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We investigate the use of several phosphonic acid surface modifiers in order to increase the indium
tin oxide 共ITO兲 work function in the range of 4.90–5.40 eV. Single-layer diodes consisting of
ITO/modifier/N , N⬘-diphenyl-N , N⬘-bis共1-naphthyl兲-1 , 1⬘ biphenyl-4 , 4⬙ diamine 共␣-NPD兲/Al and
ITO/modifier/pentacene/Al were fabricated to see the influence of the modified ITO substrates with
different work functions on the charge injection. To calculate the charge injection barrier with
different surface modifiers, the experimentally measured current density-voltage 共J-V兲
characteristics at different temperatures are fitted using an equivalent circuit model that assumes
thermionic emission across the barrier between the ITO work function and the highest occupied
molecular orbital of the organic material. The charge injection barrier height extracted from the
model for various surface modifier-based diodes is independent of the ITO work function within the
range of changes achieved through modifiers for both ␣-NPD and pentacene-based single-layer
diodes. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3095490兴
I. INTRODUCTION

In organic electronic devices, the injection of holes and
electrons from the electrodes into the organic semiconductors is a key issue for their efficient operation.1,2 Therefore,
the optimization of the electrodes and the understanding of
the interface characteristics have been the subject of investigation in previous studies.3–6 For efficient hole or electron
injection, the barrier height between the work function of the
electrode and the highest occupied molecular orbital
共HOMO兲 or the lowest unoccupied molecular orbital
共LUMO兲 of a given organic material, respectively, should be
minimized. To achieve this goal, several studies have been
reported in the past where the interfaces on both electrodes,
the anode and cathode, have been modified.7–12 Indium tin
oxide 共ITO兲 is a transparent conducting electrode often used
as the anode to inject holes into organic semiconductors.
However, the relatively low work function of untreated ITO
results in a significant barrier at the interface for hole injection into the HOMO level of most organic semiconductors.
Modifying the ITO anode to raise the work function has been
investigated in the past by various approaches such as
plasma 共air, Ar, oxygen, SF6兲 treatment, UV ozone
treatment, use of a poly共3,4-ethylenedioxythiophene兲/
poly共styrenesulfonate兲 共PEDOT:PSS兲 intrinsically conducting polymer layer, or by use of metal oxide
nanoparticles.13–20 Alternatively, it has been shown that the
use of dipolar molecules on the ITO surface can also increase
the work function as a result of the orientation of the moa兲
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lecular dipoles.21–24 Binding groups such as silanes, siloxanes, benzene derivatives with different groups 共–COCl,
–SO2Cl, and PO2Cl2兲, and phosphonic acids have all been
used to bind to the ITO surface and improve the performance
of organic electronic devices.24–28 While most of these reports focus on the improved performance of devices with
such interface modifiers, little is devoted to the influence of
the surface modifiers on the charge injection in terms of barrier heights and consequently on the current/voltage characteristics.
In this paper, we investigate the use of various surface
modifiers based on phosphonic acid binding groups to
modify the ITO work function, and we study the charge injection effects in single-layer diodes fabricated from two
model hole transport organic semiconductors with different
HOMO energy levels: N , N⬘-diphenyl-N , N⬘-bis共1-naphthyl兲1 , 1⬘ biphenyl-4 , 4⬙ diamine 共␣-NPD兲 共5.4 eV兲 and pentacene 共4.9 eV兲. To establish a correlation between the experimentally measured work function due to the surface modifiers and the charge injection barrier in the diode, we modeled
the experimentally measured current density-voltage 共J-V兲
characteristics with an equivalent circuit model proposed
previously,29 in which thermionic emission across the barrier
from the anode into the organic semiconductor is assumed.
II. EXPERIMENTAL

The chemical structures of the phosphonic acid surface
modifiers employed in the ITO modification are shown in
Fig. 1. Phosphonic acids were synthesized as reported
previously.30 ITO coated glass substrates 共20 ⍀ / 䊐 Colorado
Concept Coatings, L.L.C.兲 were first cleaned in an ultrasonic
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FIG. 2. Approximate energy structure of single-layer diodes with geometry
共a兲 ITO 共unmodified兲/␣-NPD兲/Al, and 共b兲 ITO 共unmodified兲/pentacene/Al to
test the charge injection barrier among different surface modifiers on ITO.
The energy values for ␣-NPD in 共a兲 are taken from Ref. 32, and the energy
values for pentacene in 共b兲 are taken from Ref. 33.

