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This letter reports on reversible switching behavior of metal-insulator-metal type nonvolatile
organic memory devices using polyfluorene-derivative 共WPF-oxy-F兲 single layer film. The
current-voltage 共I-V兲 characteristics showed that the WPF-oxy-F single layer film has two
distinguished resistance states, low resistance state and high resistance state, with four orders of
on/off ratio 共Ion / Ioff ⬃ 104兲. From the analysis of I-V curves, area dependent I-V characteristics, and
current images obtained by conducting atomic force microscopy we propose that the space charge
limited current with filamentary conduction is a potential mechanism for the reversible switching
behavior of WPF-Oxy-F memory devices. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2952825兴
Recently, organic nonvolatile memory appears highly attractive, owing to its potential application in data storage.1–10
Many efforts have been made to realize organic bistable
memory devices exhibiting nonvolatile memory with two
different states of resistivity, i.e., a high resistance state
共HRS兲 and a low resistance state 共LRS兲.1–10 Polyfluorene derivatives which are conjugated polymer for organic devices
are one of the candidates to satisfy the essential conditions
for high performance non volatile memory devices,4–6 owing
to their native properties such as good processability and
endurance against oxidation.11 Recent reports on the electrical bistability in polyfluorene-based organic materials have
showed relevant performances for nonvolatile memory
applications.4–6,12 However, specific electrical characteristics
of polyfluorene-based organic memory devices is still necessary to understand the origin of reversible switching behavior.
In this letter, we report on the reversible switching behavior of polyfluorene-derivative 共WPF-oxy-F兲 single layer
film. From analysis on the current-voltage 共I-V兲 characteristics on the log-log scale and the current images of the two
different resistance states by conducting atomic force microscopy 共CAFM兲, a mechanism for the reversible switching
of the WPF-oxy-F memory devices is proposed.
The polyfluorene-derivative 共WPF-oxy-F兲, schematically
shown in Fig. 1共a兲, was synthesized by a palladium catalyzed
Suzuki coupling reaction method.13 The metal-insulatormetal 共MIM兲 type polyfluorene-derivative memory devices
were fabricated on a heavily doped p-type 共100兲 silicon 共p+
Si兲substrate 共0.001– 0.015 ⍀ cm兲. After the typical ultrasonic cleaning processes with acetone, methanol, and deionized water, silicon wafer was treated via a diluted HF-last
process to remove the native oxide layer. WPF-oxy-F was
first dissolved in methanol at a concentration of 5 mg/ ml,
and then was spin coated on the substrate. The typical spincoating condition was 2000 rpm for 30 s, and the resulting
thickness of the film was measured to be around 30 nm.
Postbaking was performed at 150 ° C for 20 min on a hotplate in a nitrogen-filled glovebox. The top electrodes were
a兲
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patterned with a shadow mask that had square patterns of
four different areas: 50⫻ 50, 100⫻ 100, 200⫻ 200, and
400⫻ 400 m2. A 100 nm thick Ag layer was deposited as
the top electrode using a thermal evaporator under a pressure
of 10−6 Torr. A memory device structure is schematically
shown in Fig. 1共b兲. The current-voltage 共I-V兲 measurements
were carried out using a semiconductor parameter analyzer
共Agilent Technology B1500A兲.
Figure 2 shows a representative I-V characteristic of a
single layer Ag/WPF-oxy-F / p+ Si memory device with a
junction area of 50⫻ 50 m2. When we applied the positive
bias from 0 to 5 V to the Ag top electrode, the current increased gradually with the applied bias 共stage 1兲. Then, a
sharp increase in current was observed near a transition voltage at ⬃4 V, indicating the transition of the organic memory
device from a HRS to a LRS. To prevent the electrical breakdown of the device, a current compliance was set to 1 mA.
After the transition from a HRS to a LRS, the device remained in the LRS during the voltage sweep in the negative
bias direction from 5 to 0 V 共stage 2兲. A semilog plot of this
I-V characteristic 共inset of Fig. 2兲 clearly shows the electrical
bistability of WPF-oxy-F with a high on/off ratio 共e.g.,
Ion / Ioff ⬃ 104 at 0.3 V兲. Although most measurement was performed under ambient condition, any noticeable degradation
of switching behavior was not observed compared to the
results measured under inert gas condition, as shown in inset
of Fig. 2. When the bias was swept continuously in the negative bias direction from 0 to − 3 V 共stage 3兲, the current decreased, implying another transition of the memory device
from LRS to HRS. After this stage, the device showed a

