArP and OP sg-ZnO, the declination of Zni concentration (from UPS data in 

Figure 5.9) is expected because of the surface passivation effect of plasma treatments.   
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surfaces)
96,97

 as well as the presence of Zni. For ArP sg-ZnO surface, a higher 

stoichiometric ZnO content with less amount of surface –OH is obtained. In addition, its 

low surface adsorbate concentration is indicative of inert chemical reactivity and surface 

affinity to carbonaceous species in the ambient air.  For OP treated sg-ZnO surface, we 

speculate its surface is with rich chemical reactivity, since it has the highest surface 

adsorbate concentration. It may be explained by a proposed mechanism for the 

carbonaceous species build-up on a sputter-cleaned indium tin oxide (ITO) surface:
36,98–

100
 freshly sputtered ITO surface with fast chemical reactivity with ambient water vapor 

regenerates a thin hydroxide layer, and sequentially reacts with carbonaceous species and 

causes the acumination of carbon-like products, for which the carbon layer thickness can 

be up to a few monolayers or more.  We expect that the changes in the chemical 

compositions of sg-ZnO surface through the plasma treatments lead to different 

interfacial effects when organic active layer components are deposited on their surfaces 

and further influences the device J-V characteristics.   

5.4 Incorporation of Plasma Treated ZnO into Inverted BHJ OPV Device: 

Correlation between Device J-V Characteristics with ZnO Energetic Alignment 

and Interface Wettability with Active Layer Components 

 

5.4.1 Light J-V Characteristics: Electron Extraction and Fill Factor 

We evaluated the impacts of the plasma treatments on sg-ZnO films, proposed as an 

electron transport interlayer in an inverted BHJ device with the configuration: 

ITO/untreated (or OP or ArP) sg-ZnO/P3HT:PCBM/PEDOT:PSS/Ag. Figure 5.11 shows 

the light J-V curves for the three testing devices and Table 5.2 summarizes the device J-V 

characteristics. In Table 5.2, the device employing untreated sg-ZnO shows slightly better  
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Figure 5.11 Light J-V curves of inverted BHJ OPV device: ITO/untreated (or OP or ArP) 

sg-ZnO/P3HT:PCBM/PEDOT:PSS/Ag. Average J-V curves are shown (six cells) and one 

standard deviation error bars are included.  
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Table 5.2 Summary of the J-V characteristics for ITO/untreated, OP, and ArP sg-

ZnO/P3HT:PCBM/PEDOT:PSS/Ag bulk heterojunction OPVs. 
a, b 

The determination of 

Rp and Rs are taken the inverted slope of light J-V curves at +1 and -1V, respectively. 
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Voc and comparable Jsc with the devices using OP and ArP sg-ZnO. The obtained Voc and 

Jsc are in a typical range for an inverted P3HT:PCBM BHJ device,
101

 suggesting that 

preferential phase segregation between P3HT and PCBM is established and charge 

transfer across the interface is efficient.
102,103

 We note that all ZnO interlayers provide an 

capable hole-blocking ability, as can be seen in the energetic barrier for hole extraction 

(ca. 2.5 eV) at P3HT/ZnO interface in its band diagram (Figure 5.12) based on the UPS 

results. For F.F., the device using untreated sg-ZnO shows ca. 15% enhancement 

compared to that of the devices using OP and ArP sg-ZnO (0.57 vs. 0.51 or 0.49) and 

thus a better device PCE, i.e., 3.17%. We attribute the enhancement in F.F. to the more 

favorable band-bending for electron extraction at untreated ZnO/PCBM interface, as 

revealed from the ZnO/C60 UPS study, as well as the smaller series resistance (Rs), i.e., 

7.6 Ω cm
2
 for the device using untreated sg-ZnO. Assuming the active layer component 

bulk material resistance is almost unchanged for all devices, the smaller Rs indicates 

untreated sg-ZnO layer is with higher electrical conductivity, which is consistent with our 

hypothesis: the presence of Zni defects (shallow donor) in untreated sg-ZnO film, 

allowing for higher carrier concentration and conductivity. 

