
A solution state diode using semiconductor polymer nanorods with nanogap electrodes

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2012 Nanotechnology 23 245203

(http://iopscience.iop.org/0957-4484/23/24/245203)

Download details:

IP Address: 193.140.201.95

The article was downloaded on 18/06/2012 at 11:02

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/23/24
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING NANOTECHNOLOGY

Nanotechnology 23 (2012) 245203 (6pp) doi:10.1088/0957-4484/23/24/245203

A solution state diode using
semiconductor polymer nanorods with
nanogap electrodes

Senol Mutlu and Bedri Gurkan Sonmez

Department of Electrical and Electronics Engineering, Bogazici University, 34342, Istanbul, Turkey

E-mail: senol.mutlu@boun.edu.tr

Received 13 December 2011, in final form 24 February 2012
Published 28 May 2012
Online at stacks.iop.org/Nano/23/245203

Abstract
A solution state polymer diode, which uses regioregular poly(3-hexylthiophene-2,5-diyl)
(P3HT):dichlorobenzene solution as the semiconductor between highly doped p-type silicon
and aluminum electrodes has been built. Electrodes separated by a 40 nm gap enable
intra-chain charge carrier transfer through the lengths of single polymer chains. This prevents
chain to chain hopping and chain entanglements, increasing carrier mobility. The degradation
with time and hysteresis effects of the diodes are measured. An optimal P3HT solution
concentration of 6 mg ml−1 is found. A current density of at least 300 mA cm−2 is achieved,
indicating at least a six-fold improvement in carrier mobility compared to previously
fabricated solid state P3HT diodes.

(Some figures may appear in colour only in the online journal)

1. Introduction

Organic electronics have made remarkable progress since
the discovery of polymer semiconductors [1]. Although their
performance cannot yet reach that of their inorganic coun-
terparts, they are preferred for certain applications because
of their simple production techniques and lower cost [2],
which are mostly due to solution processable fabrication
steps. Organic light-emitting diodes (OLEDs) offer flexible
and lightweight displays [3]. Large area polymer solar cells
are researched for cost-effective solutions [4]. Applications
such as polymer memories and radio frequency identification
tags (RFIDs) are emerging with further developments in
material science and production methods [5–7]. However,
organic electronics can find many more applications as
disposable sensors [8] and control and readout circuitry in
microfluidics [9, 10] and lab-on-a-chip systems [11] once
integration and packaging issues are solved. Solution state
semiconductor devices operating inside microfluidic channels
could have inherent advantages in these fluidic systems.

Polymers are composed of molecule chains that have
repeating units of carbon, hydrogen and other atoms.
Typically, they are insulators; however, charge carrier

transport is possible in conjugated polymers due to π bonds.
In conjugated polymers, the p orbitals of carbon atoms
in two neighboring repeating units can overlap and form
two split energy levels as a π bonding orbital and a π∗

anti-bonding orbital. If a complete chain is considered, these
energy levels produce π and π∗ energy bands, where the
former is known as the highest occupied molecular orbital
(HOMO) and the latter is known as the lowest unoccupied
molecular orbital (LUMO). These are the counterparts of the
valence and conduction bands of inorganic semiconductors,
respectively [12, 13]. When charge carriers move in the
same polymer chain via π bonds, this is called intra-chain
conduction. This mechanism can render a considerably high
charge carrier mobility when the chain stays as a straight
nanorod. If the carriers are hopping between different chains,
it is called inter-chain conduction and the mobility drastically
reduces relative to the intra-chain case [14]. Due to the
fact that the dominant conduction mechanism in bulk and
disordered polymers is inter-chain hopping, the obtained
mobility values tend to be lower than the potential intra-chain
mobilities.

In organic electronics, polymers are generally used as
solid thin films. These films can be formed by several
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Figure 1. Illustration of the prepared sample with a highly doped
p-type bulk silicon anode and an aluminum cathode. The Al/SiO2/Si
interface is dipped into the P3HT solution. A magnified illustration
of the interface with the P3HT solution including P3HT chains is
depicted on the right.

techniques such as drop-casting or spin-coating, which
depend on evaporation of the solvent. Usually, a polymer thin
film is sandwiched between the anode and cathode materials
forming a vertical diode structure. We built such structures
with solid thin films in a previous work [15]; however, chain
disorder in solid thin films is a big issue for the mobility of
charge carriers. In solid thin films, polymer chains pile up
randomly while the film is formed from the solution phase as
solvent evaporates and entanglements occur between polymer
chains. Due to the lack of long range directional order, the
charge carrier mobility is reduced [16].

