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ABSTRACT

Design, Deposition, Characterization and Modification of Transparent, Conducting Anode

Materials for Organic Light-Emitting Diodes

Jianfeng Li

The electronic properties of various transparent conducting oxide (TCO) surfaces are

probed electrochemically via self-assembled monolayers (SAMs). A novel graftable probe

molecule having a tethered trichlorosilyl group and a redox-active ferrocenyl functionality

(Fc(CH2)4SiCl3) is synthesized for this purpose. On as-received ITO, saturation coverage by a

close-packed monolayer having of 6.6 × 10-10 mol/cm2 and an electron-transfer rate of 6.65 s-1 is

achieved after 9 hr of chemisorption. CV studies of this redox SAM on five different TCO

surfaces reveal that MOCVD-derived CdO exhibits the greatest electro-active coverage and

MOCVD-derived ZITO (ZnIn2.0Sn1.5O) exhibits the highest electron transfer rate.

Modification of inorganic electrodes has attracted great attention in the quest to optimize

organic opto-electronic devices. An air-stable, crosslinkable trimethoxysilane functionalized

hole-transporting triarylamine (4,4′-bis[(p-trimethoxysilylpropylphenyl) phenylamino]biphenyl,

TPD-[Si(OMe)3]2) has been synthesized and self-assembled or spin-coated onto ITO anode

surfaces to form monolayers or multilayer siloxane films, respectively. The increase in surface

work function and enhanced ITO–HTL contact via robust covalent bonding are expected to

facilitate hole injection from the ITO anode, resulting in OLED performance enhancement

versus that of device without such interlayers. The air-stable interlayer material developed here is

also applicable to large-area coating techniques.
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Single-walled carbon nanotube (SWNT) films on flexible PET substrates are used as

transparent, flexible anodes for organic light-emitting diodes (OLEDs). For polymer-based

OLEDs having the carbon nanotube anode,  a maximum light output of 3500 cd/m2 and a current

efficiency of 1.6 cd/A have been achieved. The device operational lifetime is comparable to that

of devices with Sn-doped In2O3 (ITO)/PET anodes. The advantages of this novel type of anode

over conventional ITO are discussed. Double-layer transparent conducting thin film structures

containing single-walled carbon nanotubes (SW-CNTs) and Sn-doped In2O3 (ITO) layers are

deposited on flexible PET substrates by a PDMS (poly-dimethylsiloxane)-based stamp printing

method and ion-assisted deposition (IAD), respectively, at room temperature and used as anodes

for polymer light-emitting diodes (PLEDs). The overall figure of merit (  = T10/Rsheet) of the film

with 30 nm CNT and 50 nm IAD-derived ITO is greater than that of the CNT-only film.

CNT/ITO-based PLEDs exhibit superior performance to that of the CNT-only control.

At last, a novel cyan emitting copolymer poly(2,5-N-n-octyl-3,4-cyclicimidothienyl-co-

2’,7’-9’,9’-di-n- octylfluorene) (C8F8), consisting of electron-deficient cyclicimidothiophene

and fluorene moieties, was synthesized and characterized.

                                                                    _________________________________

                                                          Thesis Advisor: Professor Tobin J. Marks
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CHAPTER ONE

Characterization of Transparent Conducting Oxide Surfaces Using Self-

Assembled Electroactive Monolayers
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1. Introduction

Transparent conducting oxides (TCOs), a fascinating class of materials that are both

optically transparent and electrically conductive, are finding increasing application in

optoelectronic devices such as flat panel displays (FPDs), organic light-emitting diodes (OLEDs),

organic photovoltaics (OPVs), inorganic solar cells, heat reflectors, de-icers, and energy-efficient

windows.1-3 The continuing development of OLED technologies and the interest in significantly

improving the efficiency of OPV cells has intensified the need to understand and control the TCO

surfaces upon which the active organic thin films are generally deposited.4-10

At present, tin-doped indium oxide (ITO) is used in numerous optic-electronic

applications as an n-doped, degenerate wide band gap semiconductor because of its excellent

transmittance in the visible and near-IR regions, low electrical resistivity, and ease of lithographic

processing through chemical etch procedures.1,11 However, the surfaces of such polar hydrophilic

oxides are often chemically incompatible with non-polar organic thin films, leading to

delamination of the organic layers and high series resistance in either OLED or OPV cells. The

intrinsic TCO chemical incompatibility with many organic materials and the chemical instability of

ITO on passing high current densities have led to several solution- and gas-phase pretreatment

procedures to control ITO surface energy and work function.12-15 Other strategies include the

addition of thin conductive polymer films,16,17 deposition of metal-organic species (e.g., zirconium

oxides, phenoxytin complexes) with specific surface functionalities,18,19 chemisorption of organic

phosphonic acids20 via chemical reaction between phosphonic acid groups with ITO surface

hydroxyl groups, or addition of cross-linked triarylamine-siloxane injection/adhesion layers (self-

assembled monolayers or spin-cast multiple layers, 10-50 nm) to the ITO surface via chemical
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reaction between chlorosilyl groups and ITO surface hydroxyl groups.21,22 ITO electrodes have

also seen increasing use as electro-analytical sensors, where rates of electron transfer involving

adsorbed or covalently linked molecules are critical for performance.23,24

Although ITO has been used widely, the chemical and electronic properties of ITO are far

from optimum for current and future applications. There are several drawbacks: (1) the limited

availability and high escalating cost of indium;25 (2)  significant  absorption  in  blue  region;26 (3)

deleterious diffusion of oxygen and In into proximate organic charge transporting/emissive

layers;27,28 (4) relatively low work function, which causes an energy level mismatch with typical

hole transport layer (HTL) materials.29 Our group has previously developed thermally and

chemically stable, highly transparent, high work function ITO-alternative thin film TCO materials,

such as metal-organic chemical vapor deposition (MOCVD)-derived doped and undoped

CdO30,31and Zn-In-Sn-O (ZITO)32, and ion assisted deposition (IAD)-derived ITO33 and In2O3
34

,

which partially address the aforementioned deficiencies of ITO. Some of these materials, such as

MOCVD-ZITO and IAD-ITO, have already been successfully implemented in OLEDs as effective

anodes.32,33

To date, there have been a number of studies of ITO surface composition and effective

work function, using UV-photoelectron spectroscopy (UPS) and monochromatic X-ray

photoelectron spectroscopy (XPS).12-15 High-resolution XPS studies of ITO surfaces show that

there are high concentrations of In(OH)3-like and InOOH-like surface species in the near-surface

region. The hydroxyl groups on the ITO surface,  especially as In(OH)3-like species, may not be

strongly bound to the conductive ITO lattice.35-37 Furthermore, surface analytical methods such as

Kelvin probe,38,39 photoelectron emission spectroscopy (e.g. UPS, XPS),12-15, 35-37 and scanning
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probe microscopy (AFM, STM)40-42 may not be effective in unambiguously identifying genuinely

organic-inorganic and organic-metal interfacial characteristics, which are thought to be vital for

optimizing device response properties,43,44 because such nanoscale interfacial phenomena are

frequently intermingled with bulk properties.

Self-assembled monolayers (SAMs) have been extensively characterized as well-organized

arrays of organic molecules on substrate surfaces.45-49 The formation of organic monolyers by self-

assembly is directed by specific interactions between terminal functional groups and the surface.

They provide a model system for studying interfacial electron transfer,50-53 and have been

described in applications as diverse as molecular recognition, electrocatalysis, biosensors,54,55

corrosion protection,56,57 and molecular electronic devices.58-60 It is well known that n-alkanethiols

and n-alkyltrichlorosilanes form monolayers on either noble metal or oxidized surfaces,

respectively, through self-assembly from dilute organic solutions.61 In this connection, ferrocene

deratives represent an often-studied class of redox-active molecules, and ferrocene-based reagents

are frequently used as prototypical redox centers in work demonstrating new techniques or

concepts or in studies designed to test specific electron transfer theories. 62

In this contribution, an approach combining SAMs and the ferrocene functional group is

used to characterize the electrochemical properties of various TCO surfaces. In brief, an , -

tricholosilyl compound bearing a redox-active group (ferrocene) at one terminus of an alkyl chain

is synthesized and then self-assembled to form monolayers on various TCO electrodes via

covalent bonds (Scheme 1). It will be seen that a saturated, close-packed monolayer is obtained

on as-received ITO after 9 hr, as determined by cyclic voltammetry (CV) and synchrotron X-ray

reflectivity (XRR). A full coverage of 6.6 × 10-10 mol/cm2 is determined by CV. Using this probe
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molecule, we then quantitatively characterize the surface reactivity of a diverse series of TCO

materials, subjected to selected surface cleaning procedures, with respect to organosilane

Scheme 1. Scheme for ITO surface modification by a covalently chemisorbed electrochemically-

active molecular probe.

Fe
OH OH OH OH

+

Fe

SiCl3 Si
OOO

Fe

Si
OOO

ITO

ITO



25

condensation chemistry. We believe that the present approach provides a general tool to study the

surface electroactivity of TCO electrodes and will aid the development and optimization of TCO

materials for organic electronic and opto-electronic applications.

2. Experimental Section

2-1. Materials and Methods. All chemical reagents were used as received unless

otherwise indicated. All manipulations of air/moisture-sensitive materials were carried out on a

dual-manifold Schlenk line or in a nitrogen-filled glovebox. Ether and THF were distilled before

use from sodium/benzophenone ketyl. Toluene was dried using activated alumina and Q5 columns

and was tested with benzophenone ketyl in ether solution. Anhydrous MeCN (HPLC grade) was

purchased from Sigma-Aldrich and used as received. NMR spectra were obtained on Varian

VXR-400 or 500 MHz NMR instruments. MS analyses were conducted on a Micromass Quattro

II Triple Quadrupole HPLC/MS/MS mass spectrometer. Elemental analyses were carried out by

Midwest Microlabs. Cyclic voltammetry was performed with a BAS 100 electrochemical

workstation (SAM-coated TCO films with ~1cm2 area working electrodes, a Ag wire pseudo-

reference electrode, Pt wire counter electrode, 0.1M tetrabutylammonium hexafluorophosphate

(TBAHFP) in anhydrous MeCN supporting electrolyte. Scan rate = 0.10 V/s.) TBAHFP was

recrystallized from an ethyl acetate/hexanes mixture and dried in vacuo at 100°C for 10 h.

Specular x-ray reflectivity experiments on coated single-crystal Si (111) or Si (100) substrates

were performed on the Brookhaven National Laboratory X23B beamline at the National

Synchrotron Light Source. XPS measurements were performed at Northwestern with an Omicron

ESCA probe, which was equipped with EA125 energy analyzer. Photoemission was stimulated by

monochromatic Al K  radiation (1486.6 eV) with an operating power of 300 W, and a low-
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energy electron flood gun was employed for charge neutralization. Binding energies of spectra are

referenced to the C 1s binding energy set at 284.8 eV. AFM images were obtained on a

Nanoscope III AFM under ambient conditions in the contact mode with Si3N4 cantilevers having

pyramidal tips with 70° cone angles and 20-50 nm radii of curvature. The cantilever had a force

constant of 0.12 N/m. The images were obtained using the height mode with a total force of 20-

60 nN and a scan rate of ~10 Hz. The same image was scanned at least three times to ensure

reproducibility as well as by scanning different area sizes (i.e., higher or lower magnifications) to

verify image consistency. All the RMS surface roughness values are reported over an area of 25

m2. Quantitative SIMS analysis was carried out on a MATS quadrupole SIMS instrument using

a  15  KeV  Ga+ ion source. Advancing aqueous contact angles were measured on a standard

goniometric bench fitted with a Teflon micrometer syringe (Gilmont Instrument, Inc.) immediately

after the self-assembly process.

2-2. ITO Samples. ITO-coated glass sheets (15 , rms roughness = 2 nm) were

purchased from Colorado Concept Coating. Commercial ITO substrates were cleaned in an

ultrasonic detergent bath, followed by methanol, isopropanol, and finally acetone. The cleaned

ITO resulting from this process is termed “as-received ITO” in the discussion below.

2-3. Pretreatments of ITO Surfaces. Following a normal cleaning procedure to produce

the as-received ITO surface, two additional pretreatment/cleaning procedures were investigated in

this study. The piranha treatment, adapted from Wilson and Schiffrin,63 consisted of three steps:

(1) heating the ITO in a 10 mM solution of NaOH for 4 h at 80°C, (2) soaking the ITO in piranha

(4:1 H2SO4/H2O2) for 1 min, and (3) heating the ITO to ca. 160°C for 2 h. The ITO was rinsed



27

with copious amounts of water between each step. Pretreatment by oxygen plasma cleaning was

carried out in an oxygen plasma cleaner for 1 min to remove any residual organic contaminants.

2-4. Other TCO Samples. CdO and ZITO (zinc- and tin- doped indium oxide) thin films

were grown by low-pressure metal-organic chemical vapor deposition (MOCVD) on Corning

1737F glass substrates as described previously.30-32 In contrast to simple sputtering, Ion-Assisted

Deposition  (IAD)  is  a  unique  thin-film  growth  technique  which  employs  two  ion  beams  to

simultaneously effect film deposition, oxidation, and crystallization, resulting in smooth, adherent,

and dense oxide thin films on various substrates at remarkable low temperature. For comparison,

In2O3 and Sn-doped In2O3 (ITO) thin films were grown by the IAD technique. Prior to the film

deposition, the glass substrate was cleaned with the assisted ion beam (Ar ion energy = 100 eV)

for ~ 1 min. The In2O3 and ITO growth-process details have been reported elsewhere.33,34 CdO,

ZITO, In2O3, and IAD-ITO films were cleaned by ultrasonication in successive solutions of

detergent, methanol, and isopropanol for at least 30 min each before the self-assembly process.

2-5. Synthesis of 1-ferrocenyl-3-buten-1-ol (1) (Scheme 2).64 Under an atmosphere of

nitrogen, a deep blue SmI2 solution (0.1 M) was prepared by treatment of Sm (3.31 g, 22 mmol)

with 1, 2-diiodoethane (5.07 g, 18 mmol) in anhydrous THF (200 mL) for 2 h at room

temperature. To the freshly prepared SmI2 solution (cooled in ice bath) was added a solution of

allyl bromide (2.42 g, 20 mmol) in THF (25 mL). After 10 min, a solution of

ferrocenecarboxaldehyde (2.57 g, 12 mmol) in THF (25 mL) was added. The mixture was stirred

for 5 h at room temperature, and then quenched by addition of water (10 mL). The mixture was

next  filtered  to  obtain  a  clear  solution,  followed  by  extraction  with  EtOAc  (3  ×  100  mL).  The

combined extracts were washed with water (2 × 100 mL) and brine (2 × 100 mL), and dried over
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anhydrous Na2SO4. Following filtration, solvent was removed in vacuum to yield an orange oil.

Chromatography on silica gel with hexane: EtOAc (4:1) afforded 1.23 g of 1 as orange oil. Yield:

40%. 1H NMR (CDCl3, 400MHz):  2.09 (1H, d, OH), 2.47 (2H, m), 3.98-4.32 (9H, m), 4.41

(1H, m), 5.12 (2H, m), 5.89 (1H, m).

2-6. Synthesis of 4-ferrocenyl-1-butene (2). Under  an  atmosphere  of  nitrogen,  a  SmI2

solution (0.1 M) in THF (40 mL) was prepared as described above. A mixture of alcohol 1 (256

mg, 1.0 mmol) and water (216 mg, 12 mmol) in THF (10 mL) was added. The reaction mixture

was refluxed at 68 oC for 0.5 h, cooled, and filtered through a short silica gel column. Following

filtration, solvent was removed in vacuum to yield a brown oil. Chromatography on a long silica

gel  column  with  hexane  afforded  96  mg  of 2 as  brown  oil.  Yield:  40%. 1H NMR (CDCl3,

400MHz):  2.30 (2H, m), 2.45 (2H, m), 3.98-4.32 (9H, m), 5.12 (2H, m), 5.89 (1H, m). Anal.

Calcd for C14H16Fe: C, 70.03; H, 6.72. Found: C, 70.42; H, 6.85.

2-7. Synthesis of 1-ferrocenyl-4-trichlorosilyl-butane (Fc-Si1, 3). To a solution of 2

(0.096 g, 0.40 mmol) in 40 mL dry toluene at 25oC under inert  atmosphere was added H2PtCl6•

xH2O (0.001g), followed by trichlorosilane (0.54 g, 4.0 mmol). The reaction solution was warmed

to 55oC  and  monitored  by  NMR  until  completion  of  the  reaction  after  24  h.  Removal  of  the

solvent in vacuum yielded a yellow solid. Next, 35 mL dry toluene was added to the residue and

resulting solution filtered into a dry, clean Schlenk flask by cannula. The crude product was then

purified by Kugelrohr distillation. Compound 3 was obtained as yellow solid in 80% yield. 1H

NMR (benzene-d6, 400 MHz):  0.90 (2H, t), 1.33 (4H, m), 2.03 (2H, t), 4.00 (9H, m); 13C NMR

(benzene-d6, 400MHz):  22.78, 24.44, 29.63, 33.87, 68.05, 6.72, 69.28, 88.97; HRMS Calcd for

C14H17Cl3FeSi: 373.95. Found: 373.90.
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2-8. Self-assembly of Fc-Si1 on TCO Substrates. Following strict Schlenk protocol,

clean TCO substrates were immersed in a 1.0 mM dry toluene solution of Fc-Si1 at room

temperature for measured times. After the self-assembly process, the toluene solution was

removed by cannula and the substrates were rinsed with dry toluene (2 × 50 mL) and acetone in

the ultrasonic bath for 3 min each. The treated substrates were then dried at 110°C/100 mmHg in

a vacuum oven for 1 h.