FIG. 1. 共Color online兲 共a兲 Chemical structure of WPF-oxy-F polyfluorene
derivative. 共b兲 Schematic of single component WPF-oxy-F memory device.
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FIG. 2. 共Color online兲 I-V characteristics of a WPF-oxy-F memory device.
Inset shows the semilog plot of the I-V characteristics measured in ambient
共black solid line兲 and inert gas condition 共red dash line兲.

pristine HRS 共stage 4兲. When the bias was applied in the
positive bias direction repeatedly, the device showed almost
identical I-V characteristics at the range between −3 and
5 V, indicating the reversible switching behavior.
To understand the origin of switching behavior of WPFoxy-F, we performed further analysis on WPF-oxy-F
memory devices. The inset in Fig. 3共a兲 shows the energy
band diagram of the Ag/WPF-oxy-F / p+ Si device. Consideration of the work functions of Ag 共4.3 eV兲 and p+ Si
共5.17 eV兲 reveals that the Ag top contact on WPF-oxy-F acts
as a very high barrier for the electron transport, whereas the
p+ Si contact is efficient for hole injection into the WPFoxy-F layer.
In general, I-V curves have been analyzed to study the
mechanism underlying bistable switching in memory
devices.10,14 For example, by investigating the currentvoltage relationships of I-V curves on the log-log scale,
space charge limited current15–17 共SCLC兲 or filamentary
conductions18–20 has been suggested as a potential mechanism for charge transport in organic devices. Figure 3共a兲
shows a log-log plot of the I-V curve in the positive bias
region for a WPF-oxy-F memory device. This figure shows
four distinct regimes, which is similar to previously reported
results for some organic devices.16,17 As shown in Fig. 3共a兲,
at a low bias region or Ohmic regime 共1兲, the current is
linearly proportional to the voltage as a result of the thermally generated free carriers.15–17 In this regime, the current
density J can be described as
J=

qn0V
,
d

共1兲

where n0 is the density of free carriers, d is the thickness of
the polymer layer, and  is the carrier mobility. At an intermediate bias region or SCLC trap-limited regime 共2兲, the
current is controlled by the traps in the polymer layer via
thermally activated hopping conduction.15–17 In this regime,
the current obeys the Mott–Gurney law as

90⌰V2
,
d3

共2兲

where ⌰ is the trapping fraction,  is the dielectric constant
of the polymer, and 0 is the permittivity of free space.15–17
When the voltage is increased further, the traps in the polymer film will be almost filled. This region is described as
trap-filled limit regime 共3兲, in which the current flows via
thermionic emission and a Fowler–Nordheim conduction
mechanism, so that the current increases sharply and the device changes from HRS to LRS.16 From the single-carrier
SCLC conduction theory,17 the trap density 共Nt兲 in the polymer layer can be explained in terms of a voltage 共VTFL兲 required to fill the traps in the polymer layer and is expressed
as
Nt =