To overcome the insufficient carrier mobility problem in
solid polymer diodes and to present an alternative for the
integration of polymer semiconductor devices in microfluidic
systems, we utilized our polymer not in a solid thin film form
but in a solution. In the literature, several approaches using
polymers in liquid or solution state exist. Chang et al [17]
developed a polymer solution light-emitting device (SLED)
which used poly[9,9-bis(3,6-dioxaheptyl)-fluorene-2,7-diyl]
(BDOH-PF) solution prepared with dichlorobenzene. The
solution was sandwiched between two indium-tin-oxide (ITO)
coated glass substrates with a 1 µm spacing between the
ITO surfaces. Here, ITO was used for both anode and
cathode electrodes and this is not preferable for diode
operation in polymers since efficient charge carrier injection
requires proper matching of the polymer HOMO and LUMO
levels with the work functions of the anode and cathode
electrodes. If both electrodes are made from the same
material, they cannot provide effective matching with both
the HOMO and the LUMO levels. Electrode separation is also
important because distances longer than chain lengths require
inter-chain conduction which results in poor mobility. In their
devices, they obtained approximately 0.3 mA cm−2 current
density for 7 V bias voltage. In another study, Edel et al
[18] reported devices which used poly(9,9-dioctylfluorene)
(PFO) solution prepared with toluene. The polymer solution
was dispensed over the electrode structure which had
interdigitated gold electrodes with a separation of 5 µm,
therefore a lateral diode configuration was formed. In this
setup, both electrodes were made from the same material and

Figure 2. Illustration of the molecular conformation and possible
twists of P3HT nanorods in solution.

the spacing between the electrodes was relatively high. Thus,
the turn-on voltages were very high and a current density of
nearly 0.2 mA cm−2 was obtained for 40 V bias voltage. A
more elaborate work was presented by Xu and Adachi [19].
They built devices using 9-(2-ethylhexyl)carbazole (EHCz)
doped with 5, 6, 11, 12-tetraphenylnapthacene (rubrene).
No solvent was included in this work because EHCz
is a unique organic semiconducting material which is
liquid at room temperature. The devices produced were
vertical diodes with device structures of ITO/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS)/EHCz:rubrene/Cs2CO3/ITO. Although the anode and
cathode electrodes were both made from ITO, they were
coated with PEDOT:PSS and Cs2CO3 respectively to match
the work functions to the HOMO and LUMO levels of
EHCz. The electrode separation was 80 nm and they obtained
approximately 0.03 mA cm−2 current density for 10 V bias
voltage. Albeit this device structure is compact and promising,
it is hard to find suitable polymers which are liquid at room
temperature.

In this work, we produced solution state polymer
diodes by using regioregular poly(3-hexylthiophene-2,5-diyl)
(rr-P3HT from Aldrich Corp.) in solution. Our device has a
lateral diode structure in which highly doped p-type silicon
and aluminum are used as anode and cathode electrodes,
respectively. The separation between these electrodes is
40 nm. It is hard to obtain planar electrodes of dissimilar
materials with nanoscale separation [20, 21]. Therefore,
fabrication of non-planar electrodes of dissimilar materials
with nanogaps was chosen due to its simplicity and higher
yield. A schematic of this structure is depicted in figure 1.

Individual repeating units of P3HT form a straight chain
in solution as depicted in figure 2. These chains behave like
nanorods, having a molecular thickness of around 0.4 nm
normal to the thiophene ring, 1.7 nm in the direction of the
side chains and tens to hundreds of nm in the direction of the
chain length, whose value depends on the molecular weight
of the polymer [22]. The stiffness of a polymer nanorod is
determined by its persistence length. For lengths smaller than
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the persistence length a polymer chain can be assumed as
a stiff nanorod, whereas for lengths much longer than the
persistence length the polymer chain is treated as a noodle-like
three-dimensional coil.