5.4.2 Dark J-V Characteristics: Rp and Surface Wettability with P3HT 

The dark J-V curves of the same series devices are shown in Figure 5.13 (a), in which 

we found the currents in reverse bias (diode reverse leakage current) from high to low in 

sequence are: ArP sg-ZnO > untreated sg-ZnO > OP sg-ZnO, which also can be revealed 

from the inverse trend of the device shunt resistance (Rp) in Table 5.3. In a diode 

equivalent circuit, Rp is in parallel with diode
104

 and the magnitude of Rp is desired to be 

large, so that under reverse bias, the obtained (leakage) current from the circuit is  
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Figure 5.12 The energy diagrams for untreated, OP and ArP sg-ZnO/P3HT. The solution 

deposited P3HT layer is with 15 nm layer thickness. From these diagrams, superior hole 

blocking ability is expected for all sg-ZnO samples, because of the large injection barrier 

(form ZnO IP to P3HT HOMO) for hole transfer, i.e., ca. 2.5 eV.     
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Figure 5.13 (a) Dark J-V curves of inverted BHJ OPV device: ITO/untreated (or OP or 

ArP) sg-ZnO/P3HT:PCBM/PEDOT:PSS/Ag. From the negative bias region, the shunt 

resistance (Rp) of the devices ranges from low to high: OP > untreated > ArP sg-ZnO, 

which shows a strong correlation with the XPS Zn 2p spectral intensity for sg-ZnO/P3HT 

samples (b). The interface wettability of sg-ZnO with solution deposited P3HT layer 

dictates the penetration of P3HT polymer chain into sg-ZnO nanostructure, which can be 

used to evaluate the undesired leakage pathway for hole transfer (from P3HT) to 

underlying ITO electrode.     
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small. Accordingly, Rp can be used to quantify the amount of electrical shorting routes in 

various types of PV devices.
105–108

 Therefore, it arises a question as to why the plasma 

treatments lead to different Rp and their sputtering effects on sg-ZnO alone cannot 

account for the trend of Rp, since the Rp of the device using OP sg-ZnO (2.2 KΩ cm
2
) is 

larger than that of the devices using ArP sg-ZnO (0.8 KΩ cm
2
) and even larger than 

untreated (non-sputtered) sg-ZnO (1.5 KΩ cm
2
). We speculate since the plasma 

treatments directly impact sg-ZnO surface, the change in the Rp we observed in the full 

device is due to the sg-ZnO/ITO electron collection side, assuming the hole collection at 

PEDOT:PSS/Ag maintains almost invariantly. Therefore, the leakage pathway can be 

seen as an undesired P3HT penetration into sg-ZnO and in contact ITO surface. To 

investigate the leakage current through the sg-ZnO/ITO side, a thin layer of P3HT film, 

i.e., 15 nm was deposited on untreated, OP, and ArP sg-ZnO/ITO substrates. We used 

XPS to study their Zn 2p core-level spectra, as shown in Figure 5.13 (b). With a top layer 

of P3HT, it is expected that the photoelectron count from Zn 2p core-level transition is 

attenuated or even eliminated. Therefore, the Zn 2p photoelectron intensities can be used 

to evaluate the surface coverages of P3HT layer on sg-ZnO. In Figure 5.13 (b), the Zn 2p 

spectral intensity has been scaled with respect to the maximum spectral intensity of each 

C 1s spectrum to correct the variations in photoelectron yields of each sample. For 

untreated and ArP sg-ZnO, two strong peaks corresponding to Zn 2p1/2 (left) and Zn 2p3/2 

(right) can be seen, suggesting the deposited P3HT layer is not able to fully cover sg-

ZnO. It may be because the excellent wettability between untreated/ArP sg-ZnO with 

P3HT allows P3HT polymer chains to intercalate vertically into sg-ZnO nanostructure 

and eventually reach the bottom ITO surface. As for OP sg-ZnO, no observed strong Zn 
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2p peaks with only the background signal from randomly scattered secondary 

photoelectron can be found, indicative of full coverage of P3HT on OP sg-ZnO. As 

mentioned in the XPS data (Table 5.1), the OP treatment allows higher surface adsorbate, 

e.g. H2O, CO, CO2, to enrich on sg-ZnO surface, which may induce the non-polar P3HT 

(spun from dichlorobenzene solvent) layer to concentrate on sg-ZnO surface. As a result, 

only small to none Zn 2p photoelectron intensity in XPS and lower leakage current (high 

Rp) in the full BHJ device were found for OP sg-ZnO.  