FIG. 1. Chemical structures of various phosphonic acid surface modifiers
used to modify ITO.

bath using a dilute solution of Triton-X 共Aldrich兲 in deionized 共DI兲 water 共20 min兲 followed by a final ultrasonication for 20 min in DI water. Further organic cleaning was
done in the ultrasonic bath using acetone and ethanol for 20
min each. Cleaned ITO substrates were then dried in a
vacuum oven at 70 ° C under a pressure of 共1 ⫻ 10−2 Torr兲
for 1 h. The surface modification was performed in a glove
box filled with N2 having O2 and H2O level ⬍20 and
⬍1 ppm, respectively, by dipping the cleaned ITO substrates in a solution of the phosphonic acid 共1 mM in
CHCl3 : C2H5OH: 2 : 1兲 for 30 min, followed by annealing at
120 ° C 共1 h兲. The work function of the ITO samples was
measured in air using a Kelvin probe 共Besocke Delta Phi兲.
Prior to each measurement, the gold reference electrode 共3
mm diameter grid兲 was calibrated with a highly oriented pyrolytic graphite surface.
For the study of charge injection effects from the modified ITO electrode into the organic layer, single-layer diodes
with the structure ITO/modifier/␣-NPD 共120 nm兲/Al and
ITO/modifier/pentacene 共100 nm兲/Al were fabricated using
thermal evaporation. ␣-NPD and pentacene were thermally
evaporated at the rate of 1 and 0.6 Å/s, respectively, and at a
pressure below 1 ⫻ 10−7 Torr. Finally, an Al cathode 共200
nm兲 was deposited at a rate of 2 Å/s. An active area of
⬃0.1 cm2 per device was obtained by using a shadow mask.
The devices were tested inside a glove box under nitrogen.
For temperature dependent measurements, the devices were
kept in a copper holder in contact with a temperature controlled stage.
III. INJECTION BARRIER DETERMINATION IN
SINGLE-LAYER DIODES

To extract the charge injection barrier for different surface modifiers the temperature dependent J-V characteristics
for the diodes based on several modifiers were measured.
The experimentally measured J-V curves were fitted using a
previously proposed equivalent circuit model.29 The equivalent circuit diagram with its device parameters under consideration is shown in the inset of Fig. 4 for the ␣-NPD diode.
The magnitude of the current density in these devices can be

described by the injection barrier across the interface and the
transport through the bulk of the organic material. The current density due to the injection of charges across the barrier
between the work function of the ITO anode and the HOMO
level of the ␣-NPD can be explained by the Schottky model
for thermionic injection. The relationship between the
Schottky emission current density J and the applied voltage
V is given by

冉 冋 册 冊
冉 冊

J = J0 exp

qV
−1 ,
nkT

共1兲

⌽B
.
kT

共2兲

J0 = A ⴱ T2 exp −

In the above equations, J0 is the saturation current density, q is the elementary charge, n is the ideality factor of the
diode, k is the Boltzmann constant, T is the temperature, Aⴱ
is the effective Richardson constant, and ⌽B is the injection
barrier for charges. Furthermore, once charges have been injected they are transported through the bulk of the semiconductor, and the conduction in the bulk organic layer can be
described by space-charge limited current 共SCLC兲 as derived
by Lampert and Mark,31