30VTFL
,
2qd2

共3兲

where q is the electronic charge. After transition from HRS
to LRS, most of the trap sites in the polymer film are filled
and the current flow is free from the influence of traps in the
polymer film. This region is called a trap-free SCLC regime
共4兲, and the I-V curve fits very well with I ⬀ V2.15–17 Based on
the analysis of the log-log plot of the I-V curves 关Fig. 3共a兲兴,
the reversible switching behavior of the WPF-oxy-F memory
devices is due to the transition between the trap-limited
SCLC and the trap-free SCLC.
Although the conduction mechanism of WPF-oxy-F can
be well explained by trap-limited and trap-free SCLC processes, the abrupt jump of current by almost four orders of
magnitude is not normal in SCLC conduction.21 It seems that
additional effect such as filamentary conduction might affect
the switching behavior of WPF-oxy-F memory devices as
well. Recent reports on switching mechanism of organic
memory device well explained the formation of metallic filamentary due to the migration of metal ions from the top
electrodes such as silver and copper.19,20 The switching behavior of such organic memory devices based on filamentary
conduction is significantly affected by the threshold voltage
which is the minimum bias for ionization and migration of
metallic electrode.20 The switching behavior was investigated by varying the program voltage conditions, as summarized in Fig. 3共b兲. Here, the voltage sweep back and forth
was made from −2.5 V 共starting voltage兲 to 3, 3.5, 4, 4.5,
and 5 V 共program voltages; marked with arrows兲, as shown
in the inset of Fig. 3共b兲. The current values at each I-V curve
with different program voltages were measured at 0.3 V
共read voltage兲. When the program voltage was less than
4.0 V, the memory device did not switch and there was no
difference between HRS and LRS with very similar current
level 共⬃10 pA兲. On the other hand, when the program voltage was larger than 4.0 V, the device started to exhibit

FIG. 3. 共Color online兲 共a兲 I-V characteristics of a WPFoxy-F memory device in log-log scale. Inset figure
shows energy band diagram of WPF-oxy-F memory device. 共b兲 Programming voltage dependence of a WPFoxy-F memory device. Excess bias 共Vth兲 required
changing the resistance of WPF-oxy-F memory device
from HRS to LRS. The inset figure shows stop voltage
dependent I-V characteristic.
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FIG. 4. 共Color online兲 共a兲 Resistance values of two resistance states 共HRS and LRS兲 of a WPF-oxy-F memory device as a function of the junction areas. 共b兲
Current images of high and LRSs obtained by CAFM measurement.

switching behavior and LRS showed a current higher than
⬃100 nA, while HRS remained in ⬃10 pA current level. In
this voltage range, the device clearly showed reversible
switching behavior, requiring the threshold voltage 共Vth兲 to
fill the traps and form the metallic filament in the polymer
layer. However, since the more traps are occupied the higher
current flows, therefore trap-filling process may create highcurrent paths which in turn may lead to electromigration and
filamentary conduction paths.
Figure 4共a兲 shows a summary of the resistance states of
the WPF-oxy-F devices 共⬃100 devices兲 measured at different areas. From this figure, one can see that LRS did not
change with the variation of the junction area; instead, the
resistance remained about 100 k⍀. In contrast, the resistance
value of the HRS slightly decreased from 6.8 to 1.6 G⍀ as
the junction area increased. To investigate this observation,
we examined the current images of HRS and LRS acquired
with CAFM. Figure 4共b兲 shows each current image for HRS
and LRS of a WPF-oxy-F layer on p+ Si without a top Ag
electrode. An Ag-coated AFM tip was first scanned over the
memory junction area under a voltage of 6.5 V applied to the
CAFM tip relative to a WPF-oxy-F / p+ Si sample 共programming process兲. Then, the current image of LRS was obtained
under a 1.0 V tip bias condition 共reading process兲. Similarly,
the current image of HRS was obtained at a 1.0 V tip bias
after the CAFM tip was scanned over the junction area under
a −3.0 V tip bias 共erasing process兲. As can be seen in these
images, the current level of the HRS is uniformly very small
共typically less than ⬃0.5 pA兲. On the contrary, there are localized and distributed conduction paths in the current image
of the LRS 共typically ⬃4 nA兲. Due to the different measurement conditions such as contact area and tip probing condition, the current levels of the HRS and LRS measured by
CAFM were relatively lower than those measured in the
MIM type devices. However, The on/off ratio in the current
images was still about 103, indicating good reversible
switching characteristics. This result suggests that switching
behavior does not occur uniformly over the junction area.
Instead, the localized current paths in LRS explain the reversible switching of WPF-oxy-F memory devices.
In conclusion, organic memory devices were fabricated
using single component polyfluorene-derivative 共WPFoxy-F兲 as MIM-type device structures. The memory devices
showed excellent reversible switching performance for non-

volatile memory devices, such as a large on/off 共Ion / Ioff兲 ratio
of more than 104. From the I-V characteristics and current
images, the SCLC with filamentary conduction contributes to
the switching behavior of WPF-Oxy-F memory device.
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