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Abstract. This study focuses on characterization and enhancement of indium tin oxide (ITO) surface by using a
self-assembled monolayer (SAM) technique. It is generally used to establish a compatible interface and a good charge
injection from ITO surface. New generation organic semiconductor molecules such as dibenzo[a,c]phenazine-11-carboxylic acid, 4-(9H-carbazol-9-yl) benzoic acid, 4-(2,5-di-2-thienyl-1H-pyrrol-1-yl) benzoic acid, 5-[(diphenyl)
amino]isophthalic acid and 5-[(3-methylphenyl)(phenyl)amino]isophthalic acid were coated on ITO. The surface of ITO
was characterized by scanning spreading resistance microscopy, Kelvin probe force microscopy, scanning tunnelling
microscopy, X-ray photoelectron spectroscopy and cyclic voltammetry techniques to ensure the chemical bonding of
SAM materials on it.
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Introduction

Self-assembled monolayer (SAM) molecules are used to
develop a compatible interface between a hydrophobic
organic semiconductor layer and inorganic contact e.g., an
indium tin oxide (ITO) anode with hydrophilic properties
[1–3]. This inorganic and organic layer interface forms a
barrier and it prevents charge transfer between the layers due
to different surface properties which are either hydrophilic or
hydrophobic layers in organic electronic devices. The SAM
also prevents moisture leakage and charge transmission in the
opposite direction [4]. Thus, the SAM plays an important role
in fixing these kinds of problems [3]. Instead of SAM, particularly, N,N0 -bis(3-methylphenyl)-N,N0 -diphenylbenzidine
(TPD) was applied to the ITO surface (ITO/TPD-Si2) by
bonding the Si group with the alkyl chain (propyl, spacer
group) [5,6]. However, because the alkyl chains were completely saturated (r-bond), there was no p-electron (p-bond),
which could act as being free or partially free. The charge
transmission from ITO to the hole transport layer (HTL) was
exponentially reduced due to the increased tunnelling distance of the charges as the alkyl chain lengthened [6]. Conjugate polymers [7,8], copper phthalocyanine [9,10] and
organic acids [11,12] were used to increase the charge
transmission [13] and to eliminate the discrepancy and align
the energy levels in terms of work function at the anode–HTL
interface by using aromatic semiconductor molecules in
organic electronic devices [14]. The aim of this study is to

change the potential energy of ITO surface by covering the
ITO surface with SAM [15,16]. The SAM is coated with
hydrophobic HTL to act as a compatible layer on the hydrophilic ITO interface.
In this study, new generation aromatic organic semiconductor materials with active groups, such as carboxylic acid,
were coated on ITO by the SAM technique. Thus, new generation SAM material-based aromatic groups are connected
to the ITO surface perfectly and homogeneously by the
COOH’s bridge(s) [17–20]. The charges can be effectively
transferred through the aromatic group using this perfect
molecular structure. This study makes use of two chemical
structures of aromatic groups. The surface potential energy of
the first-group substrates is characterized by scanning
spreading resistance microscopy (SSRM), Kelvin probe force
microscopy (KPFM) and cyclic voltammetry (CV) techniques. The techniques used for the first-group materials are
implemented, respectively; the 2D carrier density mapping
can be obtained by SSRM technique. KPFM technique helps
to understand the change in the surface potential energy of the
modified ITO. CV technique is used to obtain information
about oxidation and reduction energy. Finally, for the firstgroup materials, the surface morphology of the modified ITO
with these SAM molecules was analysed by scanning tunnelling microscopy (STM) technique. A second group of
SAM is characterized by X-ray photoelectron spectroscopy
(XPS) technique to make sure the SAM molecules are bonded
to the ITO surface chemically with the two COOH bridges.
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Chemical structure of SAM materials