冉冑冊

9
jSCLC =  exp ␤
8

V V2
,
L L3

 = 0共T兲exp共␤冑V/L兲,

共3兲
共4兲

where  is the charge mobility, 0共T兲 is the temperature
dependent zero-field mobility,  is the dielectric constant, L
is the thickness of the sample, and ␤ is the field-dependence
factor of the mobility. Previously, we have validated this
equivalent circuit model in detail for ITO/␣-NPD/Al diodes
where various parameters could be extracted from the
model.29
IV. RESULTS AND DISCUSSION
A. Charge injection barrier in ITO/modifier/␣-NPD/Al
diodes

The approximate energy diagrams of the single-layer diodes consisting of ␣-NPD and pentacene as organic layers
are depicted in Figs. 2共a兲 and 2共b兲 共the energy values for
␣-NPD are taken from Ref. 32 and for pentacene from Ref.
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Surface
modifier

Work function
共eV兲

0 共RT兲
共cm2 / V s兲

⌽B
共eV兲

Aa
共A / cm2 K2兲

1
2
3
5
6

4.90⫾ 0.05
4.91⫾ 0.01
5.17⫾ 0.02
5.30⫾ 0.04
5.40⫾ 0.05

3.8⫾ 0.1⫻ 10−4
2.8⫾ 0.2⫻ 10−4
3.2⫾ 0.1⫻ 10−4
3.0⫾ 1 ⫻ 10−4
2.4⫾ 0.1⫻ 10−4

0.94⫾ 0.07
0.99⫾ 0.03
1.13⫾ 0.08
1.01⫾ 0.08
1.22⫾ 0.06

3.5⫻ 10−7
2.2⫻ 10−6
1.1⫻ 10−5
1.8⫻ 10−6
3.6⫻ 10−5

a

Work function values are the average over three different locations on same
substrate. The extracted 0 and ⌽B values are the average over three different devices fabricated in the same run.

33兲.32,33 First, the case of the diode structure with
ITO/␣-NPD/Al geometry will be discussed. In the electronic
energy diagram it can be assumed that the electron injection
from the Al cathode is negligible in comparison to the hole
injection from the ITO anode because of a large energy barrier height 共1.9 eV兲 at the interface between Al 共work function ⬃4.3 eV兲 and ␣-NPD 共LUMO ⬃2.4 eV兲 than the energy barrier height 共0.9 eV兲 between the ITO work function
共4.5 eV兲 and the HOMO of ␣-NPD 共5.4 eV兲. The unmodified
ITO electrode yielded a measured work function value of
4.50⫾ 0.02 eV. In order to impact the hole injection barrier
at the ITO interface, modifications of the value of the work
function of the ITO anode were achieved through the use of
phosphonic acid surface modifiers. The work function values
of the differently modified ITO substrates were measured
using Kelvin probe and are shown in Table I. It can be seen
that the work function of ITO can be increased by a large
range 共4.90–5.40 eV兲 by using phosphonic acid surface
modifiers. This is due to the varying effective dipole moment
at the ITO surface leading to different electrostatic potentials
at the surface. With increasing ITO work function, it can be
anticipated that the hole injection into the single-layer diode
might be enhanced as a result of a reduced energy barrier
between the ITO work function and the HOMO of ␣-NPD,
shown in Fig. 2共a兲.
The room temperature J-V characteristics of the
ITO/modifier/␣-NPD/Al diodes based on several surface
modifiers 共including unmodified ITO as reference兲 are compared in Fig. 3. The unmodified ITO anode, which has the
lowest work function, exhibited the lowest current density in
the diode structure. In contrast, the diodes based
on ITO modified using modifiers pentafluorobenzylphosphonic acid 共1兲, 4-fluorobenzylphosphonic acid 共2兲 3,4,5trifluorophenylphosphonic
acid
共3兲,
3,3,4,4,5,5,
6,6,7,7,8,8,8-tridecafluorooctylphosphonic acid 共5兲, and
4-共trifluoromethyl兲phenylphosphonic acid 共6兲 give a higher
charge injection. This is expected considering the higher
work function of the ITO after modification with 1, 2, 3, 5,
and 6 as compared to unmodified ITO. However, the current
densities as a function of the applied voltage for the diodes
incorporating ITO modified with 1, 2, 3, 5, or 6 appear to be
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FIG. 3. Current density-voltage 共J-V兲 characteristics at room temperature of
the ITO/modifier/␣-NPD/Al diodes with various surface modifiers. The J-V
characteristics of an unmodified ITO based diode are also shown for
comparison.

