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Ultralow electron/hole injection currents from an electrode to a polymethyl-methacrylate �PMMA�
film can be accurately decided by measuring the slow shift in the flatband voltage of a
metal-insulator-semiconductor �MIS� device. It has been found that both the electron and hole
injection currents are limited by the metal/PMMA interface and can be roughly described with a
modified Richardson–Schottky equation. The space charge or dipole relaxation in PMMA films has
been observed as well, which induces an instant change in flatband voltage of the MIS devices.
These properties are critical issues for the stability of organic thin film transistors with PMMA gate
insulator. © 2008 American Institute of Physics. �DOI: 10.1063/1.2948853�

Organic electronic devices have gained considerable in-
terest due to their broad potential applications and various
advantages over inorganic counterparts, including low cost,
light weight, flexibility, and easy fabrication.1 Although most
of the studies are focusing on organic semiconductor mate-
rials, organic insulators have been found to be equally im-
portant for the performance of organic devices, especially for
organic thin film transistors �OTFTs�.2 The properties of the
gate insulator in a TFT, including the dielectric properties
and the leakage current, play an important role on the device
performance and the stability.3,4 In addition, it has been re-
ported that the performance of some photosensitive OTFTs is
based on the mechanism of carrier injection at the
semiconductor/insulator interface.5 It is worth noting that
even ultralow injection current in the gate insulator may in-
duce a pronounced shift of flatband voltage after long
enough time since the flatband voltage is influenced by the
accumulation of injected charge. Therefore study on charge
injection to organic insulators will help understand the per-
formance of OTFTs.

The leakage current of an insulator material can be di-
rectly measured on a capacitor structure with two metal elec-
trodes on both sides of the insulator film. However, some-
times the leakage current that can be measured is the current
across some short paths due to impurities or nonuniform lo-
cations in the film. On the other hand, the electron/hole cur-
rents cannot be separately obtained. Therefore, we have de-
veloped a technique for characterizing ultrasmall electron/
hole current in an insulator. In this study, we have chosen
polymethyl-methacrylate �PMMA�, which is one important
polymer insulator that has been widely used in OTFTs as
gate insulator6,7 and organic light emission diodes as charge
blocking layer.8

As shown in Fig. 1, a metal-insulator-semiconductor
�MIS� device is used in the measurement. The MIS capacitor
is fabricated on a lightly doped n-type silicon wafer
with a thin thermal oxide layer. SiO2 thickness is 50 nm.
Resistivity of the Si is about 1–5 � cm−1. Doping level is
about 3.3�1015 cm−3. PMMA ordered from Sigma-Aldrich
is dissolved in methyl ethyl ketone �MEK� solution and

spin coated on the SiO2 film. The thickness of PMMA layer
is 560 nm. Then a top electrode with an area of 1 mm2 is
deposited on the PMMA film. To study the influence of
electrodes on the leakage current, we have used both inor-
ganic and organic electrodes, i.e., Au and poly�3,4-ethylene-
dioxythiophene�/poly�styrene-sulfonic acid� �PEDOT/PSS�.
A layer of Al is evaporated on the back of Si wafer to get a
better contact on the other side.

The capacitance-voltage �C-V� curves are measured with
the system described previously.9 Bias voltage at the top
electrode can cause the transport of mobile ions inside the
insulator, being reflected on the parallel shift of C-V curve.
With the progressive bias voltage, the ion transport as a func-
tion of time can be obtained. In this analysis, the ion trans-
port can be characterized by the parallel shift of C-V curve.
However, error can be introduced by measuring the curve
shift after the stressing cycle, as the sweeping voltage for the
C-V curve is different from the bias voltage and therefore
will upset the charge distribution. To reduce the error, we
measure one C-V curve before a bias stress. During the
stressing cycle, we do not measure the whole C-V curve to
obtain the parallel shift, instead only a capacitance at a cer-
tain fixed voltage Vm �normally Vm=0� is measured at inter-
vals and the change in capacitance will reflect the change in
flatband voltage of the device. Therefore the measuring time
can be reduced to the least in order to minimize the error
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FIG. 1. �Color online� Cross-sectional view of the MIS device used for
characterizing the charge injection in a PMMA film.
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from the capacitance measurement. Assuming under bias
stressing Vbias the C-V curves have parallel shift only, which
is the case in the experiment, the flatband voltage shift of the
MIS device can be calculated from the capacitance change,
which will be automatically done with a computer. The ca-
pacitance is measured at the frequency of 100 and 10 Hz for
devices with Au and PEDOT/PSS electrodes, respectively,
since the conductivity of PEDOT/PSS is found to be not big
enough for higher frequency measurement. The devices are
measured in both vacuum and air to find the ambient influ-
ence on the charge injection process.