2-9. Self-assembly of Fc-Si1 on silicon substrates. Silicon (111) or (100) substrates

(Semiconductor Processing Co.) were subjected to the cleaning procedure that follows. First, the

substrates were immersed in “piranha” solution (4:1 H2SO4/H2O2) at 80°C for 1 h. After cooling

to room temperature, the substrates were then rinsed repeatedly with de-ionized (DI) water,

followed by an RCA-type cleaning protocol (H2O:  30%  H2O2: NH3; 5:1:1 v/v/v; sonicated at

room  temperature  for  40  min).  The  substrates  were  finally  rinsed  with  copious  amounts  of  DI

water, heated to 125°C for 15 min, and dried in vacuo. Fc-Si1 was then self-assembled onto the

clean silicon substrates following the procedure described above for TCO substrates.

         2-10. Self-assembly of Fc-Si1 on Silicon/ITO substrates. A thin layer (22.5 Å) of ITO

film was grown on the clean Silicon (100) substrate by IAD. The growth details have been

reported elsewhere.33,34 Fc-Si1 was then self-assembled onto the fresh Si/ITO substrates following

the procedure described above.

3. Results
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Scheme 2.  Synthetic scheme for the electroactive probe molecule, Fc-Si1.
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In this section, the chemisorptive deposition of the Fc-Si1 molecular  probe  on  TCO  or

single-crystal substrates is first presented, as well as a discussion of saturation chemisorption of

electroactive self-assembled Fc-Si1 monolayers on as-received ITO. Also presented in this section

is the characterization of this saturated self-assembled monolayer on as-received ITO, and then

the successful application of this molecular probe to a diverse variety of non-ITO TCO materials

to electrochemically characterize the variations in the chemisorptive and electrochemical

properties.

3-1. Deposition of Fc-Si1 on TCO substrates and on single-crystal silicon.

The chlorosilane-tethered probe molecule Fc-Si1 is self-assembled onto the hydrophilic

ITO substrate surfaces with nanoprecise control in thickness, utilizing a self-limiting, solution-

based chemisorption process. As illustrated in Scheme 1, clean TCO-coated glass surfaces possess

hydroxyl functionalities and chemisorbed water that are reactive toward chlorosilanes, thereby

achieving covalent binding of the silane to the surface.46-49,65 The  use  of  air-  and  moisture-free

deposition conditions is crucial for monolayer formation, preventing the pre-chemisorption

oligomerization of Fc-Si1. Further exposure of the fresh film to air/moisture in the following wet

acetone rinse hydrolyzes any unreacted trichlorosilyl groups. Subsequent thermal curing facilitates

the formation of a siloxane monolayer, resulting in a thin layer consisting of electrochemically-

active moieties covalently anchored to the TCO surface. Deposition of the probe molecule onto

single-crystal Si or quartz substrates reasonably proceeds via a similar chemisorption pathway.

Thin-film characterization results are presented below.

3-2. Saturation of the electroactive self-assembled Fc-Si1 monolayers on as-received

ITO. Monolayer formation of Fc-Si1 on as-received ITO and on cleaned single-crystal Si (111) or

(100) surfaces was monitored by cyclic voltammetry (CV) and synchrotron x-ray reflectivity
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(XRR), respectively. Cyclic voltammograms on ITO vs. chemisorption time are shown in Figure

1A and exhibit the characteristic response of surface-anchored species. Surface coverages of the

ferrocenyl absorbate with varing deposition time (Table 1, Figure 1B) are calculated from the

integration of the oxidation peak areas (eq 1).52 Here, Q is the total charge required for oxidation

of the bound absorbate, n is the number of electrons required for oxidation of a single absorbate

molecule, F is Faraday’s constant, A is the total electrode area, and  is the surface coverage of

the absorbates per unit electrode area. Note here that A is the “real” electrode area, which is

calculated using the AFM software and the measured RMS roughness of the as-received ITO

surface.

                                               Q = nFA                                                                 (1)

It is found that the self-assembled monolayer coverage reachs 5.3 × 10-10 mol/cm2 (80% of the full

coverage) after 5 h, and finally achieves a full saturation coverage of 6.6 × 10-10 mol/cm2 after 9 h.

The CV response and coverage of the film after 20 h are identical to those of the film after 9h as

shown in Figure 1A, indicating that a saturated and fully-covered monolayer is obtained after 9 h.

The cyclic voltammetry curves obtained with sweep rates from 0.1 to 10 V/s for the saturated

Fc-Si1 monolayer on as-received ITO are shown in Figure 2. At a scan rate of 0.1 V/s, the

oxidation/reduction line shapes are nearly symmetrical for the Fc-Si1-based SAM-coated ITO

electrode, indicating that the rate of electron transfer is rapid on the time scale of the

experiment.74 However, as the scan rate is increased, the redox peak potentials shift symmetrically

in positive and negative directions, with broader peak shapes and greater separation between

oxidation and reduction peak potentials, indicating that the electron transfer rate is less

competitive at more rapid sweep rates.75 The redox peak potentials (Ep,a/Ep,c) and maximum
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widths at half-height of the oxidation peak ( Ep,a, 1/2) are summarized in Table 2.  The electron-

transfer rate for this surface-confined redox species on ITO is 6.65 s-1, calculated as outlined by

Laviron.76

Figure  1. (A) Cyclic voltammograms of redox Fc-Si1-based SAMs on as-received ITO vs.

deposition time at a 0.1 V/s sweep rate. (B) Surface coverage of Fc-Si1-based SAMs on as-

received ITO vs. deposition time.
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Table 1. Surface coverages and advancing aqueous contact angle measurements on self-

assembled Fc-Si1 films on as-received ITO electrodes with various deposition times.

Deposition
Time 1 h 3 h 5 h 7 h 9 h 20 h

Coverage

(×10-10

mol/cm2)
2.7 ± 0.14 4.1 ± 0.21 5.3 ± 0.27 6.1 ± 0.31 6.6 ± 0.34 6.6 ± 0.40

Footprint for
One Molecule

(Å2)
62 41 32 28 25 25

Aqueous
Contact
Angle(°)

47 60 71 80 90 90
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Figure 2. Cyclic voltammograms of the saturated Fc-Si1-based SAM on as-received ITO with

various sweep rates from 0.10 to 10.0 V/s.
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Table 2. Cyclic voltammetric characteristics of self-assembled Fc-Si1 films on as-received ITO

electrodes with various sweep rates.

Sweep rate 0.10 V/s 1.0 V/s 5.0 V/s 10.0 V/s

Ep,a/Ep,c (V) 0.963/0.923 0.991/0.901 1.054/0.83
4 1.111/0.779

Ep,c, ½ (V) 0.092 0.137 0.230 0.285

Ep,a, ½ (V) 0.095 0.145 0.221 0.282

Ep,a-Ep,c (V) 0.040 0.090 0.220 0.332
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Advancing aqueous contact angle (CA) measurements (Table 1) reveal that the surface of

the densely packed Fc-Si1 monolayer is markedly hydrophobic, as evident from the observed

maximum CA, a  90°.  The  large  wettability  difference  of  a  70° between the hydrophilic

ITO substrates and the fully functionalized substrates should allow reliable ex situ monitoring of

the film formation versus reaction time. A rapid change from a ~20° to ~47° in the surface

polarity is observed during the first hour of the assembly process; the aqueous CA reaches a

maximum  after  ~9  h,  in  accord  with  the  formation  of   a  densely  packed  film  indicated  by  CV

results, and then remains constant ~90° after 9 h.

Specular X-ray reflectivity (XRR) measurements were performed on Fc-Si1 SAMs

deposited on clean, single-crystal Si(111) or Si(100) surfaces with native SiO2 coverage, using the

self-assembly procedure described in the Experimental Section. By fitting of the X-ray reflectivity

data, normalized to the Fresnel reflectivity, to a physically reasonable model, the specular time-

dependent XRR studies provide fundamental information on the: (i) film thickness, (ii) surface

morphology/roughness (= film-air), (iii) electron density distribution perpendicular to the substrate

surface, and (iv) surface coverage/probe footprint. In general, the reflectivity can be expressed in

terms of the average electron density by eqs (2) and (3), 66

R(kz) = RF(kz)| Φ(kz)|2, (2)

Φ(kz) = ze
z

zikz d
d

d1 ρ
ρ∫

∞

,                                      (3)

where RF is the theoretical Fresnel reflectivity for a smooth interface, kz is the momentum

transferred (kz =  4π/λ sin θ), d〈ρ〉/dz is the derivative of the electron density along the surface

normal direction, averaged over the in-plane coherence length of the x rays, and ρ∞ is the electron

density of the substrate (Si). The details of the XRR-data analysis procedure are described
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elsewhere.67-70 By fitting the XRR data for the self-assembled Fc-Si1 film on Si/SiO2, the

thickness, electron density, molecular footprint, and roughness are determined. These data are

compiled in Table 3. Here, the surface coverages are calculated as follows: first, the film electron

density per unit substrate area, Nfilm, is calculated using electron density profiles obtained from the

measurements. Then, the molecular footprint dimensions are calculated as Nmol/Nfilm, where Nmol is

the calculated number of electrons in one molecular unit. Finally, surface coverages are derived by

dividing the unit substrate area by the molecular footprint.

The XRR data (Figure 3B) also show that the thickness and roughness of the metal-

organic film (Fc-Si1) on Si/ITO are 1.80 ± 0.09 nm and 0.20 ± 0.03 nm, respectively. The

thickness and roughness of the IAD-derived ITO film on Si surface are 2.25 ± 0.31 nm and 0.70 ±

0.5 nm, respectively.

3-3. Characterization of electroactive Fc-Si1-based SAMs on as-received ITO.

Atomic Force Microscopy. AFM images of the self-assembled ferrocenyl siloxane films on

as-received ITO substrates are essentially indistinguishable from the bare ITO substrate image

with no indication if island growth, film cracking, or pitting (Figure 4). The rms roughnesses of

bare as-received ITO and Fc-Si1 films  on  ITO  were  determined  to  be  2.13  and  1.56  nm,

respectively. This argues that the present self-assembly process is capable of depositing smooth,

conformal siloxane films with some degree of ITO substrate planarization.
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Table 3. X-ray reflectivity characterization of self-assembled Fc-Si1 films on single-crystal Si

(100) and Si (100)/ITO substrates with various deposition time.

Depositio
nTime

(Hrs)

Electron
density

film (eÅ-3)

Roughness

film (Å)

Thickness

(Å)

Footpri
nt

(Å)2

Coverage
(×1014

molecules/c
m2)

Coverage

 (×10-10

mol/cm2)

1 0.42-0.45 3.2 ± 0.1 7.6 ± 0.2 48 ± 2.5 2.1 ± 0.11 3.5 ± 0.18

5 0.42-0.45 4.0 ± 0.1 12.7 ± 0.3 30 ± 1.6 3.3 ± 0.17 5.5 ± 0.28

9 0.42-0.45 4.1 ± 0.2 13.5 ± 0.3 27 ± 1.4 3.7 ± 0.19 6.2 ± 0.31

20 0.42-0.45 6.3 ± 0.3 15.5 ± 0.5 27 ± 1.4 3.7 ± 0.19 6.2 ± 0.35

On
Si/ITO
Surface

15

0.42-0.45 2.0 ± 0.3 18.0 ± 0.9 25 ± 1.6 3.88 ± 0.24 6.50 ± 0.40
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Figure 3. (A) Fc-Si1 molecules self-assemble onto as-received ITO substrates. The semiempirical

PM3 energy-minimized structure of hydrolyzed Fc-Si1 has a molecular height of 1.48 nm. (B) A

thin  layer  of  ITO with  2.25  nm thickness  grown on  the  Si  (100)  surface  by  the  IAD technique.

The probe molecule Fc-Si1 is then self-assembled on the Si (100)/ITO surface with a 1.8 nm

thickness and 0.2 nm roughness from the XRR data.

Fe

Si
OOO

Fe

Si
OOO
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Figure 4. Tapping mode AFM images of: (A) Bare as-received ITO. RMS roughness = 2.13 nm.

(B) Fc-Si1 SAM self-assembled on the ITO surface. RMS roughness = 1.56 nm.

B.A.
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X-ray Photoelectron Spectroscopy. Figure  5  shows XPS spectra  of  bare  ITO and Fc-Si1

SAM/ITO surfaces. There is a clear decrease in both the In (3d) and Sn (3d) features, and an

increase in the Si (2p), Si (2s) and Fe (2p) intensities on SAM deposition, which is attributable to

the ferrocenyl functional group and Si-O linkages. With the self-assembled monolayer coverage,

the In (3d) intensity decreases by ~50% with respect to the bare surface, as anticipated for a

conformal film, where the emitted photoelectrons have a kinetic energy of ~1000eV (Al K

excitation), hence an inelastic mean free path of ~30 Å.73 The characteristic signatures of Cl (2p)

photoelectrons at 200 eV20 are below the detection limit, indicating completion of the silane

hydrolysis/condensation. The O (1s) and C (1s) signals arise from the oxide, the alkyl chain, and

adventitious carbon, and are therefore not useful in this characterization.

Second Ion Mass Spectrometry. The  SIMS  spectrum  of  the  Fc-Si1-based  SAM/ITO

surface also confirms the elemental composition (Figure 6A). The peaks of new elements and

organic/organometallic species, such as Fe (mass = 56), C5H5Fe (mass = 121), and C9H12Si (mass

= 147), can be clearly detected in the SIMS positive ion spectrum. The elements Na, K, In, and

Sn are mapped to obtain the total ion image of the bare, as-received ITO (Figure 6B). In the total

ion image of the redox Fc-Si1-based SAM/ITO surface, all elements and organic/organometallic

species, including Fe, Si, Na, K, In, Sn, C5H5Fe, and C9H12Si, are mapped. The change in color of

the plotted total ion image from yellow to red is due to the new elemental and

organic/organometallic species present on the Fc-Si1-based SAM/ITO surface. From the image of

the total ions on the surface determined using SIMS, it can be seen that the Fc-Si1-based self-

assembled monolayer coverage is spacially uniform on ITO at this level of resolution.
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Figure 5. X-ray photoelectron spectroscopy of: (A) the bare ITO substrate and (B) the redox Fc-

Si1-based SAM self-assembled on the ITO surface.
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Figure  6. (A) SIMS positive ion spectrum of bare, as-received ITO (upper) and the Fc-Si1-

based SAM on the ITO substrate (lower). (B) Images of the total ions on the bare, as-received

ITO surface (left) and the Fc-Si1-based SAM/ITO surface (right).
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3-4. Electrochemical property variations of ITO/Fc-Si1 surfaces induced by different

ITO surface pretreatments.

The probe molecule Fc-Si1 was next self-assembled onto a series of ITO substrates

subjected different surface pretreatments: chemical cleaning, piranha treatment, and oxygen

plasma cleaning. Note here that the self-assembly time is held constant at 15 h to reasonably

ensure formation of optimally saturated monolayers on the ITO surfaces. Figure 7  and  Table  4

summarize the electrochemical data for the chemisorbed, saturated Fc-Si1-based SAMs on the

various ITO samples at a 0.1 V/s scan rate. The O2 plasma-treated ITO shows the highest surface

coverage of ferrocene adsorbate (7.9 × 10-10 mol/cm2) and highest electron-transfer rate (9.23 s-1),

versus the lowest electroactive site coverage (5.1 × 10-10 mol/cm2) and lowest electron-transfer

rate (4.79 s-1) on the piranha-treated ITO.

3-5. Electrochemical properties of non-ITO TCOs.

Cyclic voltammograms of the saturation coverage Fc-Si1-based SAMs, obtained after a 15

h self-assembly process as described in Experimental Section, on as-received ITO, MOCVD-

derived CdO and ZITO, and IAD-derived ITO and In2O3,  are  shown  in  Figure  8  (0.1  V/s  scan

rate). Relevant properties of these TCOs and electrochemical data are summarized in Table 5. It is

expected that SAMs fabricated with the same redox probe molecule (Fc-Si1) on various TCO

surfaces will give rise to differing film microstructures and electrical/electrochemical properties.

Indeed, this is observed in the thin-film CV characterization data presented here. First, different

types of TCO lattices and surfaces profoundly affect the redox-SAM microstructure, as indicated

by the different voltammetric behavior (e.g. Ep,a and Ep.c, Table 5). These differences in apparent

redox  potentials  and  electron  transfer  rates  doubtless  arise  in  part  from  heterogeneity  in
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chemisorption sites and relative stability of the redox molecules chemisorbed on these sites.

Second, the redox-active SAMs may have differing intermolecular interactions between

neighboring ferrocene cores on the different surfaces. Cyclic voltammetry of the SAMs on the

different TCO electrode surfaces at room temperature reveals that the full width at half-height of

the oxidative wave ( Ep, ½)  at  a slow sweep rate (0.1 V/s) is   93 mV (as-received ITO), 96 mV

(CdO), 94 mV (ZITO), 90 mV (IAD-ITO), and 165 mV (IAD-In2O3). These results argue that

the intermolecular interactions of the redox SAMs on as-received ITO, CdO, ZITO and IAD-ITO

are generally rather similar. However, the SAM on IAD-In2O3 shows the largest Ep, ½ (165 mV),

which suggests large intermolecular interactions/heterogeneity among the bound redox molecules

on the IAD-In2O3 surface. Further comments about the effect of intermolecular interaction on

rates of heterogeneous electron transfer are made below. Additionally, surface coverages of the

redox ferrocene absorbate on various TCO films, determined from cyclic voltammetry

measurements, follow the order: CdO (8.1 × 10-10 mol/cm2) > ZITO (7.6 ×10-10 mol/cm2) > IAD-

ITO (7.2 × 10-10 mol/cm2) > IAD-In2O3 (6.7 × 10-10 mol/cm2) > as-received ITO (6.6× 10-10

mol/cm2). Note here that the “real” electrode area A is used to calculate the surface coverage,

which in turn is calculated using the AFM software and the RMS roughnesses of the various TCO

films.
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Figure 7. Cyclic voltammograms of the redox Fc-Si1-based SAM (self-assembly time = 15 hr) on

various ITOs treated by different cleaning protocols at a 0.10 V/s scan rate.
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Table 4. Cyclic voltammetry characteristics of self-assembled Fc-Si1 films  on  various  ITO

electrodes treated with different cleaning protocols at a 0.1 V/s scan rate.

