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In order to understand the electronic properties of the organic Schottky diode, ITO/TPD/Al and ITO/SAM/
TPD/Al organic Schottky devices were fabricated to obtain current�voltage characteristics. From the slopes and
y-axis intercepts of the plots, the values of the ideality factor, barrier heights of the ITO/SAM/TPD/Al diode
were determined as 2.03 and 0.56 eV, respectively. The surface characterizations of modi�ed and unmodi�ed ITO
were performed via atomic force microscopy.
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1. Introduction

The organic semiconducting molecules, having conju-
gated π-electrons, have had a wide potential for elec-
tronic devices applications since the discovery of conduct-
ing polymers [1]. The organic semiconductors and their
derivatives are used as active components in the Schottky
diode in recent years [2]. The recti�cation performance
of the diodes depends on their electronic characteristics
and interface properties [3]. The di�erence between work
functions of anode electrode and the adjacent organic
layer determines the Schottky barrier properties at the
metal/organic interface. Therefore, modi�cation of the
surface of the anode material, indium tin oxide (ITO),
with self-assembled monolayer (SAM) molecules is one of
the most convenient methods to improve electronic pa-
rameters of the Schottky diode in terms of barrier height,
ideality factor and work function [4].
In literature, diodes of composite organic semiconduc-

tors with polyaniline with polystyrene and ITO/C70/Au
have been investigated using the Schottky diode tech-
nique [5]. Siloxane-derivatized hole injector (TPD-Si2)
was synthesized and used as SAM to improve the charge
injection. But the results show that triethoxysilyl with
alkyl chain as spacer of the charge injection from ITO sur-
face is decreased because of non-conducting alkyl spac-
ers [6].
In our study, SAM is used to modify the ITO surface in

order to constitute a better alignment between the work
functions of anode and the organic layers at the inter-
face. 4-[(3-methylhphenyl)(phenyl)amino]benzoic acid
(MPPBA) and (4′-iodobiphenyl-4-yl) trihydroxysilane
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(THIBSi) have been used as SAMs materials. In order
to compare the e�ect of aromatic SAM molecules on the
electronic parameters of the Schottky diodes, we fabri-
cated ITO/TPD/Al, ITO/MPPBA/TPD/Al and ITO/
THIBSi/TPD/Al devices. Electrical parameters of the
devices were investigated using forward bias current�
voltage measurements.
In the Schottky injection mechanism, when adequate

thermal energy needed to cross the barrier height is ac-
quired, electrons from the metal electrode can be in-
jected. The process can be described by the equation [7],
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where q is the electron charge, m is the e�ective mass of
the electron or hole, k is the Boltzmann constant, h is the
Planck constant, T is the temperature, φB is the barrier
height and V is the applied voltage. The current�voltage
characteristics for q(V − IRS) > kT values of the diodes
can be analyzed by the relation [8],
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where I0 is the saturation current and is expressed as

I0 = AA∗T 2 exp

(
−qφB
kT

)
, (3)

where RS is the series resistance, q is the electron charge,
V is the applied voltage, A∗ is the e�ective Richardson
constant, A is the e�ective contact area, T is the abso-
lute temperature, k is the Boltzmann constant, n is the
ideality factor. The saturation current obtained from the
linear portion intercepts log I at zero voltage. The ide-
ality factor and barrier height values of the four diodes
were calculated from the slope of the linear region and
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y-axis intercept of the forward bias ln(I)�V curve. The
obtained ideality factors higher than unity indicate that
diodes show non-ideal behavior because of the interface
layer and series resistance. This signi�cant series resis-
tance e�ect can be analyzed by Cheung's functions [9]:

dV

d ln I
= n

kT

q
+ IRS (4)

and H(I) function can be de�ned as follows:

H(I) = V − n
kT

q
ln

(
I0
AA∗

T 2

)
= nφB + IRS. (5)

2. Experimental techniques

2.1. Chemical compounds and materials

ITO coated glass slides (from Sigma-Aldrich) with
a surface resistivity of 15�25 Ω/sq were used as the
substrates. The chemicals used in cleaning pro-
cess are acetone (CH3C(O)CH3, 99.8%, from Merck),
ethanol (C2H6O, 99.8%, from Sigma�Aldrich), and
2-propanol (CH3CH(OH)CH3, 99.8%, from Merck). For
thin �lm and device preparation, high purity ma-
terials were used. N,N ′-bis(3-methylphenyl)-N,N ′-
diphenylbenzidine (TPD) was used as hole transport
layer material (Sigma-Aldrich, Fig. 1). We synthesized
the MPPBA [10] and THIBSi [11] molecules according
to the previously published procedures. Atomic force
microscopy surface characterization was performed in
semi-contact (tapping) mode operation using commer-
cial Scanning Probe Microscopy instrument (Solver Pro 7
from MNT-MDT, Russia).