Stiff nanorods are desirable in our device structure since
they provide the highest mobility for intra-chain conduction
due to efficient π -conjugation. As the molecular weight of
the polymer, and thus the length of the chain, increases
deviations from rigid nanorods start in the form of twists and
bendings. This results in slight deterioration of the intra-chain
mobility. The persistence length for regiorandom P3HT is
around 2.1 nm [23]; however, it should be considerably
longer for highly regioregular P3HT [24]. The transition of
the polymer chain from rod to coil is not deterministically
defined. Therefore, it is hard to know the amount and the
locations of the twists and bendings formed as the length
of the nanorod increases. For example, a regioregular P3HT
nanorod is proposed to have multiple bends for a chain length
of 80 nm [24]. For a 40 nm distance, even if deviations
from rigid rod structure occur, they tend to be slight bendings
and twists as shown in figure 2. Self-entanglement of a
highly regioregular P3HT chain is highly unlikely in a 40 nm
distance, therefore the slight bendings and twists do not
disrupt the high mobility advantage of intra-chain conduction
enabled by the usage of electrodes with a 40 nm gap.
Also, these nanorods tend to stay separate from each other
in liquid solvent [25], thus inter-chain entanglement and
piling do not occur. In this way, higher mobilities can be
achieved. Moreover, the study of nanorods in solution may
render very interesting semiconductor devices with tunable
electrical and optical characteristics [26]. This may assist us in
understanding the molecular conformations of these polymers
in their solutions.

2. Experimental details

A solution state semiconductor device is formed by
immersing two electrodes separated by a nanogap into a
P3HT:1,2-dichlorobenzene (DCB) solution. Solutions with
different concentrations of P3HT are prepared by dissolving
solid P3HT flakes in DCB, which is achieved by using
an ultrasonic bath at 70 ◦C for 3 h. Highly doped p-type
silicon is used as the anode and aluminum is used as the
cathode. Since regioregular P3HT has −5.1 eV HOMO and
−3.2 eV LUMO levels [27], heavily doped p-type silicon with
a work function of −5.0 eV and Al with a work function
of −4.3 eV are suitable electrodes. The dominant charge
injection mechanism in this device is tunneling [28], just like
in electrochemical cells, where electrons in the solid electrode
are injected into the ions in solution [29]. Once the electrons
are injected into the polymer chains, conduction occurs along
the chain via conjugated π orbitals. Charge carrier transport
between polymer chains that are separated from each other
in a dielectric liquid such as DCB is difficult. Therefore, the
gap between the electrodes should be comparable with the
chain length of P3HT for the transportation of charge carriers.
The molecular weight of the purchased P3HT polymer is
approximately MW = 87 000 g mol−1. The chemical formula

Figure 3. Scanning electron microscope image of the active region,
the Al/SiO2/Si interface of the device.

of P3HT is (C10H14S)n, therefore one repeating unit of P3HT
has a molecular mass of 166 g mol−1 which shows that
an average P3HT molecule has approximately 524 repeating
units. The monomer repeat length is given as 0.39 nm in the
literature [25], so an average P3HT chain length corresponds
to 200 nm. An electrode gap smaller than this length should
be sufficient for charge carrier conduction. However, the
polydispersity index of the purchased P3HT is around 2.5,
therefore polymer chains with longer and shorter lengths
also exist in the solution. To be able to utilize more chains
and to get closer to the nanorod approximation which is
important for intra-chain conduction as explained in section 1,
a smaller electrode gap of 40 nm is chosen. The gap is
formed by using a 40 nm thick silicon oxide layer, thermally
grown on a four inch highly doped p-type (100) Si wafer.
On the oxide layer, Al is sputtered using a DC magnetron
sputtering system at an argon flow rate of 20 sccm, a DC
power of 150 W and a deposition rate of 0.1 nm s−1. The
Al is then patterned using lithography and wet etch steps.
The thickness of the Al layer is approximately 200 nm. A
single Al/SiO2/Si interface is formed at one edge by cleaving
the wafer into dies along the [110] directions. Cleaving of a
single crystalline structure forms a sharp and clear interface.
A scanning electron microscope (SEM) picture of a cleaved
Al/SiO2/Si interface is shown in figure 3.

