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4-[(3-Methylphenyl)(phenyl)amino]benzoic acid (MPPBA) was synthesized in order to facilitate the
hole-injection in Organic Light Emitting Diodes (OLED). MPPBA was applied to form self-assembled
monolayer (SAM) on indium tin oxide (ITO) anode to align energy-level at the interface between organic
semiconductor material (TPD) and inorganic anode (ITO) in OLED devices. The modified surface was
characterized by X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and Kelvin
probe force microscopy (KPFM). KPFM was used to measure the surface potential and work func-
tion between the tip and the ITO surface modified by SAM technique using MPPBA. The OLED devices
(ITO/MPPBA/TPD/Alqs/Al) fabricated with SAM-modified ITO substrates showed lower turn-on voltages
and enhanced diode current compare to the OLED devices fabricated with bare ITO substrates.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Interest on organic light-emitting device (OLED) has been grown
progressively during the last decade due to their potential appli-
cations as commercial devices in organic electronics [1-5]. The
interfacial phenomenon such as poor adhesion [6] is an impor-
tant parameter in the performance and stability of an OLED device.
Therefore, a variety of interfacial treatments have been applied
in both cathode/organic [7,8] and anode/organic [9] interfaces
to modify the ITO surface in order to enhance the efficiency of
OLED devices [10]. Self-assembled monolayer technique (SAM)
provides various kinds of functionalities for the hydroxyl groups
present on ITO surface by using different organic compounds
having various functional groups such as phosphonic acids [11]
and carboxylic acids [12]. Moreover the other functions of SAMs
reported in the literature for OLED applications include the for-
mation of current blocking layer [13] or a moisture penetration
blocking layer [14,15], a dipolar surface layer to enhance charge
injection [16], changing the work function of ITO [17] and enhanc-
ing the adhesion and stability of HTL layer [18]. ITO surface has
been modified with SAM technique using suitable materials for hole
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injection to improve the interfacial compatibility [19] with charge
transfer at the interface between ITO and organic hole-transport
layer (HTL) [20]. To enhance such charge transfers in an OLED
device, thereby improving turn-on voltage, brightness, and external
quantum efficiency, coating of triarylamine-based molecules with
trichlorosilane-binding groups on ITO as nanoscale layers were per-
formed in the literature [21-23]. But, it is a very well-known fact
that such kind of silane derivatives and trialkoxy silanes as well
have a tendency to self-condensation in solution [24,25] causing
the formation of uniform monolayers difficult.

In this work, a SAM molecule, 4-[(3-
methylphenyl)(phenyl)amino]benzoic acid (MPPBA), was
synthesized as hole injection layer (Scheme 1) due to its anchoring
carboxylic acid functional group and triarylamine structure to
enhance charge injection. MPPBA, as a monolayer at the interface
between ITO surface and TPD (i.e. the hole transfer layer material),
is expected to increase the number of inelastic tunneling channels
over its m-conjugated structure improving the hole injection by
modifying work function of ITO and HOMO level of HTL material.
The carboxylic acid functional group on MPPBA molecule was used
to be anchored by hydroxyl groups present on ITO surfaces for the
formation of ester bonds, and thus, modification of ITO surface is
achieved chemically by self-assembly process.

The surface morphologies of ITO surface before and after SAM
modification were characterized by atomic force microscopy (AFM)
and X-ray photoelectron spectroscopy (XPS). Kelvin probe force
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Scheme 1. Synthesis and molecular structure of MPPBA molecule.

microscopy (KPFM) was used to monitor the change in the sur-
face potential and work function of ITO surface before and after
modification process. The experimental results showed a decrease
in the turn-on voltage and enhancement in the diode current of
OLED devices fabricated from SAM-modified ITO substrates when
compared to those devices made with bare ITO substrates.