ITO

Treatment
Ep,a/Ep,c

(mV)
Ep, ½

(mV)
Coverage
(mol/cm2)

Footprint
(Å2)

Electron-transfer
rate (s-1)

As-received
ITO 963/923 93 ± 2 6.6×10-10 25 6.65

O2 Plasma 973/905 95 ± 3 7.9×10-10 21 9.23

Piranha 993/900 100 ± 1 5.1×10-10 32 4.79
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Figure 8. Cyclic voltammograms of Fc-Si1-based SAMs (self-assembly time = 15 h) chemisorbed

on various TCO surfaces at 0.1 V/s scan rate.
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Table  5. Relevant properties of various TCOs and cyclic voltammetry characteristics of self-

assembled Fc-Si1 films on various TCO surfaces at a 0.1 V/s scan rate.

TCOs
Thick-
ness

(nm)

Condu
c-tivity

(S/cm)

Sheet
resista

nce

/ )

Rough
ness

(nm)

Ep,a/
Ep,c

(mV
)

Ep

(mV)
Ep, ½

(mV)

Coverage
(mol/cm2)

× 10-10

Electron
-transfer
rate (s-1)

As-
received

ITO
130 5000 18 2 963/

923 40 93 ±
2 6.6 6.65

MOCV
D-

derived
CdO

300 5500 13 6 1028
/894 134 96 ±

1 8.1 0.42

MOCV
D-

derived
ZITO

200 2500 24 5 984/
944 40 94 ±

3 7.6 7.12

IAD-
derived

ITO
250 1400 29 1.1 994/

942 52 90 ±
2 7.2 5.07

IAD-
derived
In2O3

220 1000 49 1.8 1076
/859 217 165 ±

2 6.7 0.03
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4. Discussion

4-1. Saturation of the electroactive self-assembled Fc-Si1 monolayers on as-received

ITO.

The XRR data reveal an initial film thickness of ~0.76 nm after a 1.0 hour deposition time,

which increases to ~1.27 nm during the next 5 hours. The film thickness reaches a maximum of

~1.35 nm after a 9 hour deposition time. PM3-level calculations indicate a theoretical molecular

length of ~ 1.48 nm for the ferrocenyl siloxane film (Figure 3A), suggesting that the molecules

must be tilted with respect to the surface normal. In time, the interplay between entropic

(conformational and orientational degrees of freedom of the deposited molecules within the film)

and enthalpic (additional incorporation of probe molecules into the film) factors ultimately leads

to a preferred alignment of the probe molecules in the direction perpendicular to the substrate

surface. The estimated average tilt angle varies from ~30o after a 1 h to ~65º after a 9 h deposition

time (reasonably assuming that Fc-Si1 the molecule behaves as a rigid rod). Similar tilt angles have

been observed for self-assembling adsorption of fluorinated chlorosilanes on Si (100) substrate.92

Note here that for a 20 h deposition time, the XRR-derived film coverage is identical to that of a

9 h deposited film, whereas the measured film thickness of ~1.5(5) nm is ~0.2 nm greater than

that  of  a  9  h  deposited  film,  which  is  due  to  the   greater  roughness  ( film-air) of 0.22(1) nm (=

0.63(3) nm – 0.41(2) nm). That film thicknesses derived from XRR are less than or equal to the

length of the self-assembled molecule computed by PM3 provides strong support for the

contention that the layer self-assembled on ITO is largely if not exclusively a monolayer rather

than a multilayer, and thus the CV-derived surface coverage of 6.6(4) × 10-10 mol/cm2 represents

essentially full monolayer coverage. Here we attribute any difference between the CV-derived full

monolayer coverage of 6.6(4) × 10-10 mol/cm2 on ITO and XRR-derived full coverage of 6.20(35)
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× 10-10 mol/cm2 on Si(100) to the differing nature of the respective substrate surfaces. The surface

of single-crystal Si(100) (rms roughness = ~0.20 nm) is flatter, smoother, and has lower hydroxyl

group coverage than does the ITO surface (rms roughness = ~2.0 nm). To obtain direct

monolayer  growth  information  on  ITO  substrates  by  XRR,  a  thin  layer  (2.25  nm)  of  ITO  was

grown on the Si(100) surface by IAD, and then the probe molecule Fc-Si1 was self-assembled on

the ITO surface. The XRR data (Figure 3B, Table 3) show that the thickness and roughness of

the metal-organic film are 1.80(9) nm and 0.20(3) nm, respectively. The greater film thickness

than the computed molecular length of the molecule is reasonably ascribed to the relatively

rougher IAD ITO surface (rms roughness = ~0.70 nm), compared with that of the single crystal Si

surface (rms roughness = ~0.20 nm).

The CV-derived fully-covered monolayer coverage of the present ferrocenyl

trichlorosilane probe (Fc-Si1; 6.6(4) × 10-10 mol/cm2) is somewhat greater than the reported

surface coverage of ferrocene dicarboxylic acid on ITO (4.5(5) × 10-10 mol/cm2)37,71, which

suggests that the layers formed by carboxyl –terminated molecules on ITO are not as compact as

those formed by the organosilane.71 The Fc-Si1 self-assembled monolayer strongly adheres to the

hydrophilic substrate via covalent Si-O- bonds and cannot be easily detached by sonication or

leached by organic solvents. The stability of the chemisorbed materials at the electro-active sites is

further revealed by the fact that three consecutive scans produce almost identical voltammograms

with only minor loss of the originally chemisorbed material (Figure 9). This result is in contrast to

that for Fc(COOH)2 chemisorbed on ITO through hydrogen-bonding interactions with surface

hydroxyl groups. The latter system loses 20~25% of the chemisorbed Fc(COOH)2 during the first

oxidation/reduction cycle.37a Since organosilane-derived reagents can form conformal, smooth,

contiguous, covalently coupled, pin-hole free, and electroactive monolayers by self-assembly, they
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have been successfully used in OLED and OPV devices.20-22,37,72 In both cases, modification of

ITO surfaces with electroactive organosilane compounds provides enhanced wettability of organic

active layers on the polar ITO surface, better matched work functions, and enhanced electrical

contact between ITO anodes and organic active layers, as assessed by OLED hole-only devices22

and OPV series resistance, Rs data.37,72

For ideal Nernstian electrochemical reactions of identical, independent, anchored redox

site ensembles at room temperature, ∆Ep,  ½ of  either  of  the  symmetrically  disposed  cathodic  or

anodic peaks is expressed as in eq. 4,77

∆E p, ½ = 90.6/n mV                                                                  (4)

Deviation from this ideal behavior, seen as broadening or distortion of the electrochemical waves,

often indicates redox site-site interactions, and/or site heterogeneity.74,75,78 The symmetrical

voltammetry characteristics seen in Figure 2 at slow sweep rates indicate that the electron transfer

between immobilized ferrocene cores and the electrode is rapid and reversible on the timescale of

the experiment. Quantitatively, the value of ∆E p, ½ is related to g = αo +αR – 2αOR, where αo, αR,

αOR are the interaction parameters for oxidative site-oxidative site, reductive site-reductive site,

and oxidative site-reductive site interactions, with α > 0 for attractive interactions; α <  0  for

repulsive ones. When g = 0, ∆E p,  ½ = 90.6/n;  when  g  <  0, ∆E p,  ½ > 90.6/n.77 Qualitatively,

stronger redox site-redox site interactions result in larger deviations of ∆E p,  ½ from the ideal

value.79,80 The present full widths at half-height of the cathodic ( E p,c, ½ )  and anodic ( E p,a, ½)

peaks are 92 mv and 95 mv at a 0.1 V/s scan rate, respectively. This is slightly larger than 90.6/n

(n = 1) mV, which suggests some degree of redox site-redox site interaction and/or heterogeneity

in the chemisorption sites.
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Figure 9. Cyclic voltammograms of a saturated Fc-Si1-based SAM on as-received ITO at a 0.1

V/s sweep rate over 3 consecutive scans.
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4-2. Electrochemical property variations of ITO samples induced by different

surface pretreatments.

O2 plasma-treated ITO shows the highest surface coverage of ferrocene absorbate (7.9

×10-10 mol/cm2) and highest apparent electron-transfer rate (9.23 s -1), which may be attributed to

the O2 plasma being effective in removing a thin layer of insulating carbon-rich materials from the

ITO surface, thereby increasing the conductance and improving the uniformity as reported by Liau

and co-workers.81 In contrast, piranha-treated ITO exhibits the lowest electroactive site coverage

(5.1 × 10-10 mol/cm2) and lowest electron-transfer rate (4.79 s-1), which was also observed by

Donley et al.37d This result strongly suggests that piranha-treated ITO samples may contain a large

density of unstable surface hydroxides such as In(OH)3-like species, which are not tightly

incorporated into the ITO lattice, and the chemisorbed Fc-Si1 may then be easily removed from

the surface along with these sites during sonication, initial contact with electrolyte, or repeated

cycling. These results also suggest that such ITO surfaces may contain electrochemical  “hot

spots” and electrochemical “dead regions”, and that the hydrolysis products of the ITO surface,

especially In(OH)3-like species, my not be strongly bound to the metal oxide lattice.

4-3. Electrochemical properties of non-ITO TCOs.

Surface coverages of the ferrocene redox adsorbate on various TCO films, determined

from cyclic voltammetry measurements, follow the order: CdO > ZITO  > IAD-ITO  > IAD-

In2O3 > as-received ITO. Note here that the surface coverage of the redox molecule on CdO is ~

20% greater than the coverage on as-received ITO, which may reflect the more conductive CdO

film having fewer electrochemical “dead regions”. ITO films produced by the IAD growth

technique are much smoother and denser than the ITO films grown by other techniques, this may
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give rise to more dense –OH group surface coverage, thus enhancing the surface coverage of

ferrocenyl absorbate.

Cyclic  voltammetry  of  the  saturated,  redox  SAMs  on  the  various  TCO  electrodes  (scan

rate = 0.1 V/s) reveals Eox/Ered peak separations ( Ep)  increasing in the order:  40 mV (ZITO) =

40 mV (as-received ITO) < 52 mV (IAD-ITO) < 134 mV (CdO) < 165 mV (IAD-In2O3). Such

data can be used to estimate interfacial electron transfer rates for strongly absorbed redox-active

sites.76,82-84 In general, the observed peak potential separation depends on the relative scan rates

and electron transfer rates. All other factors being equal, larger peak separations qualitatively

correlate with slower interfacial electron transfer. Indeed, the calculated heterogeneous

electrochemical electron-transfer rates between redox SAMs and the various TCO electrodes

follow the order: 7.12 s-1 (ZITO)  >  6.6  s-1 (as-received  ITO)  >  5.07  s-1 (IAD-ITO) > 0.42 s-1

(CdO) > 0.03 s-1 (IAD-In2O3). Note here that the electron-transfer rate of IAD-In2O3 is nearly

two orders of magnitude less than the electron-transfer rate of as-received ITO, which may also

reflect strong intermolecular interactions of the Fc-Si1 sites on the IAD-In2O3 surface and the low

TCO conductivity of 1000 S/cm. Because the carrier mobility is lower in semiconducting

electrodes versus that in commonly used metal electrodes, a non-negligible lag is expected

between the potential at the voltage source and that at the electrode/Fc-Si1 SAM interface. Since

all potentials experience this “lag”, the peaks are shifted to more extreme potentials, thus giving

the CV a well-documented stretched appearance.93-95

 In the scenario of surface-confined redox couples, the electron-transfer rate between the

redox species and an electrode can be described in a simplified form (eq. 5),62a,75, 85,86

                             ket = exp[-(λ + ∆G°)2/4λRT]       (5)
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where λ is the reorganization free energy, and ∆G° is the reaction free energy and equal to e (E-

E0)  (e is the electron charge, E is the electrode potential, and E0 is the formal potential of the

redox couple62a). Generally, electron transfer between a redox couple and an electrode is

described via a superexchange interaction87 where electronic coupling is dominated by through-

bond electron tunneling.88 The effect of intermolecular interactions on electron transfer involving

SAMs is often observed in electrochemical studies,77,89 and is attributable to intermolecular

electronic coupling which also affects the electron-transfer rates.84,88 In addition, the redox SAMs

on various TCO surfaces may have different reorganization energies, which should also affect

electrochemical electron transfer rates, as described by Marcus theory.90,91 The present results on

SAM electrochemical properties on various TCO surfaces suggest new criteria for evaluating

TCO materials as alternative anodes to ITO in OLEDs and organic thin film OV cells, such as

high electro-active surface coverage and rapid electron-transfer rates between adsorbed

monolayers of organic small molecules/polymers and the anode surface. It was observed in our

previous work that OLEDs containing ITO/SAM/HTL (hole-transporting layer) configurations

with a series of silyltriarylamine SAMs, have dramatically varied hole-injection magnitudes and

OLED responses, which can be correlated with electrochemically-derived heterogeneous electron-

transfer rates for the same triarylamine fragments.22b

5. Conclusions

An electrochemically-active small molecule has been designed, synthesized at high yield,

and self-assembled onto the “universal” transparent electrode, ITO, and other TCO surfaces as a

molecular probe, forming a nanometer-scale monolayer. A saturated redox SAM with a surface

coverage 6.6 ×10-10 mol/cm2 is obtained at room temperature after 9 hr reaction in a 1mM self-
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assembly solution. Methods combining cyclic voltammetry, synchrotron X-ray reflectivity, AFM,

SIMS, XPS, and advancing aqueous contact angle have been applied to characterizing the self-

assembled redox monolayer. The redox SAM probes chemisorption process on various TCO

surfaces, the presence of “dead layers”, and how this varies with TCO identity, surface cleaning

protocol etc. Results show that O2 plasma-treated ITO exhibits the greatest surface coverage of

the ferrocene absorbate (7.9×10-10 mol/cm2) and the greatest electron-transfer rate (9.23 s-1)

among different pretreatment treated ITOs. Furthermore, it is demonstrated that MOCVD-

derived CdO shows the greatest surface electro-active coverage (8.1 × 10-10 mol/cm2), and

MOCVD-derived ZITO shows the greatest electron transfer rate (7.12 s-1) among five TCOs. The

slowest electron-transfer rate (0.03 s-1) between the redox SAM and a TCO electrode (IAD-

derived In2O3) is explained by large intermolecular interactions and heterogeneity within the

chemisorbed redox SAM and the low In2O3 conductivity.
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CHAPTER TWO

Air-Stable, Cross-Linkable Hole-Injecting/Transporting Interlayers for

Improved Charge Injection in Organic Light-Emitting Diodes



60

1. Introduction

Small-molecule and polymer organic light-emitting diodes (OLEDs) show promise of

revolutionizing display technology due to distinctive attractions over conventional cathode ray

tube and liquid crystal displays such as lower materials cost, superior brightness and color purity,

markedly lower drive voltages, as well as increased viewing angles.1-7 Improving  OLED

electroluminescent characteristics has been the focus of an extensive worldwide research effort

with notable success in both device fabrication techniques and materials development.8-17 OLEDs

are “dual-injection” devices in which holes and electrons are injected from the anode and cathode,

respectively, under application of an electric field, into an active molecular/macromolecular

medium. Some fraction of the electron-hole pairs recombine to form excitons, which in turn

radiatively decay to ground states and emit light.6,18 To achieve optimum device performance, it is

desirable to have multilayer structures5 having discrete-hole transport layer (HTL),19 emissive

layer (EML), and electron-transport layer (ETL)20 functions (Figure 1). With such multilayer

structures, high-performance devices8,12 have been realized for small-molecule-based OLEDs

fabricated via vacuum deposition. Typical small-molecule HTLs are triarylamine-based materials

such as NPB or TPD (Scheme 1), which are known to have appreciable hole-transporting and

electron-/exciton-blocking capacity because of their relatively high-lying lowest-unoccupied

molecular orbital (LUMO) levels and large highest-occupied molecular orbital (HOMO)-LUMO

gaps.

To date, increasing evidence indicates that the anode (usually tin-doped indium oxide,

ITO)–HTL interface is crucial to hole injection in a common scenario where ITO–HTL contact

rather than HTL bulk mobility limits charge injection.21-25 To tune the electronic properties at an

anode surface has been a crucial issue because electronic profiles at the anode/organic interface
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strongly affect electron/hole injection fluence and recombination of the charge carriers that are

central factors for enhacing OLED efficiency.9,11,26,27 A variety of interfacial engineering

approaches have been applied to the anode–HTL junction, including introduction of -conjugated

polymers,28 such as polyaniline-camphorsulfonic acid (PANI-CSA)29,30 and poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) (Scheme 1),31-33 copper

phthalocyanine,34,35 organic phosphonic36,37 and carboxylic acids,38 a thin-layer of platinum,39 self-

assembled polar molecules to manipulate surface dipoles,40,41 self-assembled siloxanes,42-44 and

plasma treatment of the ITO surface.45 All of these approaches have non-negligible effects on hole

injection and yield varying degrees of improved device performance in terms of turn-on voltage,

luminance, stability, and/or current efficiency. In previous work from this laboratory, we

demonstrated that small-molecule OLED performance and durability can be significantly enhanced

using triarylamine-based siloxane hole-transporting materials such as TPD-Si2 (Scheme 1) as an

anode hole injection/adhesion interlayer.8-12, 43,44, 46-51 (TPD-Si2 combines the hole-transport

capacity of TPD , the covalent-bonding capacity of chlorosilyl/silanol groups, and can enhance

OLED hole injection and device durability as a hole injection/adhesion interlayer). However, these

trichorosilane-based molecules are sensitive to moisture and air. Thus, they are not easily adapted

to conventional large-area process conditions, such as roll-to-roll and ink-jet patterning processes.

In this contribution, we report the synthesis, characterization, and implementation of a

new interlayer material, TPD-[Si(OCH3)3]2, which has relatively air-stable trimethoxysilyl linkers.