This interface is then dipped into the polymer solution
inside a small container to establish a lateral diode. A prepared
sample and the experimental setup are shown in figure 4.
In this setup, it is important to note that the active region
of the device, which is the nanogap between the Al and
Si electrodes, is deep inside the solution. Diode formation
is restricted to this active region only. Even though the Al
and Si electrodes extend to the outside of the solution to
get electrical contacts, there is no diode formation in this
region because the Al does not form a nanogap with the
Si electrode there. Thus the slow evaporation of the solvent
inside the container, which is happening mostly at the surface,
does not affect the characteristics around the active region
of the device. Furthermore, dichlorobenzene is chosen as the
solvent in this study since it has a very slow evaporation rate
at room conditions owing to its high boiling point (181 ◦C)
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Figure 4. (a) Top view picture of a prepared sample showing the Al
electrode pattern and the active region of the device. (b)
Experimental setup showing the device dipped into the solution.

compared to other organic solvents such as toluene, which
evaporates faster at room conditions due to its lower boiling
point (111 ◦C).

It is known that oxygen causes doping [30] and
degradation [31] on P3HT. Hence, the P3HT solutions
are bubbled with nitrogen before they are used with the
samples to get rid of dissolved oxygen inside the solution.
I–V measurements of the diodes are carried out with a
semiconductor characterization system (Keithley 4200SCS).
All measurements are performed at room temperature and
ambient conditions.

3. Results and discussion

After the fabrication of the electrode structure with a
nanogap, it is tested for any possible leakage mechanisms.
To test the SiO2 film for any leakage through its thickness,
I–V measurements are carried out in air first. This is
followed by dipping the electrodes into pure dichlorobenzene
and obtaining I–V curves to test for any leakage current
through the solvent. Finally, the electrodes are dipped
into a P3HT:DCB solution with a ratio of approximately
6.5 mg ml−1 and I–V curves are obtained. The results of
these measurements are plotted in figure 5. Here it can be seen
that a diode is formed only inside the P3HT:DCB solution. In
the other cases, there is negligible current, which is similar
to open circuit characteristics. This proves that possible
oxide or solvent based leakage currents have negligible or
no contributions to the main current of the diode formed
in P3HT:DCB solution. Therefore, the whole current can be
attributed to the conduction along P3HT polymer chains.

After testing for any possible leakage mechanisms, the
change in diode behavior with time is measured. The results
are plotted on a semilog graph in figure 6. The polymer diode
has a voltage dependent reverse current due to oxygen doping,
and has three forward bias regimes, which are the Ohmic
regime, the space charge limited current (SCLC) regime and
the trap free SCLC regime [32]. As ambient oxygen diffuses

Figure 5. I–V curves of the device in air, inside pure solvent and
inside the polymer solution.

Figure 6. I–V curves of a diode with 6 mg ml−1 P3HT solution.
The measurements are made after the indicated time intervals.
Degradation in performance is observed.

into the solution, degradation due to doping occurs. After 10 h,
the diode characteristics are almost completely diminished. It
is interesting to see that zero current occurs near −0.7 V.

The effect of solution concentration is tested afterwards.
I–V measurements are repeated for solutions which have
concentrations of 3, 6 and 9 mg ml−1. The results are plotted
on a linear graph in figure 7. The best performance is obtained
with 6 mg ml−1 solution. The characteristics of the 9 and
3 mg ml−1 solutions are close to each other but they have
worse performance than the 6 mg ml−1 solution.

Lastly, forward and reverse voltage sweeps are made to
observe the hysteresis effects, which result from the direction
and speed of the sweep voltages. The current is detected
with the semiconductor characterization system set to high
integration time and 100 mV voltage increment/decrement
steps. No extra delay time is applied between individual data
points. Forward sweep is carried out from −10 to +10 V,
which is followed immediately by a reverse sweep applied
from +10 to −10 V. This cycle is repeated a couple of times
without waiting between the cycles. The results are shown
in figure 8. Zero current is observed at −0.7 V in forward
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Figure 7. I–V curves for solutions with 3, 6 and 9 mg ml−1

concentrations. All measurements are carried out five minutes after
the solution is exposed to the ambient atmosphere.