5.5 Summary and Conclusions 

We have presented the effects of plasma pre-treatments on sg-ZnO materials and their 

correlations with OPV device performance. The fact the pre-treatments strongly impact 

the near-surface chemical compositions and the frontier energy levels of sg-ZnO opens 

new routes to tailor the interface between ZnO (or maybe other MOS) and organic 

molecular thin films, which can be applied into other organoelectronic devices, e.g., 

optoelectronics, chemical sensor, field-effect transistor (FET), etc. The sg-ZnO/C60 case 

given here shows the presence of metal Fermi-edge like mid-gap states in sg-ZnO 

dictates its charge transfer dynamics with C60 and is beneficial for the electron extraction 

of sg-ZnO for the interlayer purpose in OPV devices. Using OP or ArP treatment, we are 

able to change the sg-ZnO chemical compositions, especially the defects, -OH, and 

surface adsorbate components and passivate these mid-gap states. These chemical and 

electronic structural changes cause different interfacial impacts when the active layer 

components (P3HT and C60) deposition on the top and can be used to explain the trends 

found in OPV devices J-V characteristics, i.e., F.F. and Rp. We note that the plasma 

treatments on sg-ZnO degrade the OPV device performance does not contradict with the 
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device performance enhancement using the similar pre-treatments in NiOx (OP)
40

 and 

ZnO (UV-Ozone)
91,92

 cases, since the electron transfer dynamic and energetic alignment 

strongly depend on the MOS/organics systems. Even for same MOS, e.g., ZnO in this 

case, the variety of types and concentrations of point defects due to various processing 

conditions likely to induce different properties of bulk materials and interfacial 

interactions with deposited organics. Nevertheless, our studies demonstrate understanding 

of MOS/organics energetics and compatibility is a key parameter for the optimization and 

controlling of their functions in organic electronic devices. 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions 

This dissertation was focused on the studies of TiO2 and ZnO interlayer materials for 

the organic solar cells, including i) a development of CVD system for TiO2 (Chapter 3); 

ii) a electrochemical approach to characterize ZnO (Chapter 4); iii) a study of plasma 

modifications on ZnO (Chapter 5).  In the rapid growth of OPV technology, the 

introduction of interlayers in device architectures has been seen as a need and 

demonstrated to significantly improve device performance. The continuing development 

of interlayer materials is required and treated as a key parameter for optimum 

performance of both current and future OPV devices. The research works summarized in 

this dissertation should contribute in this progression. In i), the deposition of CVD TiO2 

layer successfully connects the processing technology of OPV fabrications with the 

current semiconductor industry, where the knowledge about deposition of oxide materials 

via CVD has been well-established. The author would hope to see some related 

techniques can be applied into roll-to-roll (R2R) processes in OPV fabrications in the 

near future. In ii), a systematic electrochemical characterization for physical 

imperfection, i.e., pinholes in OPV relevant oxide interlayer materials has been described 

for the first time. By using these approaches, we successfully demonstrated the 

penetration of active layer component through porous interlayer structure and directly in 

contact bottom electrode, which leads to significant electrical shorts, as revealed by the 

device J-V characteristics. These electrochemical approaches allow for rapid 

characterization and optimization of ZnO interlayers and potentially other oxide 

materials, prior to actual device formation and expected to be practical for OPV devices 
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fabricated on a flexible substrate, where pinholes and cracks are more likely to form after 

multiple bending processing. In iii), a surface modification of ZnO thin film using 

oxygen and argon radio frequency (RF) plasma has been described. These studies provide 

a demonstration that the charge transfer at oxide/organics strongly depends on the 

interfacial properties, i.e., energy alignment, wettability, etc., and has direct impacts on 

the device performance. It was found the changes in the interfacial properties at sg-

ZnO/C60 are associated with the defects and adsorbates enriching on sg-ZnO surface, 

which can be altered by the oxygen and argon plasma presented here. These researches 

open new routes for fundamental understanding and tailoring oxide/organics interface, 

which should be useful for the interface engineering in OPV and other organic 

electronics.              

6.2 Future Plans:  

We envision the material characterization methods mentioned in this dissertation, 

especially the electrochemical methods, can be widely applied for the evaluation of novel 

metal oxide interlayer materials. In the section, we summarized the preliminary results 

using cyclic voltammetry to study probe molecule reduction/oxidation with aluminum-

doped zinc oxide (AZO) and plasma-enhanced atomic layer deposited (PE-ALD) TiOx 

interlayers.  

