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dIzmir Kâtip Çelebi University, Department of Material Science and Engineering, Izmir, Turkey
eEge University, Institute of Solar Energy, Izmir, Turkey

4-[(3-Methylphenyl)(phenyl)amino]benzoic acid (MPPBA) self-assembled monolayer (SAM) molecules as hole injection is formed
on p and n type Si and on indium-tin oxide (ITO) electrodes to investigate the effect on the electrical parameters of hole only
organic device. The hole mobility improvement of organic device was attributed to an intermediate energy level formed between
hole transport materials (HTL) (N,N′-Bis(naphthalen-1-yl)-N,N′-bis(phenyl)benzidine -NPB) and ITO when forming an ultrathin
MPPBA layer, leading to increase of carrier mobility of the device. Space charge limited current (SCLC) technique is used to
estimate the mobility of the NPB formed at the interface metal/organic Ohmic contact. The hole mobility of ITO/NPB/Al and
ITO/MPPBA/NPB/Al devices were obtained as 1.80 × 10−6 and 1.76 × 10−3 cm2/Vs, at 1350 E (V/cm)1/2 applied electric field,
respectively. SAM modified devices has lower barrier height values. The electronic characteristic parameters of the ITO/(with or
without MPPBA)/NPB/Al, Au/n-Si(or p-Si)/(with or without MPPBA)/Au contacts were calculated using current–voltage (I–V)
measurements by Schottky type carrier injection.
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In the last three decades, studies focused on improving the per-
formance of organic semiconductors materials for all organic circuits
due to low cost, large area applications and flexible displays.1–4 Re-
cently, organic semiconductors with high charge mobilities have been
developed.5–7 Furthermore, improving the charge injection, enhancing
hole mobility to balance the electron-hole at the anode/organic inter-
face play an important role in organic electronic.2 SCLC, one of the
basic method to measure mobility of organic semiconductors (O-SC)
contacts, have been carried out to evaluate the carrier mobility between
metal contact and O-SC layer.8–10 In literature, theory of the SCLC
and the charges mobilities of O-SC have been studied to measure elec-
trical parameters of the devices.11,12 When the applied electric field
is less than 104 V/cm, the amount of charge carriers injected into the
organic layer is less than the intrinsic charge carriers fill in the organic
layer. If the applied external electric field higher than105 V/cm, due
to low carrier mobility, near the anode/organic interface the injected
current density is higher than the intrinsic charge density therefore the
internal electrical carrier is enhanced by the space charges.13

Experimental

The Si wafers were imported from Si-Mat with [100] orientation
and 5–10 �cm resistivity and the ITO was purchased from Sigma
Aldrich, with a surface resistivity of 15–25 �cm for using as a sub-
strate. As the HTL materials, commercial NPB with 99% sublimed
grade from Aldrich were used (Fig. 1) MPPBA were synthesized in
order to modify the ITO and Si surface and to facilitate the hole
injection.14

The chemicals; acetone (CH3COCH3 - 99.8%, purchased from
Merck), ethanol (C2H6O –99.8%, purchased from Sigma Aldrich),
and 2-propanol (CH3CH (OH) CH3 – 99.8%, purchased from Merck)
were used in standard cleaning process for the ITO and Si substrate.
The self-assembled monolayer process is formed by simply some
steps. The first one is to prepare the solution and the second one is to
immerse a substrate into a solution of the surface-active material.

Finally the spontaneous organization of the assembly comprises
chemical bond of molecules with the surface and intermolecular in-
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teractions. The bare ITO and Si substrate before SAM treatment was
cleaned by plasma cleaning. Plasma cleaning system consist of 14%
O2 and 86% Ar gas mixture. The cleaned ITO and Si substrates were
kept in the 1 mM ethanol solution of MPPBA at room temperature
for 48 hours. A chemical bounding may constitute on the hydroxyl-
rich ITO and Si surface due to the active carboxylic acid head group
of MPPBA molecules (Fig. 3). The substrates were then rinsed with
ethanol to remove the residual MPPBA molecules from the ITO and
Si surface and finally SAM modified substrates were dried in a stream
of N2 gas. The Si substrates are separately cleaned by a deionized
water (DI) rinse, followed by a dilute 2% HF dip then DI rinse and
blow dry. After that the gold (Au) material as an ohmic contact was
evaporated onto Si substrates under 10−6 Torr to obtain the Au/n-
Si or p-Si/MPPBA structure separately. As a final step to constitute
the Au/n-Si(or p-Si)/(with or without MPPBA)/Au structure, the gold
was evaporated. On the other hand the SAM modified ITO substrates
were placed in organic evaporation system and the NPB organic HTL
materials were deposited under 10−6 Torr vacuum. The NPB layer
was evaporated with 0.5 Å/s deposition rate as 50 nm. Finally, Al was
evaporated as contact electrode (120 nm) at a pressure of 4 × 10−6