Figure 8. Results of forward and reverse voltage sweeps for a diode
with 9 mg ml−1 P3HT solution. The reverse sweep immediately
follows the forward sweep forming a cycle. Five of the cycles are
shown. There is no waiting between cycles.

sweeps, but at around +1.4 V in reverse sweeps. Similar
hysteresis results are also reported for solid state polymer
diodes and OLEDs [33, 34]. These are explained by the
presence of deep trapped charges in the device. Especially
at lower biases, the mobility of the charge carriers is low
due to the dependence of the mobility on the applied electric
field [32], and the traps are not filled. Therefore, it takes a
longer time for the device to reach thermal equilibrium after
the voltage is changed [34]. Different zero current points are
obtained in forward and reverse sweeps, which is the result of
the different anode and cathode materials. Zero current in the
forward and reverse directions would occur at zero applied
voltage if there was a wait of around 10 s between sweep
steps [34].

The charge carrier mobilities of polymer diodes can
be compared by measuring their current density values.
Typically, polymer diodes operate in the SCLC regime at
higher (of the order of 1 × 105 V cm−1) electric fields [32].
In an ideal polymer the current density, J, and the applied

voltage, V , are related to each other by the Mott–Gurney
equation [35] in the SCLC region as

JSCLC =
9
8
εrε0µ0

V 2

d3 (1)

where d is the film thickness, µ0 is the mobility, ε0 is the
permittivity of free space and εr is the dielectric constant of
the polymer. V is the effective voltage across the polymer and
is calculated by subtracting the work function difference of
the electrodes from the applied voltage, so in this case V =
V−0.7. This relation stands for the ideal case where the charge
carrier mobility is independent of the electric field which does
not hold in practice. If we extend this relation by including
a Poole–Frenkel like field dependent mobility model, which
is applicable for most conjugated polymers [28], and assume
that all traps are filled due to a high field value, then the current
density is calculated with a modified Mott–Gurney equation
as [36]

JSCLC =
9
8
εrε0µ0

V 2

d3 exp

0.891
kBT

√
e3V

πεrε0d

 (2)

where e is the unit charge and kB is the Boltzmann constant.
It can be seen that the current density is directly related to the
mobility. Thus, improvement of the charge carrier mobility
would also mean improvement of the current density values of
the diodes. Although a direct calculation of the mobility value
is possible from equation (2) by applying I–V measurement
data, it gives numerically erroneous results without detailed
knowledge about the parameters of the carrier injection
mechanisms [37]. Therefore, the ratio of current densities of
diodes which have similar current injection dynamics is more
convenient to see the mobility change.

The experimental results show a typical electrical current
value of around 1.2 µA for an applied voltage of 7 V. The
current density of the diode could be determined by the
thinnest of either the Al electrode or the Si electrode or the
thickness of the stack of charge carrying P3HT nanorods.
It is likely that the overall thickness of the current carrying
polymer chain stack is smaller than the thinnest of the
electrodes, which is the Al electrode in this case. However,
since we do not have the means to measure this thickness,
the thickness of the Al is used in the calculation of the
current density, even though this creates an underestimation.
Calculations point to a current density value of 300 mA cm−2

for the solution state diodes at 7 V. The same current density
at 7 V in our previous work for a solid state P3HT diode [15]
was 50 mA cm−2. Similar current densities, i.e. 30 mA cm−2,
for solid state P3HT diodes have also been reported [38]. This
points to at least a six-fold improvement in the mobility of
the charge carriers by using the polymer in solution state with
nanogap electrodes. Further study is needed to find the exact
improvement.

4. Conclusion

In summary, we built a solution state diode which used P3HT
solution as the semiconductor medium. It utilized highly
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doped p-type silicon as the anode and aluminum as the
cathode. It required a nanoscale gap between the electrodes to
conduct current through the lengths of single polymer chains
and this was achieved with a 40 nm thick thermally grown
SiO2 insulating layer. The diode’s performance with respect to
time was investigated and degradation due to ambient oxygen
and environmental factors was observed. The effects of the
concentration of P3HT solution on diode performance were
also investigated and I–V curves for several concentrations
were acquired. The best diode performance was obtained for
6 mg ml−1 P3HT solution. Finally, the hysteresis effects of
forward and reverse voltage sweeps and their dependence on
direction and speed were observed. The experimental results
showed at least a six-fold improvement in the mobility of the
charge carriers compared to solid state P3HT diodes due to
the utilization of intra-chain conduction only.
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