In this study, five different novel SAM molecules with
aromatic structure are synthesized at Ege University Solar
Energy Institute (by Demic and Can et al), and categorized
into two groups. The first group is dibenzo[a,c]phenazine11-carboxylic acid (PBA), 4-(9H-carbazol-9-yl) benzoic
acid (MZ39) and 4-(2,5-di-2-thienyl-1H-pyrrol-1-yl) benzoic acid (MZ25), and the second group is 5-[(3methylphenyl)(phenyl)amino]isophthalic acid (MePIFA)
and 5-(diphenyl)amino]isophthalic acid (DPIFA) (figure 1).
All the molecules have an aromatic structure with conjugation, and transfer electrons under an applied voltage from
amine groups to carboxyl groups and bind to ITO films. The
main argument in the separation of two groups is to ensure
that the SAM molecules with active COOH groups bind on
the ITO surface and prove the binding to be chemical via
the XPS technique. The first group materials PBA, MZ39
and MZ25 were characterized by SSRM, STM, KPFM and
CV techniques to understand changes in morphology and
surface potential energy. Furthermore, PBA, MZ39 and
MZ25 possess only one carboxyl group that binds to the
surface of ITO. In contrast, the second group possesses two
carboxyl groups that bind the ITO surface. The second
group of SAM materials MePIFA and DPIFA was characterized by the XPS technique and the results have substantiated that SAM molecules bind to ITO surface
chemically.

2.2

ITO sample preparation procedure

ITO-coated glasses with a surface resistivity of 15–25 X
sq-1 were purchased from Sigma-Aldrich. The ITO glasses
are cut to 1.5 9 1.25 cm2 and the surface is initially washed
with soapy water. The ITO glasses are cleaned in an
ultrasonic bath for 15 min and then purified with distilled
water, acetone, isopropyl alcohol, ethanol, and finally with
pure water, sequentially. After these processes, the ITOcoated glass was sprayed with pressurized nitrogen gas to
remove any remaining particles and dust particles. The ITO
surface must be enriched by the hydroxyl groups to bind to
the chemical ester bond of SAM materials. The ITO surface
was exposed to plasma for 15 min. In this way, the ITO
surface is enriched by oxygen bridges and hydroxyl groups
to bind to the COOH bridge chemically. At the same time,
using the oxygen plasma technique, radical oxygen atoms
and ions were separated from hydrocarbons and other
organic contaminants on the surface as small molecules and
atoms are removed from these contaminants. As a result of
this chemical reaction (combustion process), carbon dioxide
or carbon monoxide residues may accumulate on the surface. That is because the oxide films were also cleaned with
a chemical solvent to remove residual hydrocarbons. It has
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been reported that the oxygen plasma process changes the
ITO-operating potential thereby reducing surface roughness
[21]. Finally, the ITO surface was prepared for the coating
of the SAM materials.

2.3

Preparation of solutions of SAM materials and films

Preparation conditions play an important role in wellordered structures of SAMs. Monolayer formation begins
by immersion of a surface active ITO substrate into a
solution. The solutions were prepared as 1 mM concentrations for all SAM molecules at room temperature. Both
MePIFA and DPIFA SAM molecules were dissolved in
methanol. PBA, MZ39 and MZ25 were dissolved in ethanol. ITO substrates were placed in these solutions for 48 h.
Then the ITO substrates were taken out, and the SAM
molecules which did not fully bind to the surface were
washed with the same solvents used to dissolve the SAM
compounds. Finally, ITO substrates modified with SAM
molecules were dried under nitrogen.

3.
3.1

Results and discussion
Spreading resistance characterization

SSRM is a very effective atomic force microscopy (AFM)
mode used to measure the local resistance of a surface. In
the probe, a special conductive tip is used to contact the
surface and voltage is applied to this tip to measure the
current flowing from the tip to the surface. A solver atomic
force microscope (NT-MTD) (Okur et al) was used to
obtain topography and charge carrier density of bare ITO
and SAM-modified ITO surfaces. Measurements were performed in the contact mode by applying 0.5 V to the platinum (Pt)-coated conductive tip with a radius of curvature
of 35 nm at room temperature and resonance frequency
range is 140–280 kHz.
SSRM enables simultaneous topographic imaging and 2D
carrier density mapping as shown in figure 2. Here, the
topography of bare and modified ITO surfaces (figure 2a, c,
e, g) and surface resistance distribution (figure 2b, d, f, h)
shows that the charge density distribution is weak (red
circle) with small crater-shaped granular structures. The red
rectangles or circles indicate the position of some spatialcrater molecules which are not able to bond to the surface
due to the rough surface of the ITO whereas the white
points indicate the position of SAM molecules that the
charge carrier is tunnelling through. The conductivity of
MZ25- and PBA-modified ITO surfaces shows that the
molecules on the ITO surface and small island-shaped
granular structures were observed via the surface topography. Surface topography and surface resistance distribution
can be observed in figure 2 for MZ25 (c, d), PBA (e, f) and
MZ39 (g, h).
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Figure 1. Chemical structure of first and second groups of novel
SAM molecules.