A robust, smooth, conformal, adherent, and essentially pinhole-free monolayer or multilayer films

can be deposited by self-assembly and simple spin-casting this molecule, respectively, via covalent

In-O-Si/Sn-O-Si linkages. Both of these approaches afford Alq (tris(8-

hydroxyquinolato)aluminum(III), Scheme 1)-based small-molecule OLEDs with superior
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Figure 1. Cross-section of a typical multilayer OLED structure.
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Scheme 1. Structure  of  Multilayer  OLED  Constituent  Materials:  TPD  (HTL),  NPB  (HTL),

PEDOT (HTL), Alq (EML/ETL), TPD-Si2 and TPD-[Si(OMe)3]2.
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performance versus devices relying on simple ITO–NPB interfaces without an interlayer, and

performance comparable to that of TPD-Si2 interlayer-based OLEDs.

2. Experimental

2-1. Materials and Methods. ITO glass sheets (20 Ω/o, rms roughness = 2.5 nm) were

purchased from Colorado Concept Coating. All chemical reagents were used as received unless

otherwise indicated. All manipulations of air/moisture-sensitive materials were carried out on a

dual-manifold Schlenk line or in a nitrogen-filled glovebox. Ether and THF were distilled before

use from sodium/benzophenone ketyl. Methylene chloride was distilled before use from calcium

hydride. Toluene was dried using activated alumina and Q5 columns and tested with

benzyphenone ketyl in ether solution. TPD and Alq were purchased from Sigma-Aldrich and

purified via vacuum gradient sublimation. NPB was synthesized according to the literature,52 and

was purified by recrystallization followed by vacuum gradient sublimation. The synthesis of TPD-

Si2 was reported elsewhere.11 NMR spectra were obtained on Varian VXR-400 or 500 MHz

NMR instruments. MS analyses were conducted on a Micromass Quattro II Triple Quadrupole

HPLC/MS/MS mass spectrometer. Elemental analyses were carried out by Midwest Microlabs.

Cyclic voltammetry was performed with a BAS 100 electrochemical workstation (SAM-coated

ITO with ~1cm 2 area working electrodes, Ag wire pseudo-reference electrode, Pt wire counter

electrode, 0.1 M TBAHFP in anhydrous MeCN supporting electrolyte, and 0.001 M ferrocene as

the internal pinhole probe. Scan rate = 0.1 V/s.). TBAHFP was recrystallized from an ethyl

acetate/hexanes mixture and dried in vacuo at 100 oC  for  10  h.  Ferrocene  was  purchased  from

Sigma-Aldrich and purified via vacuum gradient sublimation. AFM images were obtained on a

Nanoscope III AFM under ambient conditions in the contact mode with Si3N4 cantilevers.
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Specular x-ray reflectivity experiments on coated single-crystal Si (111) substrates were

performed on the National Research Laboratory X23B beamline at the National Synchrotron

Light Source. Data were acquired and analyzed as described previously.11,44 The thickness of spin-

cast films was measured with a Tencor P-10 profilometer. XPS measurements were performed at

Northwestern U. with an Omicron ESCA probe, which was equipped with EA125 energy

analyzer. Photoemission was stimulated by a monochromatic Al K  radiation (1486.6 eV) with

the operating power of 300 W, and a low-energy electron flood gun was employed for charge

neutralization. Binding energies of spectra were referenced to the C 1s binding energy set at 284.8

eV.

2-2. Synthesis of 4,4′-bis[(p-bromophenyl)phenylamino)]biphenyl (Scheme 2) (1). To

a toluene solution (50 mL) of tris(dibenzyldeneacetone)dipalladium (0.55g, 0.60 mmol) and

bis(diphenylphosphino)ferrocene, (0.50g, 0.90 mmol), was added 1,4-dibromobenzene (18.9g,

0.0800 mol) at 25 oC.   Following  stirring  under  an  N2 atmosphere for 10 min, sodium tert-

butoxide (4.8g, 0.050mol) and N,N’-diphenylbenzidine (6.8g, 0.020 mol) were  added.  The

reaction mixture was then stirred at 90°C for  12h,  followed by  cooling  to  25 oC.  The reaction

mixture was then poured into water and the organic and aqueous layers separated. The aqueous

layer was extracted with toluene (3 ×100 mL) and the resulting extracts were combined with the

original organic layer.  The solvent was removed in vacuo giving a crude product which was

purified by chromatography on a silica gel column (6:1 hexane: ethylene chloride eluent) to yield

pure 1 as a colorless solid (6.9g) in 50% yield.1H NMR (CDCl3): δ 6.99(d, J = 8.8 Hz, 4H), 7.02-

7.16(m, 10H), 7.28(t, J = 7.6Hz, 4H), 7.34(d, J = 8.8Hz, 4H), 7.45(d, J = 8.4Hz, 4H).
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2-3. Synthesis of 4,4′-bis[(p-allylphenyl)phenylamino]biphenyl (2). Using standard

Schlenk techniques, 1.6 mL (3.5 mmol) n-butyl lithium (2.5 M in hexanes) was added dropwise

under inert atmosphere to a stirring ether solution (10 mL) of 1 (1.02g, 1.58mmol) while

maintaining the temperature at 25 oC.   The  mixture  was  stirred  for  2  h  after  which  time  CuI

(0.76g, 4.0 mmol) was next added.  Upon cooling the reaction mixture to 0 °C, allyl bromide

(0.60g, 5.0 mmol) was added in one portion and the mixture stirred for 14 h, followed by

quenching with saturated aqueous NH4Cl solution (100mL), and extraction with ether (3

×100mL). The combined ether extracts were washed with water (2 ×100mL), brine (2 ×100mL),

and dried over anhydrous Na2SO4. Filtration and removal of solvent in vacuo afforded a yellow

oil, which was further purified by chromatography on a silica gel column (4:1 hexane: methylene

chloride) to yield 0.63 g of pure 2 as a colorless solid. Yield, 70%. 1H NMR (CDCl3): δ 3.40(d, J

= 10Hz, 4H), 5.10- 5.20(m, 4H), 6.02(m, 2H), 6.99-7.10(m, 2H), 7.10-7.20(m, 16H), 7.28(t, J =

7.6Hz, 4H), 7.46(d, J = 8.8Hz, 4H). Anal. Calc’d for C42H36N2: C 88.68, H 6.39, N 5.23 Found,

C 87.50, H 6.35, N 4.93.

2-4. Synthesis of 4,4′-bis[(p-trimethoxysilylpropylphenyl)phenylamino]biphenyl

(TPD-[Si(OCH3)3]2, 3). Under inert atmosphere at 25 oC,  few  grains  of  Cp2PtCl2, followed by

HSi(OMe)3 (2.15 g, 17.6 mmol) was added to a dry toluene solution (50 mL) of 2 (0.32 g, 0.55

mol) and the reaction mixture stirred at 80 oC and monitored by NMR until the completion of

reaction after 60 h. Removal of the solvent in vacuo yielded a dark-yellow oil, which was

triturated with a mixture of 50mL anhydrous pentane and 10 mL anhydrous toluene to yield a

solid which was removed by filtration. The filtrate was concentrated in vacuo to yield 3 as a pale-

yellow oil. Yield: 94%. 1H NMR (CDCl3): 0.71 (t, J = 7.6 Hz, 4H), 1.73 (t, J = 7 Hz, 4H), 2.60
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(br s, 4H), 3.57 (s, 9H), 6.80-7.80 (m, 26H). 13C NMR (CDCl3)  9.4, 16.9, 38.9, 50.2, 123.2,

125.7, 126.8, 128.1, 128.8, 129.0, 129.6, 136.4, 138.2, 143.2, 144.8, 145.9. HRMS Calcd for

C48H56N2O6Si2: 812.37. Found: 812.40.

2-5. Self-assembly of TPD-[Si(OCH3)3]2 on ITO Substrates. ITO substrates were

cleaned in an ultrasonic detergent bath, followed by methanol, isopropanol, and finally acetone.

The substrates were subsequently treated in an oxygen plasma cleaner for 1 min to remove any

residual organic contaminants. Following strict Schlenk protocol, clean ITO substrates were

immersed in a 1.0 mM dry toluene solution of TPD-[Si(OCH3)3]2, respectively. After heating at

~90 oC for 4 h, the toluene solution was removed by cannula and the substrates were rinsed with

dry toluene (2 x 50 mL) and wet acetone in the ultrasonic bath for 3 min each., followed by

transferring to a 120 oC  vacuum  oven  for  2  h  to  expedite  crosslinking.  Longer  thermal  curing

yields films with similar properties, and the coating procedure has negligible effects on the

measured sheet resistance of the underlying ITO.

2-6. Self-assembly of TPD-[Si(OCH3)3]2 on silicon substrates. Silicon (111) substrates

(Semiconductor Processing Co.) were subjected to a cleaning procedure as follows. First, the

substrates were immersed in “piranha” solution (4:1 H2SO4/H2O2) at 80°C for 1 h. After cooling

to room temperature, the substrates were rinsed repeatedly with de-ionized (DI) water followed

by an RCA-type cleaning protocol (H2O:  30%  H2O2: NH3;  5:1:1  v/v/v;  sonicated  at  room

temperature for 40 min). The substrates were finally rinsed with copious amounts of DI water,

heated to 125°C for 15 min, and dried in vacuo. TPD-[Si(OCH3)3]2 was then self-assembled onto

the clean silicon substrates following the procedure described above for ITO substrates

2-7. Spin-casting of TPD-[Si(OCH3)3]2 on ITO Substrates. A toluene solution of TPD-

[Si(OCH3)3]2 (4 mg/mL) was spin-coated onto clean ITO substrates at 1500 rpm in air, followed



68

by curing in a vacuum oven at 110 oC for  2h.10 To improve the cross-linking reaction of TPD-

[Si(OMe)3]2, another facile method was used. A 95% ethanol-5% water solution was adjusted to

pH = 4.5-5.5 with acetic acid. TPD-[Si(OCH3)3]2 was added with stirring to yield a 2% final

concentration. The aqueous alcohol solution of TPD-[Si(OCH3)3]2 was then spin-coated onto the

clean ITO surfaces at 1000 rpm in air, followed by curing in a vacuum oven at 110 oC for 2h.10,56

Note here that the TPD-[Si(OCH3)3]2 solution was distributed evenly on the ITO plate from a

syringe with a 0.2 m HPLC filter and exposed in the air for 5 min before spinning, to optimize

hydrolysis and silanol formation. The appropriate concentration of building block solution and the

spinning speed was obtained after a few experiments.

2-8. Fabrication of OLED Devices. The bare and modified ITO substrates were loaded

into a bell jar deposition chamber housed in a nitrogen-filled glove box. A typical deposition

procedure is as follows: At 1 × 10-6 Torr, a 20 nm layer of NPB was first deposited, followed by

60 nm of Alq. Both organic layers were grown at a deposition rate of 2 -3 Å/sec. Finally, 1nm LiF

and a 100 nm thick Al cathode were deposited through a shadow mask. This metallic layer was

patterned to give four devices, each with an area of 0.10 cm2. OLED device characterization was

carried out with a computer-controlled Keithley 2400 source meter and IL 1700 Research

Radiometer equipped with a calibrated silicon photodetector at 25 °C under ambient atmosphere.

Current efficiency was estimated from current density vs. voltage and luminance vs. current

density response characteristics.

2-9. Fabrication of Hole-Only Devices. Bare and modified ITO substrates were loaded

into a bell jar deposition chamber housed within a nitrogen-filled glove box. At a base pressure of

1x10-6 Torr, NPB (400 nm) was vapor deposited at a rate of ~3Å/sec, followed by sputter-coating

of a 6 nm of Au layer through the same shadow mask employed for the OLED fabrication
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described above. Single-carrier device assembly was subsequently completed with the masked

thermal vapor deposition of Al (150 nm). Device behavior was evaluated using the computer-

controlled Keithley 2400 sourcemeter.

Scheme 2. Synthetic Route to TPD-[Si (OCH3)3]2.
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3. Results and Discussion

In Section 3.1, we discuss the deposition and characterization of self-assembled

monolayers (SAMs) or spin-coated films of TPD-[Si(OMe)3]2 on glass/ITO substrates. In Section

3.2, SAMs or spin-coated films of TPD-[Si(OMe)3]2 are  used  as  ITO  anode  –  NPB  interlayers,

and the effect on OLED EL response compared to SAMs or spin-coated films of TPD-Si2, having

–SiCl3 linkers, and which is much more reactive than –Si(OMe)3, is analyzed here. It will be seen

that Alq -based small-molecule OLEDs with SAMs or spin-coated films of TPD-[Si(OMe)3]2

interlayers exhibit superior performance versus devices relying on simple ITO–NPB interfaces

without an interlayer, and performance comparable to that of TPD-Si2 interlayer-based OLEDs.

3-1. Deposition and Characterization of TPD-[Si(OMe)3]2 on ITO substrate

3-1.1. Anhydrous and Hydrolytic Depositions of TPD-[Si(OMe)3]2 on ITO substrate.

The synthetic pathway to TPD-[Si(OMe)3]2 is summarized in Scheme 2, while detailed

procedures and characterization data are presented in the Experimental Section. Utilizing a self-

limiting, anhydrous solution-based chemisorption process, TPD-[Si(OMe)3]2 is self-assembled

onto hydrophilic glass/ITO substrate surfaces with nanoprecise control in thickness. As illustrated

in Scheme 3, clean ITO-coated glass surface possesses hydroxyl functionalities which are reactive

towards methoxysilanes, thereby affording covalent binding of the silanes to the surface.53-55 The

process of anhydrous deposition is described in Scheme 3A,56 through which a monolayer of

siloxane (~ 1.75 nm) forms. For organo-SiX3 precursors, approximately 3 bonds are formed from

each silicon to hydroxylated surfaces.53-55 Further exposure to air and moisture in the following

wet acetone rinse hydrolyzes any unreacted methoxysilyl groups. Subsequent thermal curing

facilitates formation of crosslinked siloxane networks, resulting in a thin layer consisting of hole

transporting moieties covalently anchored to the ITO surface.
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Spin-casting TPD-[Si(OMe)3]2 from toluene solution or acidic aqueous alcohol solutions

blended with acetic acid affords thicker films (~ 40 nm, measured by profilometer) on glass/ITO

substrates (Scheme 3B),56 which is different from the anhydrous deposition described above,

given that the spin-coating parameters such as solution concentration and spinning speed are

carefully controlled (see Experimental for details).  During the hydrolytic deposition, the TPD-

[Si(OMe)3]2 methoxy groups are hydrolyzed to form silanol-containing  species. This reaction

mode of TPD-(Si(OMe)3)2 likely involves four steps: (1) hydrolysis, (2) condensation, (3)

hydrogen bonding, and (4) surface bond formation.56 Initially, hydrolysis of the Si-OCH3 groups

occurs. Water for hydrolysis may come from several sources. It may be added, it may be present

on  the  substrate  surface,  or  it  may  come  from  the  atmosphere.  Condensation  to  oligomers

follows. The oligomers then hydrogen bond with OH groups of the substrate. Finally, during

drying  or  curing,  a  covalent  linkage  is  formed  to  the  substrate  with  concomitant  loss  of  water.

Although described sequentially, these reactions can occur simultaneously after the initial

hydrolysis step. The microstructural characterization of these layers is presented below.

3-1.2 Characterization of TPD-[Si(OMe)3]2-derived Films by Advancing Aqueous

Contact Angles and X-ray Photoelectron Spectroscopy (XPS).

Aqueous advancing contact angles were measured before and after self-assembly/spin-

casting. Because the hydroxyl groups of the oxide layer create a hydrophilic surface, bare ITO

exhibits a very low contact angle value (  15°), however, after TPD-[Si(OMe)3]2 self-assembly

or spin-casting, relatively high values (  = 77° for SAM-modified ITO and  = 85° for spin-coated

film-modified ITO) are observed, indicating that the ITO surfaces become hydrophobic. In

addition to these contact angle measurements, an XPS study was also performed to investigate

the surface atomic composition. Figure 2 shows the XPS spectra of the TPD-[Si(OMe)3]2-derived
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SAM (Fig. 2a) and spin-coated film (Fig. 2b) on ITO. Two new features characteristic of Si (2p)

at 101.0 eV and N (1s) at 400 eV are attributable to TPD-[Si(OMe)3]2 hydrolysis products. Note

here that In and Sn peaks can no longer be detected on the spin-coated TPD-[Si(OMe)3]2 films,

since the thickness of the spin-casting film is significantly beyond 10 nm. Note that standard XPS

techniques measure the kinetic energies and numbers of electrons escaping from the upper 1-10

nm of the material being analyzed.57

3-1.3 Characterization of TPD-[Si(OMe)3]2-Derived Films by Specular X-ray

Reflectivity and Profilometry.

X-ray reflectivity (XRR) measurements on TPD-[Si(OMe)3]2 SAMs deposited on single-

crystal Si (111) substrates yield a thickness of 1.75 nm (close to the value of ~1.45 nm estimated

by an approximate AM1-level calculation), suggesting that most TPD-[Si(OMe)3]2 molecules are

chemisorbed on the substrate in an approximately “upright” orientation. The thicknesses of TPD-

[Si(OMe)3]2 films spin-cast from toluene solution or from the aqueous alcohol + acetic acid blend

solution are ~37 nm and ~ 43 nm, respectively, determined by profilometry measurements.

Similarly, the thickness of a spin-cast TPD-Si2 film is around 35 nm.

3-1.4 Characterization of TPD-[Si(OMe)3]2-Derived Films by Atomic Force

Microscopy.