2. Materials and methods
2.1. Materials

ITO coated glasses with a surface resistivity of 15-25 €2/sq, tris-
(8-hydroxyquinoline) aluminum (Alqs) (with 99.995% trace met-
als) and N,N’-bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD,
99%) were purchased from Sigma-Aldrich. In the fabrication of
OLED devices, Al metal with a purity of 99.99% was used as cathode
contact material. Electrochemistry of MPPBA coated on ITO surface
was studied using cyclic voltammetry (CV). CV voltammograms
were recorded using CH660B model potentiostat from CH. Platinum
wire (Pt), glassy carbon (GCE) and Ag/AgCl electrodes were used as
counter electrode (CE), working electrode (WE) and reference elec-
trode (RE), respectively. 0.1 M TBAPFg in acetonitrile solution was
used as supporting electrolyte. Sweep rate was kept constant at
0.2 V/s. Ferrocene/ferrocenium couple was used as internal refer-
ence.

For the determination of various parameters such as luminance
efficiency, luminous power efficiency and external quantum effi-
ciency of OLED devices, integrating sphere was used. A masking was
installed at the backside of the OLED devices (cathode or inverse
of forward viewing direction) with black paint to eliminate edge-
emitted lights. A calibrated detector was used with a spectrometer
software (QE65000 Ocean Optics) while measuring the luminance
of OLED devices.

2.2. Synthesis of MPPBA [30,31]

To a mixture of N-(3-methylphenyl)-N-phenylamine (1.1g,
6.4mmol) and ethyl 4-bromobenzoate (1.3g, 6 mmol) in dry
toluene (18 ml) was added t-BuONa (0.75g, 7 mmol), P(t-Bu)z
(0.12g, 0.5 mmol) and palladium acetate (0.056g, 0.25 mmol) in
the given sequence. The resulting mixture was heated to 120°C
for 28 h. After cooling to room temperature, the reaction mix-
ture was quenched by distilled water (40 ml) and extracted by
ethyl acetate (40 ml). The organic phase was washed successively
with water, brine, and then dried over anhydrous magnesium sul-
phate. The crude product was purified by column chromatography
(silica gel, dichloromethane:n-hexane, 1:1) to give a light brown
oil of ethyl 4-[(3-methylphenyl)(phenyl)amino]benzoate (1.21¢g,
60%). An aqueous solution of sodium hydroxide (5 equiv., 2 N) was
added to ester (1equiv.) dissolved completely in methanol and
tetrahydrofuran (1:1) at 0°C. After stirring for 12 h at room tem-
perature, the reaction mixture was subjected to vacuum and the

residue was dissolved in water. After washing the aqueous phase
of crude product with ethyl acetate, the aqueous phase was acidi-
fied with formic acid and subsequently extracted with ethyl acetate
(3 x 25 ml). The combined organic layers were dried with sodium
sulphate. Removal of the solvent provided the crude product of
MPPBA, which was then used without further purification.

TH NMR (400 MHz, CDCl5, TMS): 7.91 (d, 2H), 7, 31 (t, 2H), 7.21
(t, 2H), 7.16-7.11 (m, 2H), 6.98 (m, 6H), 2.29 (s, 3H).

2.3. Modification of ITO surface by SAM technique

Before the formation of SAM monolayers of MPPBA molecules
on ITO surface, ITO coated glasses were first sonicated successively
for 15min in detergent solution, and then successively washed
with deionized water, acetone and 2-propanol. After drying in N,
stream, the substrates were then treated in oxygen plasma for
30 min to activate the ITO surface. Just after oxygen plasma treat-
ment ITO coated glass substrates were immediately dipped into a
1 mM ethanolic solution of MPPBA at 20 °C and kept there for 48 h
in order to ensure the formation of a densely packed monolayer
on ITO surface. The substrates were then rinsed with ethanol to
remove the residual MPPBA molecules from the ITO surface and
finally dried in a stream of N, gas. The reaction between carboxylic
acid head group of MPPBA and ITO is similar to the one occurred
between phosphonic acid derivative and SiO, [26,27] and TiO, [28].
These oxide surfaces have all similar property, because they all have
hydroxyl groups [17,29].