similar despite a large variation in the anode work function.
An air plasma-modified ITO based diode also exhibited J-V
characteristics similar to these devices based on phosphonic
acid-modified ITO.
For better understanding of the charge injection in such
devices, temperature dependent J-V measurements were carried out. The results for a diode based on ITO modified with
1 are shown in Fig. 4. The experimentally measured J-V
characteristics were fitted using the equivalent circuit model
共shown in the inset of Fig. 4兲. It can be seen that the experimentally measured J-V characteristics at different temperatures for ␣-NPD based diodes are well fitted to the proposed
model. Similarly good fits were obtained for the diodes utilizing other surface modifiers. However, for single-layer diodes with unmodified ITO, the temperature dependent J-V
characteristics could not be measured due to a lack of repeatable measurements. This could be due to very high driving
voltages for a diode based on unmodified ITO in comparison
to the devices based on phosphonic acid-modified ITO 共Fig.
3兲. From the J-V curves at room temperature, the extracted
mobility values for different devices utilizing 1, 2, 3, 5, or 6
were all in the range of 10−4 cm2 / V s 共Table I兲. These values are in agreement with the mobility value determined previously 共1.2⫻ 10−4兲 from our model on air plasma-modified

2

2

TABLE I. Work function values for the modified ITO substrates using various phosphonic acid surface modifiers as measured by Kelvin probe. Additionally, the extracted zero-field mobility 共0兲 values at RT, the injection
barrier height 共⌽B兲 and the effective Richardson constant 共Aⴱ兲, extracted
from fits of the equivalent circuit model to temperature dependent current
density-voltage 共J-V兲 characteristics of ITO/modifier/␣-NPD/Al diodes using different surface modifiers are shown.
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FIG. 4. J-V characteristics of ITO/modifier 1 / ␣-NPD/Al diodes measured at
different temperatures ranging from 0.7 to 69.9 ° C. Experimental data are
shown in the symbols and the solid lines represent the simulated curve from
the equivalent circuit model. The equivalent circuit showing various device
parameters under consideration is shown in the inset.
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B. Charge injection barrier in ITO/modifier/
pentacene/Al diodes

Next, the case of diodes incorporating pentacene, which
has a lower HOMO 关4.9 eV, Fig. 2共b兲兴 in comparison with
␣-NPD 共HOMO, 5.4 eV兲, was considered. The room temperature J-V characteristics of ITO/modifier/pentacene/Al diodes are shown in Fig. 6. It can be seen that similar to the
␣-NPD based diodes, the J-V characteristics of pentacenebased diodes with different surface modifiers also show similar current densities at a given applied voltage. Hence, no
charge injection enhancement seems to occur upon increasing the ITO work function. It should also be noted that diodes based on unmodified ITO exhibited similar current density as the diodes with surface modifiers. This is in contrast
to the earlier observation with the ␣-NPD diodes where a
device based on unmodified ITO exhibited a lower current
density at a given applied voltage in comparison to those
devices incorporating modified ITO diodes. To ensure that
the injection barriers are in fact similar for the different ITO
substrates, again the temperature dependent J-V characteris-

tics were measured for pentacene-based diodes with an unmodified ITO anode as well as ITO anodes modified with
different phosphonic acids. Again, the experimentally measured J-V curves at different temperatures were fitted using
the equivalent circuit model. It was important to take into
account an Ohmic resistor instead of an SCLC resistor, as in
the case of ␣-NPD, in the equivalent circuit model 共see inset
Fig. 7兲. Details of the model and the adjustment to the
equivalent circuit model for treating low band-gap materials
such as pentacene are described elsewhere.29 Good fits were
obtained for all the devices utilizing different surface modifiers at the ITO anode 共the use of 5 is shown in Fig. 7 as an
example兲. Again, the injection barrier height 共⌽B兲 for the
holes can be derived from the slope between log 共J0 / T2兲 and
1 / T, as shown in Fig. 8 for different phosphonic acid surface
modifiers in pentacene-based diodes. The calculated values
of the injection barrier height 共⌽B兲 from the modified ITO
into pentacene are summarized in Table II and are in the
range of ⬃0.6 eV. Therefore, as in the case of the ␣-NPD
diodes, pentacene diodes also show an invariance of the injection barrier height ⌽B from the work function of the ITO
even over larger values. Hence, no charge injection enhancement effects could be observed.
10