Torr and a deposition rate of 3 Å/s in thermal evaporation system to
obtain the device (Fig. 2a). The several devices with and without the
SAM is ready to obtain electrical data of each type.

The surface morphology of the thin films was characterized by
Solver Pro AFM from NTMDT. The topography and the phase contrast
images of the samples were taken using NSG10 type of silicon tip with
30 ± 5 μm cantilever width and typical 240 kHz resonant frequency.
Chemical structures of the used MPPBA-SAM molecule and NPB-
HTL materials are shown in Fig. 1.

Results and Discussion

In organic electronics device, charge transport and the charge in-
jection is obtained with the inter-site hopping from delocalized states
in electrode to localized states in the organic layer.15 The transition
rate is related with the energy difference and distance between the
layers. The lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) are occurred by the energy states
that are involved in the transport of holes and electrons. SCLC type
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Figure 1. Chemical structures of used MPPBA and NPB materials, respectively.

mechanism explain the conduction in device where strong injection is
achieved from both electrodes16,17

When an external electric field is applied to the electrodes, holes
are injected from anode ITO into the HTL and drift across it. As
the hole mobility is lower in the electron transport layer (ETL), mo-
tion of the holes slows down at the interface. According to Haichaun
Mu, the same mechanism is also valid for electrons as they cross
organic/organic interface, which leads to substantial charge accumu-
lation at the interface.18 Base on previous study,14 an interface dipole
exist between ITO and organic layer (Fig. 3). As well as there is po-
tential energy barrier between ITO and HOMO level of HTL-NPB
round about 0, 7 eV (Fig. 2b). Formed the MPPBA layer on ITO

Figure 2. Device structure ITO/MPPBA/NPB/Al14 (a) and energy level dia-
gram of ITO, MPPBA-SAM and NPB-HTL (b).

constitute an energy level as a step lower than HOMO level of HTL.
Thus it decreases energy barrier between HOMO level of HTL and
anode electrode about 0.29 eV. So that the MPPBA layer assistance
the hole injection from ITO to HOMO level of HTL easily.

The identical approach for the Au/n-Si(or p-Si)/MPPBA/Au de-
vice, the MPPBA (SAM) layer(s) chemically also bond to the surface
of the Silicon (native oxide) substrate by carboxylic acids allowing for
direct charge transport and charge injection though the molecules.19–21

The presence of a voltage increases the current due to the charges trans-
port takes place via through-π conjugated bond tunneling assisted by
the bond π-π∗ transition.22–24 Further increases in voltage means in-
creases the electric field leads to the charges tunneling through the
SAM molecule. In addition the surface potential energy of the Si sub-
strate changes by modifying via SAM layer leads to the work function
of Au/n-Si/MPPBA changes and comes to 5.09 eV (Fig. 3). The pres-
ence of MBBA layer which reduce the work function differences be-
tween n-Si and Au25 enhance the current of the SAM modified device
more than unmodified device. The hole injection through MPPBA is
increased by constituted energy levels between n-Si and Au energy
bands (Fig. 3). The potential energy differences reduce to from 1.05
eV to 0.11 eV. Therefore, the I-V behavior of Au/n-Si/MPPBA/Au
device shows higher current than bare one, n-Si/Au (Fig. 7). From
the view of this point the higher current enables to have lower series
resistance. That is why the series resistance (Rs) of n-Si/Au devices
higher than that of n-Si/MPPBA/Au devices.