Tapping mode AFM imaging was carried out on three spots randomly chosen on each

TPD-[Si(OMe)3]2-derived film on ITO substrates, self-assembled or spin-cast from toluene

solution or the aqueous alcohol + acetic acid blend solution, respectively. Uniform films with no

evidence of cracks or pinholes are observed over a 5 × 5 m scan area (Figure 3). The rms
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Scheme 3. Mechanisms of ITO Surface Modification by Trimethoxysilane Reagents to Form Thin

Film HTL Materials: A. Anhydrous Deposition, B. Hydrolytic Deposition.
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Figure 2. XPS spectra of a TPD-[Si(OMe)3]2-derived SAM and spin-coated film on glass/ITO

substrates.
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Figure 3. Tapping mode AFM images of self-assembled or spin-cast TPD-[Si(OMe)3]2-derived

films, deposited from toluene solution or aqueous alcohol + acetic acid blend solution on ITO

substrates.  A.  Bare  ITO.  RMS  roughness  =  2.5  nm.  B.  TPD-[Si(OMe)3]2 SAM on ITO. RMS

roughness = 2.0 nm. C. TPD-[Si(OMe)3]2 spin-coated film from toluene solution on ITO. RMS

roughness = 2.8 nm. D. TPD-[Si(OMe)3]2 spin-coated film from aqueous alcohol + acetic acid

blend solution on ITO. RMS roughness = 1.5 nm.
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roughness is  2.0 nm for the TPD-[Si(OMe)3]2 SAM, and 2.8 and 1.5 nm, respectively, for spin-

coated TPD-[Si(OMe)3]2 films from toluene solution and from the aqueous alcohol + acetic acid

blend solution, as compared to bare ITO substrates which have an rms roughness of 2.5 nm.

3-1.5 Characterization of TPD-[Si(OMe)3]2-derived Films by Cyclic Voltammetry .

Redox Property Assessment by Cyclic Voltammetry. Glass/ITO substrates covered with

TPD-[Si(OMe)3]2-derived SAMs or spin-coated films, a silver wire, and a Pt wire were used as

the working electrode, reference electrode, and counter electrode, respectively, in a 0.1 M

acetonitrile solution of tetrabutylammonium hexafluorophosphate as the electrolyte without

ferrocene. The cyclic voltammetry plots obtained at a scan rate of 0.1 V/s are shown in Figure 4A.

The cyclic voltammetry of self-assembled or spin-coated TPD-[Si(OMe)3]2 films on ITO

electrodes indicates that they are electroactive, capable of efficient hole transport, and

electrochemically stable. The densely crosslinked nature of TPD-[Si(OMe)3]2 films is evident in

the relatively large separation of oxidative and reductive peaks (250 mV), suggesting kinetically

hindered oxidation/reduction processes with retarded counterion mobility.58 Also, the full widths

at half-height of oxidative and reductive waves at the sweep rate of 0.1 mV/s are 423 mV and 235

mV, respectively, which suggest the heterogeneity in the N environments.63

Integration of the oxidative peak area and assuming two electron oxidation/reduction

events per molecular unit yields a monolayer surface coverage of 3.5 × 10–10 mol/cm2 for the

TPD-[Si(OMe)3]2 SAM.58 Analogously, a close-packed monolayer of ferrocene dicarboxylic acid

adsorbed on ITO yields a 4.0 × 10–10 mol/cm2 surface coverage.59 In addition, the apparent

surface coverages of spin-coated TPD-[Si(OMe)3]2 films from toluene solution and aqueous

alcohol + acetic acid blend solution are 6.1 × 10–9 mol/cm2 and 7.5 × 10–9 mol/cm2, respectively,
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which indicate the formation of thicknesss beyond monolayer dimensions in these spin-coated

films. The higher apparent surface coverage of the spin-coated TPD-[Si(OMe)3]2 films from

aqueous alcohol + acetic acid blend solution than from toluene solution suggests a qualitatively

different crosslinking pattern within the latter films, allowing a greater extent of oxidation.

Pinhole Assessment by Ferrocene Cyclic Voltammetry.  To  examine  the  present  TPD-

[Si(OMe)3]2-derived  films  for  pinholes  over  the  entire  ITO  substrate  area  (1  cm2), cyclic

voltammetry experiments using ferrocene as an internal redox probe were carried out.60 Here the

self-assembled and spin-coated siloxane film-coated ITO substrates were used as working

electrodes with bare ITO substrates used as references to calibrate the ferrocene redox potential

for each measurement. The results are shown in Figure 4B. The ferrocene oxidation peak

potential is ~1.0 V with the bare ITO substrate as the working electrode, and is shifted to 1.8 V

(TPD-[Si(OMe)3]2 SAM ), 2.4 V (spin-coated TPD-[Si(OMe)3]2 film from toluene solution), and

2.75 V (spin-coated TPD-[Si(OMe)3]2 film from aqueous alcohol + acetic acid blend solution),

respectively, with the self-assembled and spin-coated film-coated ITO substrates as working

electrodes. The lack of significant current flow near the formal oxidation potential of ferrocene

indicates an inhibition of ferrocene oxidation, resulting from conformal and largely pinhole-free

film coverage of the ITO. As the triarylamine oxidation potentials are reached, an electrocatalytic

current response is observed, indicating that ferrocene is oxidized at an essentially diffusion-

controlled rate, meaning that facile triarylamine group oxidation at the ITO/HTL interface (hole

injection), and rapid hole migration (presumably accompanied by counteranion migration) through

the nanoscopic film occurs such that ferrocene oxidation takes place at the film-solution

interface.61,62
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The reduction of the ferricenium cation on the return sweep is partially blocked by the

TPD-[Si(OMe)3]2 SAM, and more completely blocked by the spin-coated TPD-[Si(OMe)3]2 films,

suggesting that the latter films are somewhat more pinhole-free.63 The  larger  separations  of

ferrocene oxidative and reductive peak potentials at the self-assembled and spin-coated siloxane

film-coated ITO electrodes vs. on  the  bare  ITO ones  (2.8  V,  spin-coated  TPD-[Si(OMe)3]2 film

from aqueous alcohol + acetic acid blend solution; 2.1 V, spin-coated TPD-[Si(OMe)3]2 film from

toluene solution; 1.30 V, TPD-[Si(OMe)3]2 SAM; 0.4V, bare ITO) may also indicate that in the

redox processes, counterion penetration and diffusion in the siloxane films is retarded, presumably

due to the densely packed, crosslinked networks.64-67 It is likely that the spin-coated TPD-

[Si(OMe)3]2 films from aqueous alcohol + acetic acid blend solution, due to the water and acetic

acid in the solvent, which accelerate hydrolysis of the methoxysilane groups,56 are more heavily

cross-linked compared to the spin-coated TPD-[Si(OMe)3]2 films from toluene solution, resulting

in somewhat more densely packed films.

3-2. Self-Assembled and Spin-Cast TPD-[Si(OMe)3]2 Films in OLEDs

3-2.1 Applying TPD-[Si(OMe)3]2 SAM as ITO anode – NPB Interlayer.

Self-assembled TPD-[Si(OMe)3]2-derived and TPD-Si2-derived monolayers were applied as

interlayers between the ITO anode and a conventional vapor-deposited NPB HTL in OLEDs

having structures: ITO/HTL SAM/NPB (20 nm)/Alq(60 nm)/LiF (1 nm)/Al (100 nm). Insertion of

these interlayers between the anode and the NPB HTL dramatically enhances OLED EL
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Figure 4. A. Cyclic voltammetry of TPD-[Si(OMe)3]2-derived SAM and spin-coated films on

galss ITO with 0.1 M TBAHFP electrolye at a 0.1 V/s scan rate. B. Cyclic voltammetry of SAM

and spin-coated TPD-[Si(OMe)3]2 films on ITO with 1mM ferrocene as an internal probe in 0.1 M

TBAHFP electrolye at a 0.1 V/s scan rate.
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response compared to devices without the interlayers (Figure 5 and Table 1). As compared to

OLEDs using an NPB-only HTL, which is in direct  contact with the ITO anodes,  the maximum

light output is enhanced by an order of magnitude both for TPD-[Si(OMe)3]2 -based and TPD-Si2-

based devices: ~1,900 cd/m2 (NPB only) à 26,500 cd/m2 (TPD-[Si(OMe)3]2/NPB) and 25,900

cd/m2 (TPD-Si2/NPB), respectively. Likewise, the maximum current efficiency is increased by a

factor  of  ~4 ×  for  both  devices:  4.41  cd/A  (TPD-[Si(OMe)3]2/NPB) and 4.10 cd/A (TPD-

Si2/NPB) vs.  1.17 cd/A (NPB alone).  Also,  TPD-[Si(OMe)3]2 and TPD-Si2 SAM-based OLEDs

have lower turn-on and operating voltages. For instance, the operating voltage at 300 cd/m2,  a

standard brightness for displays, is 6.1 V, 6.3 V, and 8.0 V for TPD-[Si(OMe)3]2/NPB, TPD-

Si2/NPB, and NPB-only, respectively. These results indicate a substantial increase in hole-

injection via ITO anode – NPB HTL interfacial modification.

In the anhydrous toluene deposition of TPD-[Si(OMe)3]2-derived SAMs, a siloxane

monolayer forms on the ITO surface via covalent bonds, a presumably very similar SAM-forming

process to that undergone by the trichrolosilane analogue, TPD-Si2. Indeed, the TPD-[Si(OMe)3]2

SAM-based devices exhibit almost identical EL response to the TPD-Si2 SAM -based devices,

which can be seen in Figure 5. The substantial OLED EL response enhancement obtained by

inserting the siloxane nanostructures between the ITO anode and the NPB HTL, compared to

ITO/NPB, can be explained based on the current understanding of ITO anode-HTL

interfacial function.8-12 We propose that the TPD-[Si(OMe)3]2- and TPD-Si2-derived materials as

ITO anode-NPB interlayers increase hole injection principally by: (1) reducing the hole injection

barrier from the ITO anode to NPB (HOMO ~ 5.5 eV) by providing an
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Table 1. OLED EL response data for devices having the structure: ITO

anode/interlayer/NPB/Alq/LiF /Al. The interlayer is TPD-[Si(OMe)3]2 SAM, a TPDSi2 SAM,  a

spin-cast TPD-[Si(OMe)3]2 from toluene solution, a spin-cast TPD-[Si(OMe)3]2 from aqueous

alcohol + acetic acid blend solution or a spin-cast TPDSi2 film.

HTL TPD-SiOMe
SAM

TPD-Si2
SAM

TPD-SiOMe

 (spin-coated

-1)

TPD-SiOMe

 (spin coated

-2)

TPD-Si2

(spin-
coated)

NPB-
only

Maximum
luminance

(cd/m2)

~ 26,500 ~ 25,900 ~28,900 ~ 32,800 ~29,800 ~1,900

Maximum
current

efficiency
(cd/A)

4.41 4.10 5.71 5.8 5.55 1.17

Turn-on

voltage (V)

4.0 4.0 7.25 4.25 3.7 5.1

Operating
voltage

at 300 cd/m2

(V)

6.1 6.3 10.4 7.0 6.8 8.0
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Scheme 4: Energy diagram for the electrodes and OLED organic layers utilized in this study (data

taken from the literature)
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Figure 5. Responses of OLEDs having the structures: ITO/HTL SAM/NPB (20 nm)/Alq (60

nm)/LiF (1 nm)/Al (100 nm), HTL SAM = TPD-[Si(OMe)3]2 SAM and TPD-Si2 SAM. A. current

density vs. voltage; B. luminance vs. voltage; C. external forward quantum efficiency vs. voltage.
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energy-mediating “step”, as shown in Scheme 4; (2) enhancing ITO anode-NPB interfacial

cohesion via eliminating the surface energy mismatch,44 and creating more intimate ITO anode –

HTL physical and electrical contact;68 (3) contributing to electron blocking/confinement effects69

in conjunction with NPB.

3-2.2 Applying Spin-coated TPD-[Si(OMe)3]2 Films  as  ITO  Anode  –  NPB

Interlayers.

Spin-casting TPD-[Si(OMe)3]2 layers  onto  ITO anodes,  followed by  vapor-deposition  of

NPB, was also investigated as an alternative approach to applying this arylaminomethoxysilane as

the anode-NPB interlayer. To assess the properties of the different TPD-[Si(OMe)3]2 interlayers

spin-coated from different solutions and to allow the comparison with spin-coated TPD-Si2

interlayers in EL devices, we fabricated OLEDs having three different configurations, where SC =

spin-coated: ITO/SC-TPD-[Si(OMe)3]2 cast from toluene solution//NPB/Alq/LiF/Al (Device 1),

ITO/SC-TPD-[Si(OMe)3]2 cast from aqueous alcohol + acetic acid blend solution

/NPB/Alq/LiF/Al (Device 2), and ITO/SC-TPD-Si2 cast from toluene solution/NPB/Alq/LiF/Al

(Device 3). The EL response metrics of current density, luminance, and current efficiency versus

operating voltage for these devices are compared in Figure 6 and Table 1. Again, enahnced EL

response is observed versus that of OLEDs without interlayers and versus devices fabricated with

SAMs as ITO anode-HTL interlayers: maximum light output, ~ 28,900 cd/m2 (Device  1),  ~

32,800 cd/m2 (Device 2), ~29,800 cd/m2 (Device 3) vs. ~ 26,500 cd/m2 (TPD-(Si(OMe)3)2 SAM),

~ 25,900 cd/m2 (TPD-Si2 SAM), ~ 1,900 cd/m2 (NPB-only); maximum current efficiencies, 5.71

cd/A (Device 1), 5.8 cd/A (Device 2), 5.5 cd/A (Device 3) vs. 4.41 cd/A (TPD-(Si(OMe)3)2

SAM), 4.1 cd/A (TPD-Si2 SAM),  1.17  cd/A  (NPB-only).  The  improved  EL  response  of  spin-

coated siloxane film-based OLEDs versus that of OLEDs without interlayers can be explained in
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the same way as described above for the OLEDs with SAM interlayers. The devices with spin-

coated interlayers exhibit greater maximum light output and maximum current efficiency than

OLEDs with SAM interlayers, suggesting the more effective electron-blocking properties for the

~ 35-45 nm thick spin-coated interlayers versus that of self-assembled monolayers with only ~ 1-2

nm thickness.49-51

The relatively high turn-on voltages in devices having the TPD-[Si(OMe)3]2 interlayers

spin-coated from toluene solution can be seen in Figure 6, and may reflect ITO anode – siloxane

film contact differences and incomplete intermolecular crosslinking in the siloxane network

because of the less reactive trimethoxysilyl functional groups. This increased turn-on voltage

effect is resolved in device 2, in which the TPD-[Si(OMe)3]2 interlayer was spin-coated from a

aqueous alcohol + acetic acid blend solution. The turn-on voltage is 4.25 V for device 2, which is

about  3V less  than  that  for  device  1,  7.25  V.   The  result  argues  that  denser  crosslinking  of  the

methoxysilane with the ITO surface and intermolecular crosslinking within the TPD-[Si(OMe)3]2

siloxane network is expedited by the water and acetic acid from the solvent, consistent with the

film redox properties and pinhole assays by cyclic voltammetry as described above. The

enhancement of maximum luminance and current efficiency in Device 2 indicates increased hole-

injection efficiency via increased ITO anode –HTL physical/electrical/chemical contact. This effect

was investigated further by fabricating hole-only devices with structures of ITO/SC-TPD-

(Si(OMe)3)2  siloxanes/NPB (400 nm)/ Au (6 nm)/ Al (120 nm) (Figure 7). Because of the high

work  function  of  gold  (5.2  eV),  electron  injection  from  the  Al  cathode  into  NPB  is  largely

blocked, so that hole currents dominate the charge transport in the above devices. Because the

only difference in the two types of hole-only devices is in the spin-coated TPD-[Si(OMe)3]2
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Figure 6. Responses of OLEDs having the structures: ITO/ spin-coated-TPD-[Si(OMe)3]2 from

toluene solution/NPB (20 nm)/Alq(60 nm)/LiF (1 nm)/Al (100 nm) (Device 1), ITO/ spin-coated-

TPD-[Si(OMe)3]2 from aqueous alcohol + acetic acid blend solution/ NPB (20 nm)/Alq(60

nm)/LiF (1 nm)/Al (100 nm) (Device 2), and ITO/ spin-coated-TPD-Si2 from toluene solution/

NPB (20 nm)/Alq(60 nm)/LiF (1 nm)/Al (100 nm) (Device 3). A. current density vs. voltage; B.

luminance vs. voltage; C. external forward quantum efficiency vs. voltage.
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Figure 7. Evaluation of hole injection properties of anode spin-coated functionalization layers,

comparing the I-V response for hole-only devices having the structure ITO/spin-coated

siloxane/NPB (400 nm)/Au (6 nm)/Al (120 nm). Spin-coated siloxane = SC-TPD-[Si(OMe)3]2

from toluene solution (hole-only device-1) and SC-TPD-[Si(OMe)3]2 from aqueous alcohol +

acetic acid blend solution (hole-only device-2).
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films, the results clearly reveal the significant hole injection enhancement by modifying the anode

with the spin-coated TPD-[Si(OMe)3]2 films from the aqueous alcohol + acetic acid blend

solution. For example, hole current densities at 20 V are ~0.00004 A/cm2 (bare ITO) < ~0.0054

A/cm2 (hole-only Device-1) < ~0.015 A/cm2 (hole-only Device-2). The slightly higher turn-on

voltage of Device 2, 4.25 V, versus that of OLEDs with spin-coated TPD-Si2-derived interlayers,

3.75  V,  is  likely  due  to  the  greater  thickness  of  spin-coated  TPD-[Si(OMe)3]2 films (~ 43 nm)

from the aqueous alcohol + acetic acid blend solutions compared to TPD-Si2 films spin-coated

from toluene solution with ~ 35 nm thickness.10

4. Conclusions

An arylaminotrimethoxysilane functionalized hole-transporting triphenylamine (TPD-

[Si(OMe)3]2) was synthesized and can be self-assembled or spin-coated onto ITO surfaces,

enhancing ITO–HTL contact via robust covalent bonding. Various aspects of the SAM and

multilayer crosslinked siloxane films were characterized and OLED devices based on SAM and

spin-coated multilayer film-modified glass/ITO substrates were fabricated. The unique contact

effects result in dramatic OLED device performance enhancement compared to that of devices

without an interlayer. It is also demonstrated here that the crosslinking reaction between TPD-

[Si(OMe)3]2 and ITO substrates as well as the intermolecular crosslinking within the TPD-

[Si(OMe)3]2 siloxane network can be expedited by the presence of water and acetic acid in

aqueous alcohol + acetic acid blend spin-coating solutions. The new relatively air-stable interlayer

material developed here represents a effective approach to fabricating OLEDs with high

brightness (maximum ~32, 800 cd/m2), low operating voltage (~ 7 V at 300 cd/m2), and high

current efficiency (~ 5.8 cd/A), and should be suitable for real-world large-area coating

conditions, such as roll-to-roll and ink-jet patterning processes.
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CHAPTER THREE

Organic Light-Emitting Diodes Having Carbon Nanotube Anodes
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1. Introduction

The exceptional electrical and mechanical properties of single-wall carbon nanotubes

(SWNTs) have now been firmly established through extensive experiments1-6 performed on

individual SWNTs. Nevertheless, key manufacturability and system integration challenges must be

surmounted before full exploitation of the unique SWNT attributes is possible. A two-dimensional

random network of such SWNTs is one obvious – and perhaps the most straightforward – avenue

whereby statistical averaging leads to highly reproducible networks that can be fabricated at

precisely tuned NT densities. For this reason, SWNT thin films cast from aqueous solutions

containing various surfactants have attracted much recent attention.7-13 These networks are

transparent and highly conducting with excellent mechanical properties. Hence, there is growing

interest in SWNT thin films for applications in the area of macroelectronics and optoelectronics

where flexible, transparent, and conductive coatings together with simple and cheap room

temperature fabrication are required. To date, several types of devices based on thin SWNT films

such as flexible transparent transistors,14-17 optical modulators,10 LEDs  with  SWNT  films  as  p-

type ohmic contacts,18 and flexible emitter arrays19 have been fabricated.