6.2.1 Electrochemical Characterization of Aluminum Doped ZnO 

A preliminary study using the similar electrochemical approach (Chapter 4), i.e., 

probe molecule oxidation/reduction, has been applied in Aluminum-doped zinc oxide 

(AZO). AZO has been seen as a promising interlayer material, since the conductivity can 

be improved by the extrinsic aluminum (Al) dopants, allowing thicker film to be 
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employed in OPV device to prevent the electrical shorts in the device, but not sacrificing 

the device performance because of high Rs.
1,2

 However, the improvement in ZnO 

electrical conductivity,
1,3–8

 may accompanied by the creation of multiple gap states that 

produce significant surface recombination at ZnO/organic interfaces thus affecting its 

hole blocking ability. We systematically studied the charge blocking ability of solution 

processed ZnO as functions of different Al doping levels after various post-annealing 

temperatures.  Figure 6.1 shows nine cyclic voltammograms of two spin-coated 0, 1 and 

10% Al-doped ZnO (AZO) films (ca. 50 nm) on ITO, after annealing at 150, 260, or 350 

o
C in air. The redox couples used here (from left to right) were TPD, Fc and Me10Fc. 

These voltammograms are a final product of multiple factors, such as the ECB position of 

AZO, the pinhole density of the AZO films and the density of state (DOS) and the 

positions of gap states introduced by Al dopant. Some qualitative observations and trends 

are summarized here: i) At 150 
o
C we observed slightly different pinhole densities 

between 0, 1 and 10%-doped AZO, as revealed by the current for Fc oxidation (Fc to 

ferrocenium, Fc
+
). The magnitude of current (equivalent to the pinhole density) in 

sequence from high to low is shown as 0%>10%>1%. The voltammetric wave 

asymmetry of Fc may be due to Fc
+
 adsorption on ITO and/or ZnO surfaces and an 

overpotential is required to overcome for the reduction of Fc
+
. ii) At 260 

o
C, we observed 

the TPD voltammetric responses were almost totally blocked for all AZO films, while Fc 

and Me10Fc showed different degrees of charge transfer blocking: Me10Fc is blocked for 

10%-doped AZO while the charge transfer is allowed in 0- and 1%-doped AZO. A 

possible explanation to this discrepancy is the shift of the AZO ECB relative to ECB for 

ZnO, as can be seen in the difference in their work functions (φ).
2
 When the AZO ECB  
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Figure 6.1 Cyclic voltammograms of 0.5 mM TPD, Fc and Me10Fc solutions (left to 

right) for two spin (ca. 50 nm) coating cycles aluminum doped zinc oxide (AZO)/ITO as 

working electrodes. The nine voltammograms compose AZO samples with three different 

Al doping levels (0, 1 and 10%) after three film annealing temperatures (150, 260 and 

350 
o
C). For all measurements, 50 mV/s scan rate was used. This study shows the charge 

(hole) blocking ability of AZO is sensitive to the Al doping level as well as the annealing 

temperature (see context).  
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onset becomes more negative on the electrochemical scale (close to vacuum level), 

Me10Fc with a more negative redox potential (ca. -0.5 V vs. Ag/AgNO3) is blocked by 

AZO, which is the case for 10%-doping. When the AZO ECB is more positive on the 

electrochemical scale, Me10Fc charge transfer is allowed, as is the case for 0- and 1%-

doping. iii) After annealing at 350 
o
C, all the voltammograms show a loss of charge 

blocking ability compared to 150 and 260 
o
C annealing, which may be due to a higher 

pinhole density, doping level and the combination of both. When a solution-processed 

AZO is applied as a transparent conductive oxide (TCO), the typical processing 

temperature is around 400 to 600 
o
C

9–12
 allowing the carrier density to achieve the desired 

10
19-20

 cm
-3 

level,
9–12

 about three orders of magnitude higher than intrinsic ZnO.
13

 We 

believe the 350 
o
C post-annealing temperature, to some extent, enables AZO to convert 

from a semiconductor to metal-like properties. For 10%-doping especially, all redox 

couples are close to symmetric voltammetric waves and no charge blocking ability was 

found. These studies successfully showed the electrochemical behavior of AZO films is 

pinhole density and doping level dependent.  A device data set fulfills a need to complete 

the device-property correlation and should be included in the future plan.    