Surfaces characterization by atomic force microscopy.—The sur-
face of the bare ITO and SAM modified ITO is investigated by AFM
technique in high-resolution (Fig. 3). The surface roughness or root
mean square (rms) of the bare ITO was measured as 3.71 nm. From
the height images it is clear that bare ITO exhibit rough and grain like
surface morphology.

Figure 3. The Energy band diagram of Au/n-Si/MPPBA/Au structure and the
hole injection through π conjugated MPPBA molecule.
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Figure 4. (a) The surface topography and (b) phase contrast images of the bare ITO surface. (c) the surface topography and (d) phase contrast images of the
MPPBA modified ITO.

The rms value of the SAM modified ITO surface is 3.41 nm. As
a result, SAM modified ITO surface shows lower roughness compare
to bare ITO surface, which is beneficial for the hole’s injection. More-
over, the phase images indicate some island structures are formed on
the surface by the SAM modification with respect to the bare ITO
(Fig. 4b). It is especially convenient in analyzing polymers such as
SAMs, composites and surface coatings. The surface image of NPB
coated on bare or MPPBA modified ITO surface are shown in Fig. 4.
The MPPBA forms as organic buffer layer on ITO surface structure.
In addition, MPPBA molecules have similar molecular structure to
overlaying NPB (Fig. 1). This give rise to well matching with NPB
structure at the interface. That’s because, NPB coated films have lower
surface roughness compare to unmodified NPB films. From the phase
image (Figs. 5b and 5d), MPPBA molecule exhibited a well dispersed
NPB films with respect to the bare ITO.

NPB coated substrates have smoother surfaces with roughness of
2.22 nm. The final ITO/MPPBA/NPB device rms values decreased to
1.92 nm significantly. Thus, MPPBA layer lead to have a smoother
surface by filling the concaves of ITO surface. As a result, lower RMS
roughness is the key reasons for improved mobility in the devices.26

The roughness values of fabricated thin films summarize in the
Table I.

Electrical parameters of the devices.—In this study, we used
novel MPPBA self-assembled aromatic molecules on ITO or on n-
Si (p-Si) surface to compare the effect of SAM layers on the elec-
tronic parameters of organic diodes, fabricated ITO/(with or without
MPPBA)/NPB/Al, Au/n-Si(or p-Si)/(with or without MPPBA)/Au de-
vices. The electrical characteristics of the devices were measured with
Keithley 2400 source meter in air at room temperature. Electrical pa-
rameters of the devices were investigated using forward-bias current-
voltage (I-V) measurements (Fig. 6 and Fig. 7). As the voltage is
applied between two electrodes, holes are injected into the ITO and
transport HOMO level of NPB whereas electrons are injected into Al
cathode and transported LUMO level of Hole Transport Layer (HTL).
MPPBA (SAM) and NPB materials is known as a HTL and hole in-
jection material. By modification of anode ITO surface via MPPBA

the potential barrier changes and the work function of ITO is reduced.
So that the barrier between HOMO level of NPB and anode ITO (0.29
eV) becomes very small comparing with the differences LUMO level
of NPB and cathode (1.8 eV) (Fig. 2). That is because the holes in-
ject easier and the device behaves as hole-only. However those of the
ITO/MPPBA/NPB/Al and ITO/NPB/Al structures show slight ‘soft’
behavior in which the current does not saturate to a constant value
(Fig. 6). On the other hand the I-V curves of ITO/MPPBA/NPB/Al
and ITO/NPB/Al exhibits that the forward bias threshold is higher
than reverse bias current comparing with the ITO/MPPBA/Al.
As a result, this rectifying behavior is the basis of the diode
characteristics.

To investigate the variations caused by MPPBA molecules in dif-
ferent structures, MPPBA modified n and p-type silicon substrates
were used. In Fig. 7 the current-voltage relation of bare n-type silicon
and MPPBA modified n-type silicon is shown. Under forward bias,
the current of the MPPBA modified silicon device is higher than the
bare silicon. This observation indicates that the use of SAM molecules
can improve charge injections.