Theoretical and experimental studies have also established the work function of SWNT

networks to be in the 4.7-5.2 eV range.20,21 Such high work functions meet the requirement for

anodes in several types of photonic devices, such as organic light-emitting diodes and organic

solar cells. These characteristics and the simple room temperature fabrication avenue, together

with other attributes such as excellent mechanical flexibility, indicate that this type of novel anode

is a promising candidate material for next-generation photonic device applications.

Polymer and small molecule-based organic light-emitting diodes (OLEDs) are rapidly

approaching large-scale commercialization, driven by attractions such as low cost, fast response,
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applications in large-area flexible displays, and propelled by advances in efficiencies and

operational lifetimes.22-25 OLEDs are “dual-injection” devices in which holes and electrons are

injected from the anode and cathode, respectively, into an active molecular/macromolecular

medium to produce, via exciton decay, light emission.24 Although tin-doped indium oxide (ITO) is

used in numerous opto-electronic applications, it has significant limitations for current and future

generation OLEDs. Diffusion of oxygen into proximate organic charge transporting/emissive

layers,26,27 significant absorption in the blue region,28 a  relatively low work function (~4.7 eV),29

and corrosion susceptibility29 are just a few of the limitations. Note also that In is in relatively

short supply and therefore expensive, presenting significant challenges for large-scale introduction

of next-generation display and photovoltaic technologies.30

In this paper, we describe the fabrication of flexible polymer-based OLEDs using SWNT

films as anodes. We examine the response characteristics and report that for polymer-based

OLEDs, the luminous performance is close to that required for applications such as home

television. Recently, a polymer-based OLED using an oriented multiwalled nanotube film anode

on glass or polymer substrates was reported. The performance is well below what we report

here.31

2. Experimental

2-1. Fabrication of Transparent, Conducting Single-Walled Carbon Nanotube Films

on PET.

The process for fabricating transparent, conducting single-walled carbon nanotube films

on PET substrates by filtration and transfer printing has been described previously.32 SWNT

powders purchased from Carbon Solutions Inc. are suspended in water with the surfactant SDS,
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followed by sonication and filtering. Washing with de-ionized water removes the SDS. A PDMS-

based method32 is then applied to transfer the nanotube films onto PET substrates.

2-2. Polymer-based OLED Fabication Having Carbon Nanotube Anodes.

For polymer-based OLED fabrication, a polymer blend hole-transporting layer (HTL)

composed of a cross-linkable, hole-transporting organosiloxane material such as TPD-Si2
34 and a

hole-transporting polymer such as TFB (Fig. 2), which also serves as an effective PLED electron-

blocking layer (EBL),35,36 was  spin-coated  onto  a  clean  carbon  SWNT  film  or  onto  a  PEDOT-

PSS-coated carbon SWNT film to form a double-layer HTL. These HTL films were then dried in

a  vacuum  oven  at  90ºC  for  1-2  hr.  PEDOT-PSS  (Baytron  P)  was  spin-coated  onto  the  SWNT

film at 2500 rpm for 1 min, followed by drying at 120ºC for 8 min. Alternatively, a mixture of

PEDOT-PSS and methanol (Baytron P: MeOH = 1:2)37 was spin-coated onto the SWNT film at

600 rpm for 1 min, then at 2500 rpm for 1 min, followed by drying at 120ºC for 2 hr in a vacuum

oven. Next, a well-balanced charge transport/emissive layer (EML), a TFB + BT blend (TFB:BT

= 1:4), or a electron-dominated EML, BT, was spin-coated onto the HTL-coated substrates from

xylene solution, resulting in an EML thickness of ~70 nm.35 The resulting films were then dried in

a vacuum oven at ~ 90ºC overnight. Inside an inert-atmosphere glove box, CsF and Al were

thermally evaporated onto the EML at <10-6 Torr using a shadow mask to define the 2 mm × 5

mm electrode areas. The resulting PLEDs were characterized inside a sealed aluminum sample

container under a dry N2 atmosphere using a computer-controlled Keithley 2400 source meter and

an IL 1700 Research Radiometer equipped with a calibrated photodetector.35,36 PLED lifetime

measurements were carried out using a computer-controlled Keithley 2400 source meter and an

IL1400A International Light Radiometer/Photometer inside a sample container continuously

purged with N2 gas at room temperature.
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3. Results and Discussion

In section 3.1, we discuss the characterization of transparent, conducting carbon nanotube

films. In section 3.2, EL responses of four different PLED devices having carbon nanotube anodes

are discussed. The PLED EL responses are improved by addition of PEDOT-MEOH hole

injection/transport layer and electron-rich emissive layer. At last, the life time measurement of

PLEDs having carbon nanotube anode is shown here, and the advantages of this novel type of

anode over conventional ITO are discussed.

3-1. Characterization of Carbon Nanotube Films. Morphology, Sheet Resistance, and

Transmittance. Fig. 1A shows an AFM image of a transferred SWNT film on PET. The films

have highly nanoporous structures, with specific surface areas as large as 1500 m2/g. The RMS

roughness is 8-10 nm.

Transmittance measurements in the visible and infrared were carried out with a Beckman

Coulter DU 640 spectrophotometer. Transmittance is only weakly dependent on the wavelength

(Fig.  1B),  in  accord  with  the  neutral  color  of  the  film.  For  SWNT  sheets  having  different

thicknesses, sheet resistance and transmittance are related by eq. 111:

2

dc

op

2

dc

op

0

0 )(1881
2
11

−−









+=










+=

σ
σ

σ
σ

ε
µ

ss RR
T                                                (1)

where the sheet resistance Rs =  1/ dct, t is the film thickness, and the optical conductivity op =

200 S/cm33. It has been shown that the optical conductivity in the visible depends only on the

overall network density, while dc conductivity – and thus the measured sheet resistance – is

strongly dependent on factors such as nanotube-nanotube connectivity, tube length, etc. The sheet

resistance and transmittance of films at 550 nm having varying thickness (Fig. 1C) are
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Figure 1. (A) AFM image of a transferred SWNT film on a PET substrate, showing the high pore

density. The average diameter of each bundle is ~ 4-6 nm. (B) Transmittance vs wavelength in the

visible and near-infrared regions for SWNT films. The inset shows a photograph of a transferred

SWNT film on a flexible PET substrate with 120 /  sheet resistance. (C) DC sheet resistance vs

transmittance of SWNT films at 550 nm for various NT densities; the line shows the fit to eq. 1

with dc = 12 op, giving dc = 2400 S/cm.
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Figure 2. (A) Chemical structures of poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)

diphenylamine) (TFB), poly(9,9-dioctylfluorene-co-benzothiadiazole) (BT), poly(3,4-

ethylenedioxythiophene) (PEDOT), and 4,4’-bis[(p-trichlorosilylpropylphenyl)phenylamino]

biphenyl (TPD-Si2). (B) Structure of a PLED device having a carbon SWNT film anode.
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described well by eq. 1, leading to dc = 2400 S/cm by using op = 200 S/cm.

3-2. PLEDs Having Carbon Nanotube Anodes.

The four PLED device multilayer structures characterized in this work were: SWNT/TFB

+ TPD-Si2/TFB + BT/CsF/Al (device 1), SWNT/PEDOT-PSS/TFB + TPD-Si2/TFB + BT/CsF/Al

(device 2), SWNT/PEDOT-PSS: MeOH/TFB + TPD-Si2/TFB  +  BT/CsF/Al  (device  3),  and

SWNT/PEDOT-PSS: MeOH/TFB + TPD-Si2/BT/CsF/Al (device 4). The current density,

luminance, and current efficiency vs. bias responses for these four device structures are compared

in  Figs.  4  and  5.  The  PLED  with  PEDOT-PSS:  MeOH  and  TFB  +  TPD-Si2 as a double-layer

HTL (device 3) exhibits a low turn-on voltage of 5.0 V, a maximum luminance of 1000 cd/m2,

and a maximum current efficiency of 0.85 cd/A – a greater than 3-fold increase in maximum

luminance, a ~50% lower turn-on voltage, and much greater current efficiency than the device

having TFB + TPD-Si2 only as the HTL (device 1). This may reflect the tendency of PEDOT-PSS

to planarize the SWNT films while acting as a hole-transporting and buffer layer, decreasing the

hole-injection barrier from the SWNTs (the PEDOT-PSS work function straddles that of SWNTs

and TFB-TPD-Si2) and minimizing device leakage currents. Furthermore, device 3 exhibits a 2

fold increase of maximum luminance and current efficiency compared with the device having spin-

coated PEDOT-PSS only (device 2). This may reflect the greater tendency of PEDOT-PSS +

MeOH to planarize and wet the SWNT films. The RMS roughness of the SWNT film spin-coated

with PEDOT-PSS: MeOH is 0.96 nm by AFM (Figure 3) – significantly smoother than that of the

SWNT film spin-coated with PEDOT-PSS only (4 nm).

 For the SWNT/TFB + TPDSi2/TFB + BT/CsF/Al structures, rectification in the J-V curve

is clearly observed, with a maximum luminance of 10 cd/m2 and a turn-on voltage of 12 V.
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Figure 3. (A) AFM image of SWNT film with a spin-coated PEDOT-PSS overlayer.  The RMS

roughness is 4 nm from the AFM image. (B) AFM image of SWNT film with a spin-coated

PEDOT-PSS: MeOH (1:2) overlayer. The RMS roughness is 0.96 nm from the AFM image.
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100 nm
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Figure  4. Response characteristics of PLEDs having the structures: (Device 1) SWNT(30

nm)/PEDOT-PSS:MeOH(30 nm)/TFB + TPDSi2(25 nm)/TFB + BT(70 nm)/CsF/Al, (Device 2)

SWNT(30 nm)/PEDOT-PSS(30 nm)/TFB + TPDSi2(25  nm)/TFB  +  BT(70  nm)/CsF/Al,  and

(Device  3)  SWNT(30  nm)/TFB  +  TPDSi2 (25 nm)/TFB + BT (70 nm)/CsF /Al. (A) current

density versus voltage; (B) luminance versus voltage; (C) current efficiency versus voltage.
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In contrast, SWNT/PEDOT-PSS: MeOH/TFB + TPDSi2/TFB + BT/CsF/Al devices with spin-

coated PEDOT-PSS as the hole injection layer exhibit orders of magnitude improvements in these

parameters. The maximum luminance is 1000 cd/m2,  the  turn-on  voltage  is  ~  5.0  V,  and  the

maximum current efficiency is ~ 0.85 cd/A. This dramatic enhancement in device metrics with

PEDOT-PSS incorporation is likely due to several factors. First, PEDOT-PSS better wets the

SWNT films than does TFB-TPDSi2; Second, PEDOT-PSS: MeOH better planarizes the SWNT

films; and finally PEDOT-PSS, as hole transport layer, straddles the work functions of the SWNT

films and TFB-TPDSi2, thus facilitating hole injection.

In addition, as shown in Fig 5, the performance of PLED device 4 based on an electron-

dominated EML (BT) and an electron-blocking HTL (the TPD-Si2 + TFB + PEDOT-PSS double

layer) affords a maximum luminance = 3500 cd/m2, and a maximum current efficiency = 1.6 cd/A,

surpassing that of PLED device 3 based on a TFB+BT blend EML ( TFB+BT blends are known

to exhibit better balanced electron-hole transport than the BT-only EMLs). This result can be

understood as follows. First, better balanced electron and hole fluences may be obtained in these

PLED devices with BT-only EMLs. SWNT anode films have large surface areas, resulting in

greatly enhanced hole injection.37 Hence, greater electron-hole recombination density at the

HTL/EML interface in the BT-based devices vs. the TFB+BT-based devices should yield greater

current efficiency and luminance. It will be seen below that longer device lifetimes are also

achieved in the charge-balanced PLED device with the BT-only EML, consistent with more

efficient electron-hole recombination. Furthermore, the peak recombination zone of the TFB+BT-

based device should be located near the middle of the TFB+BT EML, and the relatively short

distance between the peak recombination zone and the Al cathode may lead to cathode–induced

exciton quenching. For the BT-based device, however, the peak recombination zone
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Figure 5. Response characteristics of PLEDs having the structures: (Device 3) SWNT(30 nm)/

PEDOT-PSS:MeOH(30 nm)/TFB + TPDSi2 (25 nm)/TFB + BT (70 nm)/CsF/Al and SWNT(30

nm)/ PEDOT-PSS:MeOH(30 nm)/TFB + TPDSi2 (25  nm)/  BT  (70  nm)/CsF/Al.  (A)  current

density versus voltage; (B) luminance versus voltage; (C) current efficiency versus voltage.
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should be located nearer the TPD-Si2 + TFB/BT interface, leading to less cathode-induced

exciton quenching.

The light output of 3500 cd/m2 achieved by the present SWNT-based PLED meets the

requirements for many display applications, where light intensities of 100-300 cd/m2 are

required.38 Although the present device metrics (luminance and current efficiency) do not match

those found for devices using ITO anodes in similar structrues36, the low turn-on voltage and

brightness achieved are encouraging, especially taken together with the three-dimensional nature

of hole injection and the SWNT film mechanical flexibility.

3-3. Life Time Measurement of PLEDs Having Carbon Nanotube Anodes

We evaluated the lifetimes of the SWNT-based PLEDs. The operational lifetime of device

4 was obtained under DC (continuously ON) conditions with a 0.12 A/cm2 constant current

density at room temperature, under a dry N2 purge. The lifetime was found to be ~ 55 hrs with

1200 cd/m2 initial luminance (L0;  Fig.  6  A).  For  comparison,  an  ITO/PET-(purchased  from  CP

Films Inc., sheet resistance = 200 / , ~ 3 nm RMS roughness) based PLED device having the

same configuration as device 4 was fabricated in parallel. The ITO/PET-based control device,

which has a maximum light output of 20,000 cd/m2 and a maximum current efficiency of 6 cd/m2,

exhibits a comparable operational lifetime of ~ 52 hr with L0 = 1400 cd/m2 (Fig. 6B) under

identical measurement conditions. Note that all lifetime data were obtained from unencapsulated

devices.

Although the output parameters of the present SWNT-based PLEDs are modest at this

stage compared to ITO-based PLEDs,36 our results suggest potential as ITO alternatives for

several reasons. 1) SWNT films on PET exhibit sheet resistances of 120 /  with 80%
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Figure 6. Life  time  characterization  of  PLEDs  having  the  structures:  (A)  SWNT  on

PET/PEDOT-PSS:MeOH(30 nm)/TFB + TPDSi2(25 nm)/BT(70 nm)/CsF(1.8 nm)/Al, and (B)

ITO on PET/PEDOT-PSS:MeOH(30 nm)/TFB + TPDSi2(25 nm)/BT(70 nm)/CsF(1.8 nm)/Al.
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transmittance, metrics comparable to commercial ITO on plastic. By doping SWNT films with

NO2, a 3-fold decrease in sheet resistance without change of transparency can be expected.39 2)

The exceptional mechanical flexibility of SWNT films has been demonstrated15,16. In contrast, ITO

films on plastic crack after repeated bending. As shown by Sarran et al.12 and also by us, SWNT

films on PET do not crack or crease after bending, while ITO films become insulating. 3)

SWNT  films  on  PET  exhibit  good  acid  resistance,  while  ITO  is  quickly  corroded,  even  by

PEDOT-PSS solutions.22,29 4) Due to excellent surface energy matching, SWNT films adhere

strongly to PET and PMMA, passing the “Scotch tape” decohesion test. 5) SWNT films, due to

the nanoporous structure, have surface areas as great as 1500 m2/g, offering hole injection

potential. 6) SWNT  film  fabrication  on  PET,  starting  from  SWNT  powders,  is  a  room

temperature process and relatively simple, while ITO deposition on flexible substrates requires

vacuum and elaborate process equipment. Room temperature processing renders the SWNT films

suitable for use with a wide range of substrates for both top and bottom emission devices.