3

2

ITO based diode,29 and also with independently measured
values using time-of-flight or SCLC measurements in various reports.34,35
To extract the injection barrier height, the temperature
dependence of the current density can be analyzed according
to the expressions shown in Eqs. 共1兲 and 共2兲. The linear
relationship between log 共J0 / T2兲 and 1 / T will determine the
barrier height 共⌽B兲 which is the slope of curves as shown in
Fig. 5 for ITO modified with different phosphonic acids. The
slopes of the linear fits are constant regardless of the phosphonic acid used. The calculated injection barrier heights
共⌽B兲 between the modified ITO anodes and the HOMO of
the ␣-NPD organic layer 共averaged over three devices兲, and
the effective Richardson constant 共Aⴱ兲 values are summarized in Table I. The values for the injection barrier height
for the various surface modifiers are ⬃1 eV. The injection
barrier, therefore, does not appear to be influenced by the
work function changes in the ITO within the range of 4.90–
5.40 eV as achieved using various organic surface modifiers.

FIG. 6. Comparison of current density-voltage J-V characteristics at room
temperature of the ITO/modifier/pentacene/Al diodes using different surface
modifiers on ITO and an unmodified ITO based diode.

Current Density (mA/cm )

FIG. 5. Log 共J0 / T2兲 vs 1 / kT for ITO/modifier/␣-NPD/Al single-layer diodes utilizing different surface modifiers on ITO. The injection barrier 共⌽B兲
and the effective Richardson constant 共Aⴱ兲 can be obtained from the extrapolation of the linear fits to the data points. The experimental data are shown
by the symbols for different modifiers and the solid lines are the fits to the
data.
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FIG. 7. Current density-voltage 共J-V兲 characteristics of ITO/modifier
5/pentacene/Al diodes measured at different temperatures ranging from −0.3
to 62.9 ° C. Experimental data are shown in the symbols and solid lines
represent the simulated curve from the equivalent circuit model. The equivalent circuit showing various device parameters under consideration is shown
in the inset.
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The injection barrier 共⌽B兲 and the effective Richardson constant 共Aⴱ兲 can be
obtained from the extrapolation of the linear fits to the data points. The
experimental data are shown by the symbols for different modifiers and the
solid lines are the fits to the data.

These rather unexpected results suggest that interfacial
dipoles are formed on the modified ITO, which match the
dipole moments of the modifiers and result in Fermi level
pinning of the ITO work function with the HOMO energy
levels of the organic layers. Fermi level pinning has been
suggested in several other independent studies using ultraviolet photoelectron spectroscopy 共UPS兲 relating to the
metal/organic interfaces and the polymer/organic
interfaces.36–39 These studies estimated the hole injection
barriers for various interfaces formed between different organic semiconductors with varying HOMO and metal electrodes with different work function. For example, Fugukawa
et al.38 estimated the dependence of the hole injection barrier
of pentacene films grown on substrates with different values
of the work function. It was found that for a substrate with a
work function smaller than the ionization potential 共IP兲 of
pentacene, the hole injection barrier decreases upon an increase in the substrate work function. However, when the
work function of the substrate reaches values close to the
HOMO energy, the hole injection barrier becomes independent of the work function despite a continuing variance of
the work function by more than 1 eV. Similarly, Koch et al.36
investigated the hole injection barrier of pentacene deposited
TABLE II. Work function values for the modified ITO substrates using
various phosphonic acid surface modifiers measured by Kelvin probe. The
extracted injection barrier height 共⌽B兲 and Richardson constant 共Aⴱ兲 for
pentacene from fits of the equivalent circuit model to the temperature dependent J-V characteristics of ITO/modifier/pentacene/Al diodes using different surface modifiers.