The I-V characteristics of Au/n-Si/Au structure is exhibited as
a diode behavior and restricted by the magnitude of the potential
barrier at the hetero-interface and the properties of the Si substrate.
When external electric field is applied to the electrodes, electrons are
injected into the n- type Si, holes are injected into the SAM molecule
and forms typically diode I-V characteristic as indicated in Fig 7. The
diode behavior is like a Schottky or a metal–semiconductor contact
at the low current. The current regime of the diode is thermionic
emission at low current.27,28 At high current, space-charge injection
across the MPPBA layer is dominant and is limited by charged states
at the contact metal/MPPBA interface, that is, in the case, the current
is called the space charged limited current (SCLC). The energy band
structure of the n-Si (or -Si)/MPPBA/Au device is given in Fig. 8. The
potential barrier in the semiconductor is reduced by SAM layer (Fig.
8), the charges are “driven” across the barrier so that a large net current
from the semiconductor into the metal results. The forward I-V
characteristics of the device also show the rectifying behavior (Fig. 7)
and the reverse curves of the Au/n-Si (or p-Si)/MPPBA/Au structure
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Figure 5. (a) The surface topography and (b) phase contrast images of the bare ITO surface coated NPB (c) the surface topography and (d) phase contrast images
of the MPPBA modified ITO surface coated NPB.

Table I. The surface roughness values of the thin films.

Thin Films Roughness (rms)(nm)

Bare ITO 3.71
ITO/MPPBA 3.41
ITO/NPB 2.22
ITO/MPPBA/NPB 1.92

exhibits the excellent saturation, but the ITO/MPPBA/NPB/Al and
ITO/NPB/Al structures show slight ‘soft’ behavior in which the
current does not saturate to a constant value (Fig. 6).

Figure 6. Current-Voltage behavior of ITO/MPPBA/Al, ITO/MPPBA/NPB/
Al and ITO/NPB/Al devices.

Schottky type carrier injection is based to characterize the electrical
parameters of the devices such as ideality factor (n ) and barrier height
∅B . The electrons from the electrode can be injected as Schottky
injection when suitable thermal energy needed to cross the barrier
height is acquired. The current-voltage characteristics for q(V-Rs) >
kT values of the diodes can be analyzed by the relation;29,30

I = I0exp

(
q (V − I Rs)

nkT

)
[1]

where q the electron charge, k is the Boltzmann’s constant, T is the
temperature, and V is the applied voltage, Rs is the series resistance,
I0 is saturation current and expressed as:

I0 = AA∗T 2exp

(
−q∅B

kT

)
[2]

Figure 7. Current-Voltage behavior of bare n-type and p-type silicon, MPPBA
modified n-type and p-type silicon.
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Table II. Calculated the barrier height and the ideality factors
values of devices with NPB organic layer.

Thin Films Ideality factor (n) Barrier height (�B) (eV)

bare n-Si/Au 1.00 0.67
n-Si/MPPBA/Au 2.70 0.36
bare p-Si/Au 3.38 0.53
p-Si/MPPBA/Au 2.48 0.59
ITO/MPPBA/Al 2.02 0.51
ITO/NPB/Al 2.20 0.61
ITO/MPPBA/NPB/Al 3.61 0.27

�B is the barrier height, A∗ is the effective Richardson constant; A is
the effective contact area, if rearrange Eq. 2 it gives

V = n
kT

q
ln

(
I0

AA∗

T 2

)
+ nφB + I Rs [3]

If Eq. 3 differentiated with respect to I, obtained

dV

d ln (I )
= n

kT

q
+ I Rs [4]

The saturation current obtained from the linear portion intercept
of log I at zero voltage. The ideality factor and barrier height values
of the four diodes were calculated from the slope of the linear region
and y-axis intercept of the forward bias ln(I)-V curve. The obtained
ideality factors that higher than unity indicates that diodes show non-
ideal behavior because of the interface layer and series resistance.
This significant series resistance effect can be analyzed by Cheung’s
functions.31 The current-voltage behavior of bare p- and n-type silicon
is shown in Fig. 6. MPPBA modified p-type silicon device has a better
rectification behavior than bare p-type device in the both reverse bias
and forward bias region. The barrier height values and the ideality
factor of untreated n- and p-type devices and MPPBA modified n- and
p-type devices are shown in Table II. It is obvious from the barrier
height values, that SAM modification of the silicon substrates alters
the surface properties of the devices.