6.2.2 Ultra-Thin Atomic Layer Deposited (ALD) TiO2 Interlayer for Organic Solar Cells 

An ongoing collaboration with Hyungchul Kim from Sam Graham group at Georgia 

Institute of Technology using plasma-enhanced atomic layer deposited (PE-ALD) TiO2 

as electron-harvesting layer for organic solar cells has been preceded. Xin Wu and I both 

contributed significantly in the collaboration, especially in the electrochemical 

characterization and OPV device fabrications for the evaluation of PE-ALD TiOx layers. 

The purpose of using electrochemical reactions (voltammetry) of solution probe 
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molecules in this field is to evaluate the ability to reject hole carriers as well as the 

physical imperfections, i.e., pinholes of these PE-ALD TiOx films. We aimed to find the 

correlation between the hole blocking ability and film thickness of PE-ALD TiOx layers. 

Four sub-nano and nano scale film thickness (0.5, 1, 3, and 10 nm) of TiOx films 

deposited on ITO were precisely controlled using the advantages of monolayer deposition 

of ALD system and prepared by Hyungchul Kim in Georgian Institute of Technology and 

then shipped to the University of Arizona under an argon filled canister. The samples 

were unpacked prior to use to prevent significant air exposure. Cyclic voltammetry (CV) 

was used to study charge transfer between PE-ALD TiOx/ITO samples with various 

probe molecules. Figure 6.2 shows the CV data of probe molecules (from left to right): 

TPD, Me2Fc and Me10Fc (same series of probe molecules in Section 4.3) with bare ITO 

and 0.5, 1, 3, and 10 nm TiO2/ITO. In case of bare ITO (Figure 6.2 (a)), typical 

voltammograms were seen for all three probe redox couples, with good symmetry in the 

oxidation/reduction waves, the narrow separation in anodic/cathodic peak potentials 

reveals reasonably fast and reversible charge transfer events on the bare ITO surface, as 

shown previously in Figure 3.8 and Figure 4.7.   For 0.5 nm and 1 nm TiOx ALD films on 

ITO (Figures 6.2 (b) and (c)), the voltammetric responses become significantly distorted 

and sigmoidal shape, which can be attributed to microelectrode array (MEA) effect, in 

which the charge transfer transitions from semi-infinite linear diffusion to radial diffusion 

at the given sweep rate (100 mV/s). As the TiOx layer thickness increases (3, 10 nm), 

charge transfer is completely blocked for (Figures 6.2 (d) and (e)), where we only 

observed capacitive charging currents (non-faradaic) due to ITO-electrolyte double layer 

capacitance (Cd).  It should be noted that previous experiments of this type using CVD  
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Figure 6.2 Cyclic voltammograms of 0.5 mM TPD, Me2FC and Me10Fc solutions (left to 

right) with (a) bare ITO, (b) ITO/ TiOx 0.5 nm, (c) ITO/ TiOx 3 nm, and (d) ITO/ TiOx 10 

nm.  Potential showed in graph is referenced to Ag/AgNO3. For all measurements, 100 

mV/s scan rate was used. 
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TiO2 layers on the same ITO contacts showed that 12 nm thicknesses (Figure 3.8) were 

required to achieve the same degree of blocking of these redox probes that was achieved 

here with only 3 nm of PE-ALD TiOx, consistent with the formation of much more 

conformal, high density, hole-blocking films. As the work reported in Chapter 4, we have 

shown that even thicker sol-gel derived ZnO films (i.e., 120 nm) are required to achieve 

the same degree of electrochemical blocking of these redox probes, and that in all cases 

this voltammetric characterization of these redox probes is a rapid and useful means of 

predicting which types of interlayer films will be useful in organic solar cell device 

platforms for electron harvesting.  

The diode devices employing PE-ALD TiOx layers in a metal-insulator-

semiconductor and BHJ OPVs configurations were fabricated and characterized. Their J-

V characteristics, along with the electrochemical data described herein, demonstrate PE-

ALD TiOx layers have superior charge selectivity even in sub-nano and nano scale film 

thickness. We are in the process of preparing a manuscript to publish the outcomes of this 

research in the near future.     
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