3.2

STM results of ITO surface

STM is a technique in which a voltage is generated between
the conductive sample and the conductive tip that electrons
are tunnelled from the sample to the tip or vice versa and the
tunnelling current is measured as a function of the distance.
The advantage of STM compared to other microscopes is
that it can achieve atomic scale resolution. Here, it was
aimed to compare the conductivity of the modified and
unmodified ITO surfaces in terms of the surface morphology
and tunnelling current [22]. A Solver P47H scanning tunnelling microscope (NT-MTD) was used to obtain the
topography of the bare- and SAM-modified ITO surfaces,
and measurements were performed at room temperature and
at 250 nm. Figure 3 shows the surface topography of the
bare ITO surface with a length of 250 nm. As previously
mentioned, the ITO has a rough and regular particle surface.
According to SSRM and STM images, it seems that the
bare ITO surface (figure 3a) has the highest conductivity,
even though the PBA- and MZ25-modified ITO surface has
a lower conductivity which is close to each other but the
aim here is to modify the ITO surface with SAM molecules
to create a compact interface between the inorganic anode
(ITO) and organic HTL layer for possible organic electronic
device applications.
It is clear that the particle size, shape and surface
topography of the SAM-modified ITO surface have changed. This is a clear evidence of the presence of SAM
molecules on the ITO surface. After the surface images
were obtained, the potential difference was applied to each
sample at 20 different places between -0.5 and ?0.5 V,
and the tunnelling current was measured according to the

Figure 2. (a) Bare ITO surface topography, (b) surface resistance distribution, (c) MZ25-modified ITO surface topography,
(d) surface resistance distribution, (e) PBA-modified ITO surface
topography, (f) surface resistance distribution, (g) MZ39-modified
ITO surface topography and (h) surface resistance distribution.

voltage and the resulting graph is given in figure 4. The
I–V characteristics of the modified ITO film were measured
using the STM. The resistance is strongly dependent on the
conductivity of the molecule that was calculated from the
I–V results. This shows further evidence that conduction is
primarily through single molecules in the film. The MZ25
substrate has higher conductivity than that of MZ39 with
respect to I–V measurement (figure 4). The reason is that
the delocalized electrons in aromatic groups contribute to
charge transmission more effectively through amine groups.
Generally, there is an inversely proportional correlation
between SSRM and conductivity of the film obtained from
the STM technique according to figure 4. It can be observed
that the conductivity of the films measured by STM is
inversely proportional to the results of SSRM, which are
summarized in table 1.
As expected, it can be freely observed that the bare ITO
surface itself shows the best tunnelling current with
respect to SAM-modified ITO surfaces (figure 4). The
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Figure 3. STM image of (a) bare ITO, (b) MZ25-modified ITO
and (c) MZ39-modified ITO surface topography, respectively, at
250 nm scale.

Figure 5. (a) Bare ITO elevation and (b) surface potential of
bare ITO; (c) PBA-modified ITO surface elevation and (d) its
surface potential; (e) MZ25-modified ITO surface topography and
(f) its surface potential; (g) MZ39-modified ITO surface topography and (h) its surface potential.
Figure 4.

I–V graph of the ITO surface by STM.

MZ25-modified surface displays a little higher tunnelling
current with respect to the PBA-modified ITO surface.
3.3

KPFM results of ITO surface

KPFM is a very important technique used to measure the
surface potential between the conductive tip and the sample
Table 1.

used. This technique also provides information on the
operating potential of the conductive thin film. The DC (U0)
and AC (U*) voltages are applied to the conductive tip.
The charge in the sample forms a charge distribution on the
surface (u(x, y)). A Solver P47H atomic force microscope
(NT-MTD) was used to measure the contact potential difference between the tip and the ITO glass base. Measurements were performed in semi-contact mode and at room
temperature. The resonance frequency of 120–190 kHz,

Comparison of performance.