I-V characteristics of fabricated ITO/MPPBA/Al, ITO/MPPBA/
NPB/Al and ITO/NPB/Al devices are shown in Fig. 6. The plots are
obtained symmetric at negative and positive applied voltage intervals.
The ideality factor and barrier height by Cheung relation is presented
in Table II. The barrier height values of the fabricated devices are close
to each other but the ideality factor results vary at different devices.
SAM modification reduces the difference between the bare ITO and
NPB coated ITO in current-voltage plots.

Hole mobility by SCLC.—The electrical characteristics indicate
two distinct regions at low and high biases relatively. As the voltage
increases the electrical characteristics turn to space charge limited
current (SCLC) and SCLC can be expressed as32

JSC LC = 9

8
εε0μ

V 2

L3
[5]

where ε the relative dielectric constant, V voltage, ε0 the dielectric
constant, L the sample thickness and μ is the field independent charge
carrier mobility. The carrier mobility is influenced by energetic dis-
order owing to the interaction of each hopping charge with randomly
oriented and located dipoles in the organic thin film.33 The mobility is
dependent on the electric field can be formulated by a Poole-Frenkel
equation,

μ(E) = μ0 exp(β
√

E) [6]

where μ0 is the zero field mobility and β is the Poole-Frenkel factor.
So that from Eq. 5 and Eq. 6, the field dependent SCLC can be given
by

JSC LC = 9

8
εε0

V 2

L3
μ0 exp(β

√
E) [7]

Figure 8. Energy level diagram of n-Si /MPPBA/Au device.

To evaluate the carrier mobility under steady state current in an or-
ganic semiconductor, space-charge-limited current (SCLC) measure-
ments were done for the current-voltage behavior of ITO/NPB/Al and
ITO/MPPBA/NPB/Al devices.

The comparison of the logarithmic graphs of J/E2 versus the square
root of the applied electric field [E (V/cm)]1/2 for ITO/NPB/Al and
ITO/MPPBA/NPB/Al devices are shown in Fig. 9a and it is compatible
with literature.34 The slope and the intercept give β, the Poole-Frenkel
factor and zero-field mobility μ0, the relative dielectric constant ε of
organic material is assumed to be 3,35–39 and the permittivity of the free
space ε0 is 8.85 × 10−12.34 As well as the calculated carrier mobility
versus the square root of the applied electric field plots [E (V/cm)]1/2

Figure 9. The logarithm of J/E2 versus the square root of the applied elec-
tric field for ITO/NPB/Al and ITO/MPPBA/NPB/Al devices (a), the carrier
mobility of ITO/TPD/Al and ITO/MPPBA/TPD/Al devices (b).
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Table III. Calculated hole mobility values of the fabricated devices.

Devices μ (cm2/Vs)

ITO/NPB/Al 1.803 × 10−6

ITO/MPPBA/NPB/Al 1.769 × 10−3

of ITO/NPB/Al and ITO/MPPBA/NPB/Al devices are shown in
Fig. 9b. The hole mobility of ITO/NPB/AL and ITO/MPPBA/NPB/Al
devices were calculated as 1.803 × 10−6 and 1.769 × 10−3 cm2/Vs
at 1350 E (V/cm)1/2 applied electric field, respectively. The space
charge limited current analysis shows that the injected current is pro-
portional to charge mobility which is of NPB hole transport material
on ITO increases with the use of carboxylic MPPBA self-assembled
monolayer.40

Calculated charge carrier mobility values of fabricated devices at
are summarized in the Table III.

Summary

The SAM modified hole only device showed a significant en-
hancement performance of comparing to the corresponding bare ITO
in terms of electrical parameters and surface characterization. Surface
morphology of bare ITO has rougher surface with surface roughness
of 3.71 nm. With the MPPBA SAM modification, the roughness of the
ITO surface decreases to 3.41 nm. NPB coated substrates rms values
decreased and have smoother surfaces with surface roughness of 1.92
nm and 2.22 nm for ITO/MPPBA/NPB and ITO/NPB, respectively.
Space-charge-limited current (SCLC) analysis showed that carrier
mobility is improved under steady state of current in an organic layer
by interlayer MPPBA. It is frankly to understand from hole mobility
values and indicate that with the SAM modification, charge injection
from anode to the organic layer improved under applied electric field.
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