Fig. 1. Chemical structures of TPD (a), MPPBA (b),
and THIBSi (c).

2.2. Schottky device preparations

The ITO coated glass slides were etched using zinc
powder and 20% HCl acid solution. Etched ITO sub-
strates were placed in ultrasonic cleaner and puri�ed in
highly pure deionized water, acetone, ethanol, 2-propanol
and again deionized water, respectively, for 15 min in
each. After drying in N2 stream, oxygen plasma clean-
ing in a closed system was carried out using 14% O2

and 86% Ar gas mixture for 15 min in order to clean
their surfaces from volatile species and organic molecules.
Cleaned ITO substrates were immediately dipped into
1 mM ethanol solution of MPPBA and 1 mM chloro-
form solution of THIBSi. They were kept in this so-
lution at room temperature for 48 h. The substrates

were then rinsed with ethanol to remove the residual
SAM molecules from the ITO surface and �nally they
were dried in an organic evaporation system by blowing
a stream of N2 gas. The organic HTL material (TPD)
was deposited under high vacuum (≈ 10−6 Torr) with a
low deposition rate (≈ 0.5 Å/s). Finally high purity Al
(99%) was thermally evaporated to form the top contact
cathode layer with a thickness of 120 nm at a pressure of
4× 10−6 Torr and a deposition rate of 3 Å/s in the same
evaporation system.

3. Results and discussions

3.1. Atomic force microscopy (AFM)

We used AFM technique in order to investigate the
topography of the bare ITO and SAM modi�ed ITO sur-
faces in high-resolution mode that demonstrates resolu-
tion of fractions in nanometer scale. The measured sur-
face roughness (rms) of the bare ITO surface was found
as 3.71 nm. Figure 2 shows surface topography images of
(a) bare ITO, (b) MPPBA modi�ed ITO and (c) THIBSi
modi�ed ITO surfaces. Island-like structures can be seen
after the formation of SAM layer and as a result of coat-
ing of MPPBA and THIBSi molecules, surface properties
of the ITO surface has changed. The average roughness of
MPPBA modi�ed ITO surface was measured as 3.41 nm.

Fig. 2. Surface topography image of bare ITO (a), sur-
face topography image of MPPBA modi�ed ITO (b),
and surface topography image of THIBSi modi�ed
ITO (c).

3.2. Schottky thermal injection results

The Schottky characteristics of the devices were in-
vestigated to calculate barrier height after the surface
modi�cation with SAM technique and TPD molecules.
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The I�V characteristics of the Schottky devices (ITO/
TPD/Al, ITO/MPPBA/TPD/Al and ITO/THIBSi/
TPD/Al) are shown in Fig. 3a�c. As the work function
and barrier height values of the materials used in the
fabrication of the devices are close to each other, plots
become symmetric at negative and positive applied volt-
age intervals (Fig. 3a). The SAM modi�ed ITO devices
increase the current with respect to unmodi�ed ITO de-
vices (Fig. 3a).

Fig. 3. I�V characteristics of fabricated ITO/
TPD/Al, ITO/MPPBA/TPD/Al, ITO/THIBSi/
TPD/Al and devices.

The calculated Schottky diode parameters such as ide-
ality factor n and barrier height ΦB values are presented
in Table. Results show that SAM modi�cation decreases
the barrier height and enhances the device performance.

TABLE

Calculated ideality factor and barrier height values
of devices with bare and SAM modi�ed ITO.

Devices n ΦB [eV]

ITO/TPD/Al 2.03 0.56

ITO/MPPBA/TPD/Al 1.18 0.36

ITO/THIBSi/TPD/Al 3.92 0.32

4. Conclusion

The electrical characteristics of the Schottky devices
fabricated from SAM modi�ed and bare ITO glass slides
have been investigated by I�V methods. The electri-
cal properties of the modi�ed electrodes showed an en-
hanced performance as a result of the improvement of
charge injection with respect to unmodi�ed electrode de-
vice. The ideality factor of diodes is higher than unity.
That is because of the occurrence of a non-ideal current�
voltage behavior in the devices higher than unity. The
I�V characteristics indicate that electronic parameters of
the ITO/MPBA/TPD/Al diode are better than of other
devices.
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