Films

Surface potential (mV)

EHOMO (on ITO, eV) by CV

b-ITOa
PBA
MZ25
MZ39

66
182
213
125

-4.40
-5.43
-5.09
-5.58

a

Bare ITO.

SSRM (X)
6.09
2.0
2.2
43

9
9
9
9

106
107
107
107

Conductivity (nS) by STM (from I–V)
1335
94
102
5.9
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Figure 6. (a) Current–voltage graph of surface potential and
(b) new work function level of ITO in terms of energy (eV).

Pt-coated and curvature radius of 35 nm (NT-MTD) were
used. The scanning speed was 1.01 Hz. A double-scanning
technique was used during the measurements. In the first
pass, the image was obtained in the standard cut mode. In
the second pass, the tip was withdrawn from the surface and
the surface potential image was obtained (figure 5).
The contact potential difference of the ITO film with the Pt
tip was measured first. The contact potential difference of the
SAM-modified ITO film was then measured. The increase in
the potential difference in the surface means increase of the
work function of the sample used (figure 6). This ensures the
highest occupied molecular orbital (HOMO) energy level of
the HTL material, which may be coated over the SAM in any
organic electronic devices, and may match with the Fermi
energy level of the modified ITO.
The potential values of the modified ITO surface with the
SAM were increased compared to those of bare ITO. This
change in surface potentials is evidence that the SAM molecules are chemically bind to the ITO surface. The changes in
surface potentials show the increased work function of ITO

Figure 7. CV voltammogram of the SAM film (solid phase)
coated on ITO of (a) MZ25, (b) MZ39 and (c) PBA.

and the Fermi energy is also increased by contribution of
additional energy bands to the ITO. Thus, hole (h?) transmission from the ITO surface may be increased.

3.4

CV results of SAM molecules

The electrochemical properties of the molecules were
determined by CV. The oxidation potentials of the
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Figure 8. The survey graph of the SAM formed with the MePIFA on the ITO signals of the elements. In: 3d5/2–3d3/2
and Sn: 3d5/2–3d3/2 are shown in insets (a) O 1s and (b) C 1s; fit through the WinSpec program for the analysis of XPS
signals.

molecules, HOMO energy level was calculated by CV
measurements. The HOMO level was calculated when the
molecules were electrochemically stable. Using the CV of
molecules, EHOMO values can be calculated using the
equation EHOMO = -e(E1/2(ox.) ? 4.4) [23] based on the
bending points of the peaks (figure 7). The electrochemistry
of MZ25 and MZ39 SAM molecules bound to ITO was
analysed by CV. The MZ25/ITO film showed one reversible
oxidation peak at 0.69 V. The carboxylic acid group of
MZ25 molecules binds to the ITO surface which may have
led to a slight shift towards more negative potential. The
calculation of the HOMO level of MZ25 is based on the
onset of the oxidation potential. Therefore, the HOMO level
of MZ25 on the ITO surface can be calculated to be
-5.09 eV (figure 7a). Similarly, MZ39/ITO and PBA/ITO
surfaces showed reversible oxidation peaks at 1.18 and
0.63 V, respectively. The HOMO levels of MZ39 and PBA
were calculated to be -5.58 and -5.43 eV on the ITO
surface by the onset of oxidation (figure 7b and c).
The surface potential values of surface of ITO, EHOMO
(on ITO, eV) by CV, SSRM (X) and conductivity (nS) by
STM (from I–V) are summarized in table 1.