4. Conclusions

Single-walled carbon nanotube (SWNT) films on flexible PET (polyethyleneterephthalate)

substrates are used as transparent, flexible anodes for organic light-emitting diodes (OLEDs). For

polymer-based OLEDs having the structure: SWNT/PEDOT-PSS: MeOH/TFB (poly(9,9-dioctyl-

fluorene-co-N-(4-butylphenyl)diphenylamine)) + TPD-Si2 (4,4’-bis[(p-

trichlorosilylpropylphenyl)phenylamino]biphenyl) /BT (poly(9,9-dioctylfluorene-co-

benzothiadiazole))/CsF/Al, a maximum light output of 3500 cd/m2 and a current efficiency of 1.6

cd/A have been achieved. The device operational lifetime is comparable to that of devices with

Sn-doped In2O3 (ITO)/PET anodes. The advantages of this novel type of anode over conventional

ITO are discussed.
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CHAPTER FOUR

Highly Transparent and Conductive Carbon Nanotube-Indium Tin Oxide

Double-layer Thin Films as Anodes for Organic Light-Emitting Diodes
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1. Introduction

Small-molecule organic and polymer light-emitting diodes (OLEDs) are generating

excitement due to their applicability in large-area flat panel displays and solid state lighting.1 It is

well known that the performance, lifetime, and durability of OLEDs are greatly influenced by

charge injection from the anode and cathode.2 Tin-doped indium oxide (ITO), with electrical

conductivity and visible range transparency of 3-5×103 S/cm and 85-90%, respectively, is

currently the most widely used transparent anode material for OLEDs. However, the rising cost of

In and other significant ITO limitations raise challenges for large-scale introduction of next-

generation optoelectronics.3-6 Therefore, extensive efforts are being dedicated to finding superior

low/no-In anode materials having high conductivity and a broad transparency window,

comparable to that of ITO.7-10

 Recently, a class of electronic thin-film materials based on random carbon nanotube

(CNT) networks having excellent optical transparencies (40%-90%) and electrical conductivity

(~1×104 S/cm), has been explored11,12 for applications where low sheet resistance (Rs) and high

optical transparency (T) are essential. These films are fabricated by solution processing, use

abundant materials, and are mechanically flexible. Moreover, their intrinsic work function (4.5-5.2

eV)13,14 is similar to that of ITO (4.4-4.9 eV)15. Previous work demonstrated CNT films as anodes

for OLEDs16-18 and organic photovoltaics (OPVs)19,20 due to their high work function. In OPVs,

CNT film anodes exhibit superior mechanical performance with comparable light harvesting

efficiency to devices using conventional ITO anodes.20 However, in OLEDs, CNT-based devices

exhibit less than optimum performance versus ITO-based controls. For example, the maximum

light  output  intensity  in  OLEDs  with  CNT  anodes  is  at  least  10×  less  than  those  with  ITO
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anodes,16,18 which may reflect the relatively high CNT film sheet resistance, poor wetting and

adhesion of the deposited active organic layers on the hydrophobic CNT surface, and  non-

uniform charge injection efficiency from the relatively rough CNT surfaces (RMS roughness ~ 10

nm), which may lead to shorting. The conducting polymer PEDOT-PSS16 (a doped polythiophene

polystyrene sulfonate) and a parylene-C17 buffer layer have been applied to address these issues

for CNT anodes in polymer and small-molecule OLEDs, respectively, and significantly enhance

CNT-based device performance.

To achieve greater conductivity with greater transparency and multifunctionality, double-

layer electrodes have been incorporated in optoelectronics. For example, Au/ITO-double layer

electrodes facilitate ohmic contact and therefore decrease OLED turn-on voltage.21 Kawashima,

et al. reported that F-doped SnO2-coated ITO exhibits improved thermal stability versus ITO,

with conductivity retained during solar cell processing at 400-600 °C.22 For CNT electrodes, ITO

is a natural choice for fabricating double-layer anodes due to perfect matching of work functions.

Here we report a simple/efficient double-layer strategy for ITO/CNT thin film growth. The

attractions of such double-layer materials include: (1) lower sheet resistance with great optical

transparency, (2) smoother surface morphology, (3) tunable work function, (4) better wettability

and charge injection uniformity, (5) encapsulation of potentially non-benign materials, (6) greater

environment stability, (7) lower materials cost, and (8) simple film growth process applicable to

other double-layer transparent conducting oxide (TCO)/CNT structures.

To avoid damaging single-walled carbon nanotube (SWNT) films on flexible PET

(polyethyleneterephthalate) substrates, a low-temperature ITO film deposition technique is

required. In contrast to simple room temperature oxide sputtering, which typically produces
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amorphous films with poor conductivity, transparency, and adhesion properties, ion-assisted

deposition (IAD) is a unique growth technique which employs two ion beams to simultaneously

achieve film deposition, oxidation, and crystallization, resulting in smooth, adherent and

microstructurally dense oxide thin films on a variety of substrates at room temperature.23 In

addition, ITO thin film microstrctural, electrical, and optical properties can be finely tuned by the

growth system O2 partial pressure and ion beam power.23

To date, there have been no reports of OLED fabrication with TCO layer-modified CNT

double-layer anodes. We report here the growth, electrical, and optical properties of double-layer

ITO/CNT thin films. A thin ITO layer is overcoated on CNT thin films by IAD to “engineer”

CNT surface properties and to tune the work function. These double-layer films are then

implemented in polymer light-emitting diodes (PLEDs). It is found that ITO/CNT thin films, with

a lower sheet resistance, smoother surface, and higher figure of merit (  = T10/Rsheet, where T =

average  transmittance  from  400  to  700  nm)  than  that  of  CNT  films,  yield  enhanced  PLED

performance versus CNT-only-based devices and comparable PLED performance to commercial

ITO-based devices having similar structures.

2. Experimental

The process of fabricating transparent, conducting SWNT films on PET substrates by

filtration and transfer printing has been described previously.24 SWNT powders are suspended in

water with the surfactant SDS, followed by sonication and filtering. Washing with de-ionized

water  removes  the  SDS.  A  PDMS-based  method  is  then  applied  to  transfer  the  nanotube  films

onto PET substrates. The SWNT films have highly nanoporous structures, with specific surface

areas as large as 1500 m2/g. Scanning electron microscopy of a continuous SWNT thin film
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deposited on PET (Fig. 1) reveals that the SWNTs are distributed uniformly on the PET surface,

while the presence of voids illustrates the 3-dimensional nature of the film. The RMS roughness is

~12 nm, as determined by the AFM (Fig. 2a). The as-deposited SWNT films were then

transferred to an IAD chamber for ITO overcoating using an In2O3: SnO2 = 9:1 target purchased

from Sputtering  Materials  Inc.  During  ITO deposition,  the  O2 partial pressure and the thin film

growth rate were optimized at 1.1 × 10-4 Torr  and  1.8  nm  min-1, respectively. 23 ITO film

thickness was monitored in situ using a calibrated quartz crystal balance.

The as-deposited CNT/ITO bilayer and CNT thin films on PET were next implemented in

PLED fabrication using the structure, PET/CNT or CNT/ITO double-layered anode /PEDOT-

PSS/TFB + TPDSi2/BT/CsF/Al.26 Here the poly (3,4-ethylenedioxy-thiophene)-polystyrene

sulfonate (PEDOT-PSS) hole-injection/hole transport layer (HIL/HTL), which also can planarize

the CNT and CNT/ITO bilayer surfaces, was first spin-coated onto the CNT/ITO bilayer and

CNT anodes and cured at 120ºC overnight under vacuum. Next, a cross-linkable, HTL/electron-

blocking layer (EBL) consisting of TPD-Si2 (4,4’-bis[(p-trichlorosilylpropylphenyl)

phenylamino]biphenyl) blended with the hole-transporting polymer TFB (poly(9,9-dioctyl-

fluorene-co-N-(4-butylphenyl)diphenylamine)) (1:1 mass ratio) was spin-coated onto the PEDOT-

PSS-coated anodes,  followed by cross-linking to afford a robust,  insoluble film. A third layer of

the emissive polymer BT (poly(9,9-dioctylfluorene-co-benzothiadiazole)) was then spin-coated

onto the HTL/EBL to form a multilayer heterostructure. Finally, inside an inert-atmosphere glove

box, CsF and Al were thermally evaporated onto the EML at < 10-6 Torr using a shadow mask to

define the 2 mm × 5 mm electrode areas. Details of device fabrication are described elsewhere.26
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Figure 1. SEM  image  of  a  transferred  SWNT  film  on  a  PET  substrate,  showing  the  high  pore

density. The presence of voids illustrates the 3-dimensional nature of the network.

500 nm
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3. Results and Discussion

3-1. Characterization of CNT/ITO-bilayer films. Morphology, Sheet Resistance, and

Transmittance.

Smooth surface morphologies are required for OLED anodes both because “spikes” can

cause breakdown/shorting and because subsequent upper device layers will assume the irregular

anode morphology, adversely influencing stability and performance.25 Figure  2  shows  AFM

images of the surface morphologies of CNT (30 nm), bilayer CNT/ITO-1 (CNT = 30 nm, ITO =

14 nm), bilayer CNT/ITO-2 (CNT = 30 nm, ITO = 30 nm), and bilayer CNT/ITO-3 (CNT = 30

nm,  ITO  =  45  nm)  films.  The  root-mean-square  (RMS)  roughnesses  of  the  CNT/ITO  bilayer

surfaces decreases with increased ITO film thickness. For example, the RMS roughness of

CNT/ITO-3 surface is ~ 7 nm, less than that of CNT/ITO-1, ~ 11 nm. This may reflect the

marked tendency of IAD-derived ITO to planarize the SWNT films, as shown in Table 1.

Figure 3 shows optical transmittance spectra of CNT, bilayer CNT/ITO-1, CNT/ITO-2,

CNT/ITO-3 films. The CNT/ITO-3 film exhibits an average optical transmittance of 80.5% in the

visible range (400-700 nm), somewhat less than that of an as-deposited CNT film, 86.2%. The

average transmittance of CNT/ITO bilayers decreases as the ITO thickness increases.  Optical

transmittance, sheet resistance, and figure of merit (Φ = T10/Rsheet, T = average transmittance from

400 to 700 nm) data are summarized in Table I.  The CNT/ITO bilayers sheet resistance decreases

significantly as the ITO thickness increases. However, CNT/ITO-1 exhibits almost the same sheet

resistance as CNT films, which may indicate that the 14 nm ITO film is not sufficiently thick to

form a continuous, conductivity-enhancing film on the relatively rough CNT surface (RMS
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roughness = ~11-13 nm). Note here that the CNT/ITO-3 double-layer films exhibit the highest

figure of merit among all CNT/ITO bilayer and CNT films.

Figure 2.  AFM  images  of  :  (a)  a  pristine  SWNT  film,  (b)  a  SWNT  film  coated  with  a  14  nm

IAD-derived ITO layer (CNT/ITO-1), (c) a SWNT film coated with a 30 nm IAD-derived ITO

layer (CNT/ITO-2), and (d) a SWNT film coated with a 45 nm IAD-derived ITO layer

(CNT/ITO-3).

200 nm 200 nm

0 nm

25 nm

50 nm

200 nm 200 nm



112

Figure 3. Optical transmittance spectra of CNT (30nm), CNT (30 nm)/ITO-1 (14 nm), CNT (30

nm)/ITO-2 (30 nm), and CNT (30 nm)/ITO-3 (45 nm) films.
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Table 1. Properties of single-layered CNT and double-layered CNT/IAD-derived ITO thin films,

and operating characteristics of PLEDs having the structure: CNT or CNT/ ITO double-layered

anode /PEDOT-PSS/TFB + TPDSi2/BT/CsF/Al.
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Figure 4. Response characteristics of PLEDs having the structures: SWNT(30 nm) or CNT/IAD-

derived ITO double-layered anode /PEDOT-PSS(30 nm)/TFB + TPDSi2(25 nm)/BT(70

nm)/CsF(1.8 nm)/Al. (a) current density versus voltage; (b) luminance versus voltage; (c) current

efficiency versus voltage. Lines through the data points are drawn as a guide to the eye.
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3-2. PLEDs Having the CNT/ITO Double-layered Anodes.

In parallel, PLEDs with an identical structure were fabricated using CNTs, CNT/IAD-

derived ITO bilayers, and commercial ITO films (CP Films Inc., sheet resistance = 200 / ,  ~ 3

nm  RMS  roughness)  on  PET  for  comparison.  Device  steady-state  light  outputs  and J-V

characteristics of the PLED devices were measured under ambient atmosphere using

instrumentation described elsewhere.9,10 Current density, luminance, and current efficiency vs bias

responses for PLEDs based on CNT and various CNT/ITO double-layered anodes are compared

in Figure 4. Differences between various CNT/ITO bilayer and CNT control devices are attributed

to differences in anode characteristics since all devices were fabricated simultaneously in a

parallel.  As  seen  in  Fig.  4,  CNT/ITO-3 anode  PLEDs exhibit  a  turn-on  voltage  of  3.7  V,  lower

than that of the CNT/ITO-2 and CNT-based devices, 4.0 and 4.3 V, respectively, which may

reflect the low CNT/ITO-3 sheet resistance. Note that CNT/ITO-3 has a 150 Ω/ sheet

resistance, lower than that of 215 and 350 Ω/ for CNT/ITO-2 and CNT films, respectively. The

PLED with CNT/ITO-3 as a double-layer anode exhibits maximum luminance of 8,900 cd/m2, and

maximum current efficiency of 4.5 cd/A at 10.5 V – a 3-fold increase of maximum luminance and

current efficiency vs. the device having a CNT-only anode. This dramatic enhancement in device

metrics likely reflects several factors. First, the wettability and adhesion of PEDOT-PSS on

hydrophilic ITO surface are much greater than on the hydrophobic CNT surface. PEDOT-PSS, as

hole transport/injection layer, straddles the work functions of the SWNT/ITO films and TFB-

TPDSi2, thus facilitating hole injection. Second, IAD-derived ITO planarizes the CNT surface,

affording uniform hole injection from the CNT/ITO anode. CNTs with 50 nm ITO films exhibit

the lowest rms roughness of 7 nm. Finally,  IAD-derived ITO improves the conductivity of CNT
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film. CNT/ITO-3 exhibits a sheet resistance of 150 Ω/ , which is ~60% lower than that of 350

Ω/  for the CNT film. Note that the performance of CNT/ITO-3-based devices is approaches

that of a commercial PET/ITO-based control device, which has a maximum light output of 13,000

cd/m2 and a maximum current efficiency of 5.5 cd/A in the same device structure.

The performance of the PLED with CNT/ITO-1 double-layer anode is comparable to or

inferior in performance of devices having CNT-only anodes, with a turn-on voltage of 4.7 V, a

maximum luminance of 2,430 cd/m2, and a maximum current efficiency of 0.97 cd/A. The

presence of voids is an important factor in understanding this result. Close scrutiny of the SEM

image in Fig. 1 reveals voids in the SWNT thin film 3-D network, indicating that 14 nm of IAD

ITO is insufficient to form a continuous, conductive lattice on the relatively rough SWNT surface

to  improve the conductivity, while the film optical transmittance decreases with 14 nm ITO. As

expected, CNT/ITO-based PLED performance is enhanced with increased IAD-derived ITO

thickness.

4. Conclusions

In summary, double-layer transparent conducting CNT/ITO films were used as transparent

anodes for PLED fabrication. The overall film figure of merit with 30 nm CNT and 50 nm IAD-

derived ITO (CNT/ITO-3) is significantly greater than that of CNT-only films. Furthermore,

CNT/ITO-3-based PLEDs exhibit superior performance to that of a CNT-only control and

comparable performance to that of a commercial ITO device. Note that the CNT/ITO films have a

lower In content than ITO, rendering them promising for large-area optoelectronics. In addition,

high work function ITO alternative TCOs such as ZITO,9,27 could be employed to further modify

CNT film properties.
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CHAPTER FIVE

Cyan and Green Light-emitting Diodes from a Fluorene-Based Copolymer
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1. Introduction

Since the first polymer light-emitting diode (PLED) was made in 1990,1 fluorescent

conjugated polymers have attracted considerable interest because of their potential applications in

flat-panel displays.2-4 Extensive interdisciplinary research has been performed by scientists all over

the world to develop high-efficiency, long lifetime, good color-purity light-emitting polymers.

Solution processing of semiconducting polymers has the advantage of allowing spin-coating and

printing methods to be utilized for the fabrication of large-area-display devices. In addition,

PLEDs offer the flexibility of fine-tuning the luminescent properties of the device through

manipulation of chemical structures. Many conjugated polymers whose emission wavelengths can

be tuned to span the entire visible spectrum have been synthesized as components of potential

polymer-based LEDs through simple copolymerization of appropriate monomers.5-7

Polyfluorene and derivatives have emerged as the dominant class of polymers for

commercial PLED applications.8,9 and  there  has  been  great  success  in  producing  highly  efficient

PLEDs using alternating copolymers having fluorene moieties. Indeed, a wide range of fluorene

copolymers with fluorescence spanning the entire visible spectrum has been synthesized. No other

class of fluorescent polymers offers such a wide range of color emission and has been

incorporated into LEDs with high efficiency, low operating voltages, and long lifetimes.

In this work, we report the synthesis and characterization of a novel cyan emitting

copolymer poly(2,5-N-n-octyl-3,4-cyclicimidothienyl-co-2’,7’-9’,9’-di-n-octylfluorene) (C8F8),

consisting of electron-deficient cyclicimidothiophene and fluorene moieties. Here, we present the

optical and luminescence properties of C8F8 and the blending of C8F8 with the electron-rich
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copolymer poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)diphenylamine) (TFB). We also discuss

the performance of PLEDs fabricated with such films.

2. Experimental

2-1. Materials and Methods. All chemical reagents were used as received unless

otherwise indicated. All manipulations of air/moisture-sensitive materials were carried out on a

dual-manifold Schlenk line or in a nitrogen-filled glovebox. Ether and THF were distilled from

sodium/benzophenone ketyl. Methylene chloride was distilled from calcium hydride. Toluene was

dried using activated alumina and Q5 columns and was regularly tested with benzyphenone ketyl

in  ether  solution.  NMR  spectra  were  obtained  on  Varian  VXR-400  or  500  MHz  NMR

instruments, and MS analyses were conducted on a Micromass Quattro II Triple Quadrupole

HPLC/MS/MS mass spectrometer. Elemental analyses were carried out by Midwest Microlab.