2.4. Fabrication of OLED devices

Two different sets of OLED devices were fabricated with
a thermal evaporator from NANOVAK Co. (Ankara, Turkey) on
top of freshly SAM-modified ITO and oxygen plasma treated
bare-ITO substrates with a configuration of ITO/MPPBA/TPD
(50nm)/Algz (60nm)/Al (120nm) and ITO/TPD (50nm)/Alqs
(60nm)/Al (120nm). The organic semiconductors, TPD as HTL
material and Alqgs as emitting and electron transport layer (ETL)
material were thermally deposited at 4 x 10~ Torr with 0.5A/s
evaporation rate. Highly pure Al was thermally evaporated to form
the top contact at a pressure of 4 x 10~ Torr with a deposition rate
of 3A/s. Fig. 1 shows the schematic representation of OLED devices
fabricated from bare-ITO and SAM-modified ITO substrates.

The surface morphology of bare-ITO and SAM-modified ITO sub-
strates was characterized using a Solver Pro AFM from NTMDT
(Russia). The modified surface was also characterized using XPS.
During KPFM measurements TiN conducting cantilevers were used
to obtain the change in the surface potential and work function
of the ITO surfaces before and after modification. I-V character-
istics and electroluminescence (EL) data of OLED devices were
determined by using 2400 Keithley source meter and QE65000
Spectrometer from Ocean Optics, respectively.
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Fig. 1. OLED device structure constructed on SAM-modified ITO coated on a glass
substrate.

3. Results and discussion

MPPBA was synthesized in three steps according to the previ-
ously published procedures [30,31] as described in Scheme 1. It
was used as SAM material to form a hole injecting monolayer on
the anode material (ITO).

The number of MPPBA molecules self-assembled onto ITO sur-
face is not limited by the surface hydroxyl content [32], since
MPPBA can protonate both bridging oxides and hydroxyl-groups
already present on the surface. This is a significant advantage to
create a strong covalent bond, since the surface hydroxyl content of
ITO is notoriously low (approximately 1 OH nm?)[33,34]. The bond-
ing carboxylic acid group of MPPBA molecule on ITO is illustrated
in Fig. 2.

3.1. Surface characterization and surface potential
measurements using AFM and KPFM

Local contact potential difference (CPD) between SAM formed
on ITO substrates and AFM conductive tip (TiN) was investigated
with KPFM.

The surface root mean square (RMS) roughness measured with
AFM gives valuable information about the surface morphology of
bare- and SAM-modified ITO. AFM topography images of both sub-
strates (bare-ITO and SAM-modified ITO surfaces) are presented
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Table 1

Maximum luminance in terms of L (cd/m?), luminous power efficiency, n, (Im/W)
and turn-on voltage (V) and the local contact potential difference (CPD) between
SAM-modified ITO surface and conductive AFM tip (A @) are given.

Max. L (cd/m?) np (Im/W) Turn-on(V) A® (V) RMS (nm)
Bare-ITO 14.8 0.016 55 0.066 1.50
MPPBA-ITO 52.9 0.12 4.5 0.286 1.45

in Fig. 3(a) and (b). These images of ITO substrates after a care-
ful cleaning procedures show almost similar surface topologies
with very close RMS roughness values (bare-ITO: 1.50 nm; SAM-
modified ITO: 1.45nm as shown in Table 1) indicating no more
than a single monolayer is present on both ITO surfaces. Fig. 3c
and d shows the surface potential distribution of bare-ITO and of
SAM-modified ITO, respectively. The local contact potential differ-
ence between TiN tip and bare-ITO was measured as 0.066 V and it
was obtained as 0.286 V for SAM-modified ITO surfaces using KPFM
technique (Fig. 4).

The values obtained from KPFM measurements clarified that the
work function of SAM-modified ITO surface increased as a result of
forming a single monolayer of MPPBA molecules anchored onto
the ITO surface and HOMO level of SAM-modified ITO surface is
pushed toward HOMO level of TPD layer. Table 1 shows the CPD
data between SAM-modified ITO surface and conductive AFM tip.