3.5

XPS results of second group of molecules

The XPS method provides information about what elements
are present on the surface after modification of the ITO.
Thus, it can be determined whether the SAM molecules
have created chemical bonds with the ITO surface or not.
XPS results of the second group of SAM molecules

(MePIFA and DPIFA) present on ITO are presented in
figures 8 and 9 in terms of binding energy, respectively.
Figure 8 shows that the signals of C 1s and O 1s are
assigned to 284.5 and 531.6 eV, respectively [24–26]. The
binding energy of indium (In) 3d3/2 is 452.1 eV and that for
Tin (Sn) 3d5/2–3d3/2 is 486.7 and 495.1 eV as observed from
the XPS survey of MePIFA [27–29]. The high-resolution
graph of C 1s and O 1s is fitted using the WinSpec program1
[30,31]. Figure 8a shows the high resolution O 1s fitted with
Shirley background and mixed singlet signal gives the
binding energy of C=O or O- ion as 531.67 eV [32] and the
binding energy in the form of oxygen O
2 ion or In–O as
530.19 eV [33] (figure 8a). In contrast, the high-resolution
C 1s peak is matched with the Shirley background and
mixed singlet signal using the WinSpec program as well
(figure 8b). The peaks at 284.5, 285.5 and 289.1 eV are
assigned to the binding energies of C–C, C–O or C–N
[26,34] and O–C=O bonds [26,34], respectively (figure 8b).
It can be said that the shifts in the bonding energies along
the X-axis in the XPS signal result in a new formation that
occurred on the surface or that the new bonds shift the
binding energy. The XPS spectrum of the DPIFA/ITO film
is shown in figure 9. The high resolution O 1s fitted with
Shirley background and mixed singlet signal for DPIFA/
ITO provides the binding energy of C=O as 531.5 eV and
1

Spectral analysis included a background subtraction (Shirley
background) and peak separation using mixed Gaussian–Lorentzian functions, in a least squares curve-fitting program
(WinSpec) developed at the LISE Laboratory of the Facultés
Universitaires Notre-Dame de la Paix, Namur, Belgium.
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Figure 9. XPS survey spectrum for DPIFA-modified ITO: (a) O 1s at 531.5 eV and (b) C 1s at 284.4 eV in
resolution.

the binding energy in the form of O
2 ion or In–O bond as
530.15 eV [33,34] (figure 9a). The C 1s signal of DPIFA
was fitted by using the WinSpec program, which provides
binding energy of C–C, C–O and C–C=O as 284.4, 288.8
and 284.4 eV, respectively [3,6,34] (figure 9b). It is to be
noted here that the high resolution O 1s and C 1s peaks of
MePIFA and DPIFA are close to each other. In this case, the
methyl group in the MePIFA molecule does not significantly alter the binding energy values.

4.

Conclusion

This study is based on the analysis of the ITO surface with
the carboxylic acid-based surfactants of SAM molecules.
The molecules were divided into two groups. Surface
characterization of the first group (PBA, MZ25 and MZ39)
was performed by SSRM, KPFM, STM and CV. For the
second group, the binding energies of MePIFA and DPIFA
using XPS were investigated. The results of AFM and STM
of the first group show that the ITO surface is exactly
modified with SAM molecules. The changes in the morphology of the ITO surface were studied by SSRM and STM
techniques. STM was applied to the surface between ?0.5
and -0.5 V. The Pt-coated conductive AFM type was
measured by KPFM to determine the change in the surface
potential energy of the ITO modified with SAM molecules.
Surface potential values (Mag-V) (figure 5a) of bare ITO,
ITO/PBA, ITO/MZ25 and ITO/MZ39 were obtained, and
the ITO/MZ25 substrate showed the highest surface potential energy as 213 mV. According to this, the surface
potential of ITO modified by SAM is increased with respect

to bare ITO. In addition, CV techniques and electrochemical
behaviour of SAM molecules were investigated and the
HOMO energy levels were also calculated with the help of
oxidation and reduction energy values. The HOMO energy
levels of the SAMs are calculated to be -5.09, 5.43 and
5.58 eV for ITO/MZ25, ITO/PBA and ITO/MZ39, respectively. The second group, ITO/MePIFA and ITO/DPIFA,
was analysed by XPS and the shift of O 1s and C 1s highresolution binding energy peaks shows that a new formation
occurred on the surface of ITO or that the new bonds shift
the binding energy. As a result, the work function of the ITO
has been increased due to surface modified with SAM.
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[32] Ávila-Torres Y, Huerta L and Barba-Behrens N 2013 J.
Chem. 2013
[33] Lyu Y-R and Hsieh T-E 2013 Surf. Coat. Technol. 231
219
[34] Moussaif N, Pagnoulle C, Riga J and Jérôme R 2000 Polymer 41 3391