C-V curves of an Au /PMMA /SiO2 /Si device measured
in air are shown in the inset of Fig. 2�a�. After being biased
at positive/negative 8 V for a certain period of time, the C-V
curve shifts horizontally to negative/positive voltage, respec-
tively. Figure 2�a� shows the flatband voltage shift �VFB of
the C-V curve of the device under bias stressing in air, which
is calculated from the capacitance change. Both positive and
negative bias stressing effects have been measured. Since the
control device with Au /SiO2 /Si structure shows no shift of
C-V curve under bias stressing, the shift that we have ob-
served can be attributed to space charge diffusion in the
PMMA layer. The voltage shift can be divided into two do-
mains: instant change in a short time domain �Vi and slow
change in a long time domain, which are due to different
mechanisms. The flatband voltage of a MIS device is related
to the distribution of space charge in the insulator layer, as
given in Eq. �1�

VFB = −
1

�r�0
�Q+c+ + Q−c−� + �� f , �1�

where, �r is the relative dielectric constant of the insulator.
Q+ and Q− are the positive and negative charge density per

unit area in the insulator film, c+ and c− are the distances of
the centroids of positive and negative charges from the
metal/insulator interface, and �� f is the potential difference
between the Fermi level of the Si and the top gate. Here, the
effect of interface charge between Si and SiO2 is neglected.

The instant change in flatband voltage �Vi is approxi-
mately proportional to the bias voltage. We assume that the
instant change can be attributed to the relaxation of space
charge or dipoles in the PMMA film. To confirm this as-
sumption, the capacitance of the MIS device under a bias
voltage of +20 V has been measured at different frequencies
in vacuum, as shown in Fig. 2�b�. The capacitance exhibits
big frequency dispersion, which is normally attributed to
pronounced space charge or dipole relaxation in the PMMA
film.10

In the long time domain, both positive and negative bias
voltages can induce linear changes in flatband voltage with
bias time. Figure 3�a� shows the changing rate k as a function
of bias voltage. Here, SiO2 layer shows much better insulat-
ing property than PMMA layer.11 Therefore the slow change
in flatband voltage of the device can be attributed to charge
injection from the top electrode to the PMMA layer. The
positive and negative voltage shifts correspond to electron
and hole injection, respectively. Since the injection charge is
blocked by the SiO2 layer, the total moving distance of the
charge is approximately the thickness of PMMA layer. The
changing rate of flatband voltage related to injection current
is derived from Eq. �1�,

dVfb

dt
= �−

1

�r�0

dQ+

dt
� = −

�

�r�0
Ih Vbias � 0

−
1

�r�0

dQ−

dt
� =

�

�r�0
Ie Vbias � 0,� �2�

where � is the thickness of the PMMA layer, Ih and Ie are
hole and electron injection currents, respectively. Therefore

FIG. 2. �Color online� �a� Shift in flatband voltage of a
Au /PMMA /SiO2 /N-Si MIS device under 	15 V bias voltage measured in
air. The dash lines correspond to the least square fitting of the experimental
results in linear regions. Inset: C-V curves of the MIS device measured at
the frequency of 100 Hz. Curve 1: fresh sample; curve 2: after being biased
at +8 V for 100 min; curve 3: after being biased at −8 V for 400 min. �b�
Frequency dependent capacitance of the MIS device under positive bias
voltage of 20 V.

FIG. 3. �Color online� �a� Changing rate �k	� of the flatband voltage of an
Au /PMMA /SiO2 /n-Si device under different positive and negative bias
voltages. �b� Injection current of electron/hole under different bias voltages.
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this method can be used to measure ultralow electron/hole
injection current independently.

As shown in Fig. 3�b�, the relationship between injection
current and bias voltage is obtained, which can be fit pretty
well with the thermionic emission process since ln�J /Vbias�
shows a linear relationship with 	Vbias. The mobility of
charge in PMMA film is very low; thus we consider that a
modified Richardson–Schottky equation proposed by
Simmons12 can be used to describe the leakage current as
given below,