3.2. Cyclic voltammetry results of MPPBA

Further characterization of SAM-modified ITO surface was car-
ried out by cyclic voltammetry (CV). First, cyclic voltammogram
of SAM material (MPPBA) in solution was obtained (Fig. 5, solution
phase). MPPBA possesses a single reversible oxidation peak at 1.1V,
which arises from its triarylamine moiety as expected. This behav-
ior can be attributed to the direct attachment of the carboxylic acid
group into triarylamine moiety. Its attachment allows the electron
density of triarylamine core to be redistributed to the electron-
withdrawing carboxylic acid group, so that only a single reversible
oxidation peak is observed in the given potential range [35].

Oxidative CV measurement of SAM-modified ITO surface was
also performed and its voltammogram is presented in Fig. 5 (solid
phase). MPPBA based SAM on ITO surface shows a semi-reversible
oxidation peak of triarylamine core as observed in the solution
phase. In this case, the oxidation peak was observed at 0.99 V. This
slight shift can be attributed to the carbonyl group anchored to
ITO surface which decreases the electron affinity of carbonyl group
which might cause the formation of unstable oxidized species on
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Fig. 2. The illustration of the bonding mechanism between carboxylic acid group of MPPBA molecules and ITO.
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Fig. 3. AFM topography images of bare ITO (a), SAM-modified ITO (b), surface potential distribution of bare ITO (c) and SAM-modified ITO (d).

ITO surface. Then, the change in electron affinity leads to areduction
of oxidation potential as compared to that of solution phase.
HOMO level of MPPBA was calculated from the onset of oxi-
dation potential by the intersection of two tangents drawn at
the rising oxidation current and background current in its cyclic

Mag (nA)

[ = MPPBA

0 y
02 01 0O 01 02 023 04 05

Bias Voltage(V)

Fig. 4. The local contact potential difference measurement on bare ITO (circles) and
SAM-modified ITO substrates (squares) with conductive AFM tip.

voltammogram. The HOMO level of MPPBA was found to be —5.5 eV
and —5.4 eV in solution phase and on ITO surface, respectively. The
increase in the value of HOMO level of MPPBA coated ITO may be
attributed to the decrease in the surface potential of ITO after SAM
formation which will be discussed in the next part.

3.3. Effect of molecular dipole on ITO work function

The presence of a molecular dipole plays an important role in
the charge-injection properties of SAM layer in OLEDs. This concept
has been extensively studied and reported in the previous publica-
tions [36-40]. Charge transfer from the COOH head group of MPPBA
molecule to ITO surface leads to the formation of C-O bond due
to electrostatic interaction between positively charged ITO surface
and the delocalized electrons in the oxygen atom of carboxylate
group in MPPBA molecule [41]. There is a molecular dipole layer
present at the interface between ITO and TPD. MPPBA molecules
have a chemical bonding on ITO surface, as shown in Fig. 6a. The
dipole moment pointing toward the ITO surface effectively shifts
ITO work function (¢iro) and decrease the barrier height for hole
transfer as shown in Fig. 6b and c. The difference between work
functions of anode and the adjacent organic layer determines the
energy barrier at the interface during charge transfer from anode
to hole transport layer.
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Fig. 7. XPS survey spectrum of SAM-modified ITO surface (a), XPS C 1s spectrum of MPPBA (b), XPS O 1s spectrum of MPPBA (c).

Change in HOMO level of ITO surface after SAM modification
using MPPBA can also be determined by using Kelvin Probe mea-
surement. The HOMO energy level of MPPBA by this method was
calculated as —5.09 eV. This value is between HOMO level of bare-
ITO (—4.8eV) and the HTL material of TPD (—5.5eV). This helps to
increase the rate of hole transfer from anode surface to the organic
material (TPD) via the SAM layer due to the interface energy states
between ITO and TPD.