Surface modifier
Unmodified
2
3
4
5
6
a

Work function
共eV兲

⌽B
共eV兲

Aa
共A / cm2 K2兲

4.50⫾ 0.02
4.91⫾ 0.01
5.17⫾ 0.02
5.20⫾ 0.01
5.30⫾ 0.04
5.40⫾ 0.05

0.56⫾ 0.04
0.64⫾ 0.03
0.63⫾ 0.03
0.60⫾ 0.04
0.60⫾ 0.04
0.60⫾ 0.03

3.9⫻ 10−4
2.4⫻ 10−2
7.6⫻ 10−3
1.9⫻ 10−3
6.4⫻ 10−4
8.4⫻ 10−4

Work function values are the average over three different locations on same
substrate. The extracted injection barrier height 共⌽B兲 values are the average
over three different devices fabricated in the same run.

onto substrates with different work function values. They
also used UPS experiments to show that the hole injection
barrier for pentacene remained unchanged even when the
work function of the substrate was varied from 4.25 to 5.15
eV. These findings have been assigned to Fermi level pinning
effects of the metal relative to IP of the pentacene due to the
charge transfer at the interface. Though our results were obtained by a different experimental approach, they are in
agreement with these findings. Remarkably, the calculated
hole injection barrier heights of ⬃0.6 eV for pentacene on
surface-modified ITO from the equivalent circuit model are
close to the value of 0.5⫾ 0.03 eV, as reported by Fugukawa
et al.38 for a pentacene film on ITO, and that 共0.4 eV兲 reported by Koch et al.36 on PEDOT:PSS-modified ITO from
UPS studies.
In regard to the results obtained with ␣-NPD, Braun et
al.39 investigated the hole injection barrier height between
this material and substrates with varying values of work
function using UPS. They observed an invariance of the barrier height for ␣-NPD films when the work function of the
substrate was varied from 4.9 to 5.9 eV. Again, these reported data are consistent with our findings that the hole
injection barrier height in single-layer ␣-NPD diodes is invariant with work function changes in the ITO within the
range of 4.90–5.40 eV achieved using various organic surface modifiers. However, the predicted values of the hole
injection barrier 共⬃1 eV兲 for ␣-NPD on the surfacemodified ITO in the present study are higher in comparison
to the earlier reported value 共0.5 eV兲 estimated from the UPS
studies for ␣-NPD on ITO.39
V. SUMMARY

In summary, we have used several phosphonic acids to
modify the surface of ITO substrates in order to tune the ITO
work function between 4.90 and 5.40 eV. These differently
modified ITO anodes have been used in ␣-NPD and
pentacene-based single-layer diodes to study their impact on
charge injection in a single-carrier device. The current densities at a given applied voltage are higher after the use of
various surface modifiers in comparison to an unmodified
reference ITO for the case of ␣-NPD diodes. However, no
improvement can be seen in ITO/modifier/␣-NPD/Al diodes
upon varying the work function between 4.90 and 5.40 eV by
using phosphonic acids 1–6. The injection barrier height is
calculated from the temperature dependent J-V characteristics using an equivalent circuit model. The calculated injection barrier height for hole injection is ⬃1 eV and is independent of the ITO work function within the surface
modifiers for ITO/modifier/␣-NPD/Al diodes. For ITO/
modifier/pentacene/Al diodes, no change was observed regardless of whether the ITO substrates were modified with
phosphonic acids or not. A constant injection barrier height
of ⬃0.6 eV was found in the case of pentacene diodes with
or without modification of the ITO surface. The invariance of
the injection barrier within the range of work function values
obtained by ITO surface modification is tentatively assigned
to Fermi level pinning effects as proposed in previous
studies36–39 based on UPS experiments.
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