J = 
T3/2E0�
m*

m
�3/2

exp�− �b/kT�exp�
	E0�


 = �e/kT��e/4��r�0�1/2, �3�


= �e /kT��e /4��r�0�1/2, where, 
=3�10−4 A s /cm3 K3/2, �
is the carrier mobility in the insulator, Eo is the electric field
across the barrier, m* and m0 are the mass of carriers and
free-electron mass, respectively, �b is the potential barrier
height, and �r is the relative dielectric constant of PMMA. In
this model, there is no clear distinction between bulk and
electrode limited conduction mechanisms as shown in Eq.
�3� because each plays a part in the conduction process.
Since the dielectric constant of PMMA and SiO2 is very
similar,7 the electric field can be approximately given by
E0=Vbias / ��+�ox�, where � and �ox are thickness of PMMA
and SiO2 layer, respectively. Therefore the slope of
ln�J /Vbias� versus 	Vbias is 
 /	�+�ox and the value of 
 can
be obtained to compare with the value given in Eq. �3�.
Given the dielectric constant of PMMA �Ref. 13� �r=3.5, we
can get 
=7.8�10−4 V−1/2 m1/2. For comparison, the value
of 
 for both hole and electron injection is extracted from the
injection current, as shown in Fig. 3�b�. The dash lines cor-
respond to the least square fitting of the experimental results.
As shown in Table I, 
 of hole injection current is very close
to the theoretical value while that of electron injection is a
little bit lower. This result indicates that the modified
Richardson–Schottky model can be used to explain the injec-
tion current to PMMA layer. The same sample is character-
ized in vacuum and shows little difference on the injection
current, as shown in Table I, indicating that PMMA film is
rather stable in air.

Although the injection current to PMMA film can be
roughly fitted with the modified Richardson–Schottky equa-
tion, it is difficult to imagine the existence of a valence/
conduction band in a PMMA film. We assume that there is a
dominant conduction level in PMMA, which is due to a dis-
tribution of localized states. As reported by Baranovskii
et al.,14 charge transport due to variable range hopping pro-
cess in a continuously distributed trap states with a function
of g���� exp�−�� /�0��� ��=2 for polymers� shows a

transport energy level in the system. Therefore it is reason-
able to use the modified Richardson–Schottky equation to
describe the injection current to PMMA film. The deviation
of 
 from the theoretical value may be attributed to the broad
distribution of states in the PMMA film, which is different
from normal semiconductor materials.

For the device with a PEDOT/PSS electrode, we just
study the hole injection current since the electron injection
current is so small that it takes too long time for one mea-
surement. To study the ambient influence on charge injection
behavior, the devices have been characterized both in air and
vacuum, as shown in Table I. It is interesting to note that the
device with a PEDOT/PSS electrode shows different leakage
currents in air and vacuum, which is probably due to the
absorption of H2O in the PEDOT/PSS electrode when it is
measured in air.

We suggest that any organic insulator used in OTFT can
be characterized by this technique. The influence of gate in-
sulator on the performance of OTFT can be divided into two
parts. One is the space charge or dipole relaxation in the
insulator film which can induce an instantaneous change in
the flatband/threshold voltage. This effect can be regarded as
the result of an increase in the gate capacitance. Another part
is the charge injection from both sides of the gate insulator.
The induced slow shift in flatband voltage is dependent on
the distribution of injected electron/hole charge in the gate
insulator, as given in Eq. �1�.
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TABLE I. List of testing conditions, fitting parameters, and injection currents of different MIS devices.

Electrode Au Au Au PEDOT:PSS PEDOT:PSS

Ambient Air Air Vacuum Air Vacuum
Injection carriers Electron Hole Hole Hole Hole

�V−1/2 m1/2� 6.2�10−4 8.2�10−4 8.0�10−4 9.7�10−4 7.2�10−4

Injection current at
�Vbias�=15 V 5.7�10−15 1.1�10−13 1.0�10−13 3.4�10−15 3.8�10−15

243301-3 Yan, Hong, and Chan Appl. Phys. Lett. 92, 243301 �2008�

Downloaded 28 Sep 2008 to 158.132.12.80. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1126/science.290.5499.2123
http://dx.doi.org/10.1002/adma.200500517
http://dx.doi.org/10.1002/adma.200501152
http://dx.doi.org/10.1063/1.1954896
http://dx.doi.org/10.1063/1.2336722
http://dx.doi.org/10.1103/PhysRevB.72.045207
http://dx.doi.org/10.1063/1.1592869
http://dx.doi.org/10.1038/nmat2034
http://dx.doi.org/10.1063/1.1361243
http://dx.doi.org/10.1103/PhysRevLett.15.967
http://dx.doi.org/10.1021/cm049598q
http://dx.doi.org/10.1088/0953-8984/9/13/007
http://dx.doi.org/10.1088/0953-8984/9/13/007