3.4. XPS study of MPPBA coated ITO surface

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate chemical structure of COOH-terminated MPPBA molecules on
ITO. Fig. 7(a) shows an XPS survey spectrum of SAM-modified ITO
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with SAM modified ITO and bare ITO (a) and EL spectrum of the

surface after the modification process. The peaks, In 3ds,, Sn 3ds,,
O 1s, N 1s and C 1s are seen in the spectra with binding ener-
gies of 443.6, 485.6, 530.7, 398.4, and 284.6eV, respectively. In
and Sn peaks confirm the existence of a very thin layer of MPPBA
molecules. Fig. 7(b) shows a high resolution spectrum of C 1s peak.
The C peak was fit with a Shirley background and mixed singlet
peak. The peaks at 288.3,285.6 and 284.6 eV are assigned to O-C=0,
C-N or C-0 and C-C bonds, respectively. The peak at 288.3 eV is
a strong indication of the covalent bonding of O-C=0 connection
formed between COOH group of MPPBA molecule and hydroxyl
group of the ITO surface. This peak is attributed to carbon of car-
boxyl groups in the formatted molecule. In order to explain the
origin of the peaks seen at 285.6, 288.3 and 284.6eV in C 1s spec-
tra, one should refer to the C 1s spectra in organic compounds.
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Similar chemical shifts were also seen for C 1s in a wide range of
model organic compounds [42-45]. O 1s spectra were fit and are
shown in Fig. 7(c). Three peaks at 529.9, 531.1 and 533.6eV are
assigned to 02, carbonyl group (C=0), and (C-0) or Sn-0, respec-
tively [46-48]. InITO films, the low binding energy O 1s component
at529.9 eV is attributed to oxygen in the form of oxide, 02~ present
on ITO surface [49,50]. Carbonyl group (C=0) peak is the strongest
signal among them.

3.5. The OLED characteristics

I-V characteristics of the OLED device fabricated using SAM-
modified ITO anode is shown in Fig. 8(a). According to this figure,
when the OLED device was positively forward biased with respect
to the cathode (Al) contact, a beneficial effect of SAM layer on
the turn-on voltage was clearly observed. The turn-on voltages of
OLED devices made with SAM-modified and bare ITO were mea-
sured as 4.5V and 5.5V, respectively. On the SAM-modified ITO
anode, a significantly increased hole injection current was obtained
compared to bare-ITO and, as a result of better hole injection, the
observed enhancement in the turn-on voltage was about 1V. This
observation was also confirmed by an intensified electrolumines-
cent emission (EL) obtained from the OLED device fabricated with
SAM-modified ITO anode (Fig. 8b). The increase in the EL intensity
should be a result of better hole transport due to the modification
of ITO surface. Increase in the current density at the interface can be
explained by inelastic tunneling mechanism over extra energy lev-
els formed between HOMO and LUMO levels of aromatic MPPBA
molecules with m-conjugated structure used as tunnel barrier at
the interface [51-53].

3.6. External quantum efficiency-current characteristics of OLED
devices

The luminance, luminance efficiency and luminous power effi-
ciencies for all the devices, are shown in Fig. 9(a)-(c), respectively.
The results show that OLED characteristics of the devices are clearly
affected by the increased hole-current density as a result of SAM
modification.

At low voltage values, the luminance efficiency and luminous
power efficiencies of the devices with ITO substrates modified by
using MPPBA molecules are higher than that of the bare-ITO device,
pointing out that increasing the hole-current density enhances
the balance of charge carriers at low voltages. However, the lumi-
nance efficiency and luminous power efficiencies of all the devices
decrease in higher voltage.

4. Conclusion

A new type of SAM molecule, MPPBA as hole-injection
layer, with m-conjugated structure and functional carboxylic
head group was used to modify hydroxyl-rich ITO surfaces. The
SAM-modified ITO surface was characterized by XPS and KPFM.
KPFM was used to measure the change in the surface potential
and work function before and after modification of ITO sur-
face. The experimental results on MPPBA modified OLED devices
(ITO/MPPBA/TPD/Alq3/Al) show a decrease in the turn-on voltages
and an enhancement in the diode current and EL intensity com-
pared to OLED devices made with bare ITO substrates. The increase
in the EL intensity of MPPBA modified OLED devices should be a
result of increasing hole transport due to SAM modification of ITO
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surface. The increase in the hole transport is related with tunneling
current density at the interface and can be explained with inelastic
tunneling mechanism over extra energy levels established between
HOMO and LUMO levels of aromatic MPPBA molecules with
Tr-conjugated structure used as tunneling barrier at the interface.
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