UV-visible absorption spectra of SAM-coated quartz plates were obtained on a Cary 1E UV-vis

spectrometer. Cyclic voltammetry was performed with a BAS 100 electrochemical workstation

(polymer-coated Pt working electrodes, Ag wire pseudo-reference electrode, Pt wire counter

electrode, 0.1 M TBAHFP in anhydrous MeCN supporting electrolyte, and 1.0 x 10-3 M ferrocene

as an internal standard probe). TBAHFP was recrystallized from an ethyl acetate/hexanes mixture

and dried in vacuo at 100 oC for 10 h. Ferrocene was purchased from Sigma-Aldrich and purified

via vacuum gradient sublimation. Thermogravimetric analysis (TGA) was carried out on an SDT

2960 simultaneous DTA-TGA instrument (TA Instruments) with a scan rate of 10 °C/min under

N2. Molecular weights of the polymers synthesized were measured vs polystyrene (PS) standards

using a Waters room-temperature gelpermeation chromatography (GPC) system equipped with a
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Waters 2410 refractive index detector and a Waters 515 HPLC pump. PL and EL spectra were

recorded using a Photon Technology International model QM-2 fluorescence spectrometer.

2-2. Synthesis of 3,4-dicyanothiophene (1). A stirred suspension of 3,4-

dibromothiophene (24.2 g, 0.1 mol) and copper(I) cyanide (26.0g, 0.29 mol) in dry DMF (25 mL)

was refluxed under N2 for 4 hr. The dark mixture was poured into a solution of hydrated ferric

chloride (100 g) in hydrochloric acid (175 mL, 1.7 M ) and maintained at 60-70°C for 1 hr. The

mixture was let to cool down to room temperature, and methylene chloride (125 mL) was added

and the layers were separated. The aqueous phase was extracted four times with 125 mL portions

of methylene chloride. Organic phase was combined and was washed successively with two 100

mL portions of hydrochloric acid (6 M), water, saturated sodium bicarbonate solution, and finally

with distilled water, followed by drying over MgSO4 over night. Solvent was evaporated to

dryness to afford a pale yellow solid. Recrystallization from acetonitrile provided a white crystal

(12.0 g, 90%). 1H NMR (CDCl3)  8.0; 13C NMR (CDCl3)  136.8, 113.1, 111.8.

2-3. Synthesis of 2,5-dibromo-thiophene-3,4-dicarboxylic acid (2). A suspension of 1

(9.2 g, 68.6 mmol) in 100 mL concentrated HCl was refluxed for 6 hrs. Heating was removed and

colorless crystal formed was collected via vacuum filtration. Recrystalization from water afforded

a colorless crystal (9.85 g, 83%). To the crystal (1.0 g, 5.8 mmol) in 10 mL glacial acetic acid was

added bromine (1.8 mL, 35 mmol) dropwise. The mixture was stirred over night and a colorless

crystal was formed. The bromine was removed by adding saturated NaHSO3 solution, and the

precipitate was collected by filtration. Recrystalization from hot water followed by drying gives a

colorless crystal (1.2 g, 63%). 13C NMR (CDCl3)  163.13, 134.63, 114.67.
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2-4. Synthesis of 2,5-dibromothiophene-3,4-dicarboxylic acid dichloride (3). To  3

(1.0 g, 3.03 mmol) in 5 mL anhydrous benzene was added oxalyl chloride (1.1 mL, 12.2 mmol)

and  one  drop  of  dry  DMF.  The  mixture  was  heated  to  reflux  for  1  hr,  and  allowed  to  cool  to

room temperature. The volatiles were removed in vacuo to afford 4 (1.0 g, 90%). The crude

material was used without any further purification.

2-5. Synthesis of 3,4-N-(n-octylimido)-2,5-dibromothiophene (4a). 3 (1.0 g, 2.7 mmol)

was  mixed  with  n-octylamine  (0.45  mL,  2.7  mmol)  in  a  Schlenk  reaction  tube  and  heated  to

140ºC for 30 min under vigorous stirring. The preparation was cooled to room temperature and

chromatographed over silica gel with CH2Cl2:hexane (10:1) to afford a white powder (0.35 g,

31%). 1H NMR (CDCl3) 3.59 (2H), 1.63 (2H), 1.30 (10H), 0.88 (3H); 13C NMR (CDCl3)  

160.6, 135.0, 113.1, 39.0, 32.0, 29.3, 28.4, 27.0, 22.8, 14.3.

2-6. Synthesis of 3,4-N-(n-dodecylimido)-2,5-dibromothiophene (4b). 3 (1.0 g, 2.7

mmol) was mixed with n-dodecylamine (0.5 g, 2.7 mmol) in a reaction tube and heated to 140ºC

for 30 min under vigorous stirring. The preparation was cooled to room temperature and

chromtographed over silica gel with CH2Cl2:hexane (10:1) to afford a white powder (0.45 g,

50%). 1H NMR (CDCl3) 3.55 (2H), 1.60 (2H), 1.20 (18H), 0.83 (3H); 13C NMR (CDCl3)  

160.8, 134.9, 113.1, 38.7, 32.2, 29.8, 29.78, 29.7, 29.5, 29.4, 28.7, 27.1, 22.8, 14.3.

2-7. Poly(2,5-N-n-Octyl-3,4-cyclicimidothienyl-co-2’,7’-9’,9’-di-n-octylfluorene) (9).

To a mixture of 9,9-di-n-octylfluorene-2,7-bis(ethyleneboronate) (0.53 g, 1.0 mmol), 4a (0.42 g,

1.0 mmol) in toluene (8 mL) under nitrogen is added tetrakis(triphenylphosphine)palladium (20

mg), Aliquat 336 (85 mg), and 2M aqueous sodium carbonate (2 mL, 4 mmol). The mixture is

stirred vigorously and heated at reflux 24 h. The highly viscous reaction mixture is poured into

acetone (40 mL), precipitating a greenish polymer. The polymer is collected by filtration and
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washed with more acetone, dissolved in toluene, and precipitated by methanol twice, and dried in

vacuum to give a green solid (420 mg, 64%). GPC: Mw =15460, PD = 2.3; Anal. For

(C43H57NO2S)n, calcd: C, 79.21; H, 8.81; N, 2.15; Found: C, 78.99; H, 8.91; N, 2.16; 1H NMR

(CDCl3):  8.29, 8.24, 7.87, 7.39, 3.76, 2.19, 1.76, 1.58, 1.40, 1.30, 1.20, 1.13, 0.90, 0.80 ppm.

2-8. Fabrication of Light-emitting Devices. ITO glass sheets (20 Ω/o, rms roughness =

2.5 nm) were purchased from Colorado Concept Coating. For PLED fabrication, a polymer blend

hole-transporting layer (HTL) composed of a cross-linkable, hole-transporting organosiloxane

material such as TPD-Si2 and a hole-transporting polymer such as TFB, which also serves as an

effective PLED electron-blocking layer (EBL), was spin-coated onto a PEDOT-PSS-coated Sn-

doped In2O3 (ITO) film on glass to form a double-layer HTL. These HTL films were then dried in

a vacuum oven at 90ºC for 1-2 h. Prior to this, the PEDOT-PSS (Baytron P) had been spin-

coated  onto  the  ITO film at  2500 rpm for  1  min,  followed by  drying  at  120ºC for  2  h.  Next,  a

well-balanced charge transport/emissive layer (EML), a TFB + C8F8 blend (TFB: C8F8 =1:4), or

an electron-dominated EML, C8F8, was spin-coated onto the HTL-coated substrates from

chlorobenzene solution. The resulting films were then dried in a vacuum oven at ~ 90ºC

overnight. Inside an inert-atmosphere glove box, CsF and Al were thermally evaporated onto the

EML at <10-6 Torr using a shadow mask to define 2 mm × 5 mm electrode areas. The resulting

PLEDs were characterized inside a sealed aluminum sample container under a dry N2 atmosphere

using a computer-controlled Keithley 2400 source meter and an IL 1700 Research Radiometer

equipped with a calibrated photodetector.
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Scheme 1. Synthesis of polymer C8F8.
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3. Results and Discussion

3-1. Characterization of C8F8 Films. UV-Vis Optical Absorption, Photoluminescence

(PL) Emission, Cyclic Voltammetry, and Thermal Stability.

The copolymer C8F8 (5) was synthesized according to the procedures in Scheme 1. The

Suzuki polycondensation of the dibromide 4 with the fluorene bis(ethyleneboronate) was carried

out  under  basic  conditions  with  the  Pd(Ph3P)4 catalyst in a system of THF and Aliquat 336 to

afford poly(2,5-N-n-octyl-3,4-cyclicimidothienyl-co-2’,7’-9’,9’-di-n-octylfluorene) (5) in 64%

yield; the molecular weight of 5 was determined by GPC analysis with polystyrene standards, Mw

= 15460 (PD = 2.3). The copolymer is completely soluble in common organic solvent, such as

chloroform, chlorobezene and THF. Thermogravimetric analysis (Figure 1) showed a high onset

decomposition temperature (Td): 410 °C. The high Td suggest robust thermal stability of

amorphous thin films for devices.

The normalized optical absorption and photoluminescence (PL) emission spectra of the C8F8

polymer as a dilute (10-5 M) chlorobenzene solution and as a thin film are shown in Figure 2. The

principal photophysical properties of C8F8 are collected in Table 1. The C8F8 polymer has a

strong optical absorption with a maximum ( max
abs) at 459 nm in dilute solution. The absorption

spectra of C8F8 thin films are generally similar in shape and peak position to that in dilute solution,

which suggests comparable ground-state electronic structures of this copolymer with no significant

change in conformation in the condensed state. The optical band gaps (Eg
opt)  derived  from  the

absorption edge of the solution and thin film spectra of C8F8 are 2.56 eV and 2.44 eV,
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respectively. The PL emission spectrum of C8F8 has well-resolved vibronic structure in dilute

chlorobenzene solution as shown in Figure 2. It emits a cyan light with an emission maximum at

486 nm and a vibronic sideband at 512 nm. The emission spectrum of a C8F8 thin film does not

Figure 1. TGA of C8F8.
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Figure 2. Absorption and PL emission spectra of C8F8 in solution and film.
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Table 1.  Photophysical Properties of C8F8

Polymer Abs. sol

(Eg)

Abs. film

(Eg)

PL sol PL film EOx, onset /ERed, onset

(v.s. SCE)

HOMO/LUMO

C8F8 459 nm

(2.56 eV)

441 nm

(2.44 eV)

486 nm 524 nm 1.39 V/-- 5.79/3.35 eV
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have vibronic structure and shows an emission peak at 524 nm, suggesting a decrease of intrachain

order  in  the  copolymer.  To  test  the  thermal  stability,  films  of  C8F8 were  annealed  under  air  and

ambient light, and the UV-Vis absorption and PL emission spectra were recorded (Figure 3). C8F8

maintained its color integrity even after annealing at 200 °C for 4 h.

The energy band diagrams of the polymer were determined from the band gaps, which

were estimated from the absorption edges, and the HOMO energy levels, which were estimated

from cyclic voltammetry. The CV was performed with a solution of 0.1 M TBAHFP in anhydrous

acetonitrile and ferrocene as the internal standard at a scan rate of 100 mV/s at room temperature

under the protection of nitrogen. A platium electrode coated with a thin polymer was used as the

working electrode. A Pt wire and an Ag electrode were used as the counter electrode and

reference eletrode, respectively. After coating, the film adhering to the electrode waas dried in a

vacuum oven for 3 h. From the onset potential for the oxidation, the estimate of the ionization

potential  (IP,  HOMO  level)  for  the  C8F8  (IP  = Eox
onset + 4.4) is ca. 5.79 eV(see Supporting

Information).10 The elcetron affinity (EA, LUMO level), calculated from the values of the band

gap and HOMO energy level, is 3.35 eV.

3-2. C8F8-based PLEDs. PLEDs of varying architectures, based on the copolymer C8F8,

were fabricated and evaluated in ambient air. Four different device structures were investigated:

ITO/PEDOT/C8F8/CsF/Al (Device 1), ITO/PEDOT/TFB + TPD-Si2/C8F8/CsF/Al (Device 2),

ITO/PEDOT/C8F8+TFB/ CsF/Al (Device 3), ITO/PEDOT/TFB + TPD-Si2/C8F8+TFB/CsF/Al

(Device 4). The EL spectra of C8F8-based and C8F8 + TFB blend-based PLEDs are shown in

Figure 5. The EL emission of C8F8-based device 1 is cyan in color and has a maximum at 488 nm

and CIE coordinates of (0.16, 0.35). The PLED based on the C8F8 + TFB blend (Device 3) emits
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pure green with an EL maximum at 523 nm and CIE coordinates (0.28, 0.58). This red-shift

emission from C8F8 + TFB blend may be due to exciplex states at the C8F8: TFB heterojunction.

Figure 3. Effect of thermal aging on UV-Vis absorption and PL spectra of C8F8 under air.
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Figure 4. Cyclic Voltammogram of C8F8 film.
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Figure 5. EL of spectra of C8F8-based PLED: ITO/PEDOT/C8F8/CsF /Al (Device 1) and C8F8

+ TFB blend-based PLED: ITO/PEDOT/C8F8 + TFB/CsF/Al (Device 3).
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Typical luminance - current density - current efficiency - voltage characteristics of PLEDs

fabricated with C8F8 and the C8F8 + TFB blend are shown in Figure 6. The electroluminescence

properties, including turn-on voltage, EL emission maximum, maximum luminance and maximum

current efficiency are summarized in Table 2. The performances of C8F8 + TFB blend based

devices (3 and 4) are superior to those of the C8F8-only based devices (1 and 2) in the same

device configuration. This is attributed to the type-II heterojunction formed by C8F8 (IP = 5.79

eV, EA = 3.35 eV) and TFB (IP = 5.3 eV, EA = 2.3 eV). The two systems form type-II

heterojunction, i.e., both the HOMO and LUMO energies are higher in one polymer than in the

other, leading to an interface with charge-transfer character (Scheme 2). Type-II heterojunctions

have generally been found to be useful for device optimization.11,12 In LEDs, they cause charge to

accumulate at opposite sides of the junction leading to a well-defined recombination zone whose

position  in  the  device  can  be  controlled,  as  well  as  producing  less  leakage  current  as  shown  in

Figure 6A.

The performance of the single-HTL devices is modest for both C8F8- (device 1) and C8F8

+ TFB blend- (device 3) based diodes, yielding maximum light output of 560 cd/m2 and 1090

cd/m2, with maximum current efficiency of 0.11 cd/A and 0.60 cd/A, respectively. This indicates

inadequate charge-carrier utilization in the single HTL diodes, with most of the electrons passing

through the devices with no recombination. As expected, the performance of the C8F8- and C8F8

+ TFB blend- based PLEDs is greatly improved by using an additional layer to facilitate hole

injection, transport, and confinement of electrons and holes (Table 2). Devices using TFB + TPD-

Si2 as a hole-transport/electron-blocking layer (HTL/EBL)13 exhibit a turn-on voltage of 2.4-3.0

V, at which point uniform emission over the whole pixel is visible to the eye. For C8F8-only

emissive layer (EML) diodes, device 2 combines a lower turn-on voltage (2.4 V) with a higher
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maximum luminance of 9140 cd/m2 and a maximum current efficiency of 0.95 cd/A. In the case of

the  C8F8  +  TFB  blend  EML,  device  4  with  a  3.0  V  turn-on  voltage,  exhibits  a  maximum

luminance of 13,200 cd/m2 and a maximum current efficiency of 3.22 cd/A and is clearly superior

to device 3.

Table 2.  Device Characteristics of C8F8-based PLEDs.
Turn-on
Voltage

(V)

max
EL

(nm)
Max. Light

output (cd/m2)
Max. Cur.
Efficiency

(cd/A)

Notes

Device 1 3.3 488 560 0.11 Single EML,
PEDOT as HTL

Device 2 2.4 491 9,140 0.95 Single EML,
Double HTL

Device 3 4.4 523 1,090 0.60 Blend EML,
PEDOT as HTL

Device 4 3.0 525 13,200 3.22 Blend EML,
Double HTL
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Figure 6. EL response of ITO/PEDOT/C8F8/CsF/Al (Device 1), ITO/PEDOT/TFB + TPD-

Si2/C8F8/CsF/Al (Device 2), ITO/PEDOT/C8F8+TFB/CsF/Al (Device 3), ITO/PEDOT/TFB +

TPD-Si2/C8F8+TFB/CsF/Al (Device 4). (A) current density versus voltage; (B) luminance versus

voltage; (C) current efficiency versus voltage.
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Scheme 2. Energy –level diagram for the electrodes and organic layers.
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4. Conclusions

In summary, we have synthesized and characterized a novel cyan emitting copolymer

poly(2,5-N-n-octyl-3,4-cyclicimidothienyl-co-2’,7’-9’,9’-di-n- octylfluorene) (C8F8), consisting

of electron-deficient cyclicimidothiophene and fluorene moieties. The UV and photoluminescence

spectra of the polymer indicate that the polymer has a band gap of 2.56 eV and cyan light

emission. An organic light-emitting device incorporating this copolymer as the emitting layer

exhibits a voltage-independent and stable cyan emission having color coordinates (0.16, 0.35) at 6

V;  the  maximum  brightness  is  560  cd  m-2 and the maximum current efficiency, 0.11 cd A-1. In

addition, using a blend of C8F8 with the electron-rich copolymer TFB as the emitting layer in a

double hole injection/transport layer (PEDOT-PSS /TFB + TPD-Si2 device, leads to a high-

brightness, highly efficient green electroluminescent device having CIE coordinate of (0.31, 0.57),

a maximum brightness of 13,220 cd m-2, and a maximum current efficiency of 3.22 cd A-1.
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