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 Direct Observation of Ag Filamentary Paths in Organic 
Resistive Memory Devices 
 We demonstrate bipolar switching of organic resistive memory devices 
consisting of Ag/polymer/heavily-doped p-type poly Si junctions in an 8  ×  8 
cross-bar array structure. The bistable switching mechanism appears to be 
related to the formation and rupture of highly conductive paths, as shown by 
a direct observation of Ag metallic bridges using transmission electron micro-
scopy and energy-dispersive X-ray spectroscopy. Current images of high- and 
low-conducting states acquired by conducting atomic force microscopy also 
support this fi lamentary switching mechanism. The fi lamentary formation 
can be described by an electrochemical redox reaction model of Ag. Our 
results may also be applied to other kinds of organic materials presenting 
similar switching properties, contributing to the optimization of device 
scaling or memory performance improvement. 
  1. Introduction 

 Organic resistive memory devices, based on a resistance change 
modulated by an electrical stimulus, have been identifi ed as 
one of the potential candidates for next-generation informa-
tion storage. [  1–8  ]  The reading of resistance states in resistive 
switching devices is non-destructive, and no electrical power is 
needed to maintain the resistance within a given state, which is 
described by non-volatile memory functionality. [  1–3  ]  In addition, 
the technical advantages of the fabrication process, such as sim-
plicity, [  9  ]  fl exibility, [  10  ,  11  ]  and stackability, [  12  ,  13  ]  would enable the 
potential availability for low-cost memory applications. In this 
context, much effort has been devoted to developing functional 
organic materials, [  14  ,  15  ]  optimizing device structures, [  16  ]  and 
improving memory performance. [  17  ,  18  ]  However, the switching 
mechanism is still a controversial issue. 

 Various switching mechanisms, including conformational 
change, [  7  ]  charge transfer, [  19  ]  charge trapping, [  20  ]  and fi lament 
formation mechanisms, [  21  ]  have been proposed. Particularly, the 
electrical bistability phenomena in many organic materials have 
been supported by the fi lamentary switching mechanism. [  21–23  ]  
In general, if the current fl ow in a low-resistance state occurs 
in a small fraction of the device area, the phenomenon is usu-
ally called fi lamentary conduction. [  23  ]  Although it is diffi cult to 
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elucidate the nature of the localized con-
ductive paths, two kinds of fi lamentary 
conduction have been suggested. One kind 
is associated with carbon-rich fi laments 
formed by the local degradation of organic 
fi lms, [  24  ,  25  ]  and the other kind is associ-
ated with metallic bridges resulting from 
the migration of electrodes. [  26  ,  27  ]  The latter 
has been considered to be more common 
than the former. Several analysis methods 
have been widely employed to confi rm 
the fi lamentary switching effect. [  21  ,  22  ]  For 
example, temperature-variable current-
voltage measurements have been found to 
represent the metallic property of the low-
resistance state, i.e., linearly increasing 
resistance with increasing temperature in 
the case of conduction through metal elements. [  22  ]  Elemental 
depth profi les using X-ray photoelectron spectroscopy or sec-
ondary ion mass spectroscopy have verifi ed the presence of top 
metal elements diffusing into the organic matrix. [  21  ]  Area inde-
pendence of the low-resistance state is also indirect evidence of 
localized conduction through a small area. [  28  ]  However, it has 
been challenging to clearly understand the shape of the fi lam-
entary paths and their elemental composition. To attain such 
information would require advanced tools for atomic-scale 
analysis, e.g., high-resolution transmission electron microscopy 
(TEM) and elemental analysis. Nevertheless, conductive paths 
commonly occur in very limited areas of the device junction so 
that TEM samples prepared by the focused ion beam technique 
may often not include the area of interest corresponding to the 
fi lamentary paths. The amount of metal atoms diffused into the 
organic layer can often be very small, which makes it diffi cult 
to distinguish distinct image features from the polymer. Many 
previous studies regarding resistive switching mechanisms 
have failed to achieve direct imaging of conductive fi lamentary 
paths connecting the electrodes due to these limitations. 

 Here, we successfully demonstrate that the reversible resis-
tive switching of a Ag/polymer/heavily-doped p-type poly 
Si structure is associated with the formation and rupture of 
highly conductive paths, which is clearly validated by the direct 
observation of Ag metallic bridges within the organic material 
by TEM and energy-dispersive X-ray spectroscopy (EDX). Fur-
thermore, conducting atomic force microscopy (CAFM) experi-
ments were used to visualize the localized current distribution 
through the highly conductive paths. We also suggest that an 
electrochemical redox reaction model of the top electrode (Ag) 
can explain the formation and rupture of Ag metallic bridges 
causing the switching phenomena. 
m Adv. Funct. Mater. 2011, 21, 3976–3981
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    Figure  1 .     a) A schematic of the Ag/WPF-BT-FEO/heavily-doped p-type poly Si organic resistive 
memory device with an 8  ×  8 array structure. b) The chemical structure of the WPF-BT-FEO 
polymer.  
   2. Results and Discussion 

 An organic resistive memory device consisting of Ag/poly[(9,9-bis(6 ′ -
(N,N,N-trimethylammonium) hexyl)-2,7-fl uorene)-co-(9,9-bis(2-
(2-methoxyethoxy)ethyl)-fluorene)-co-(2,1,3-benzothiadiazole)] 
dibromide (denoted as WPF-BT-FEO)/heavily-doped p-type poly 
Si layers is illustrated in  Figure    1  a. The memory device con-
tains 8  ×  8 cells, in which the junction area of a cell is 100  μ m  ×  
100  μ m. The chemical structure of the WPF-BT-FEO polymer 
used as an active layer in the organic memory device is schemati-
cally displayed in Figure  1 b. The details of material preparation 
and device fabrication are provided in the Experimental section.  

   Figure 2  a shows the representative current-voltage ( I – V ) char-
acteristics of the organic memory devices. A voltage was applied 
to the Ag top electrode while the heavily-doped p-type poly Si 
bottom electrode was grounded. When a positive voltage from 0 
to 5 V was applied to the Ag top electrode, the current gradually 
increased in the low bias region, and then an abrupt increase in 
current was observed near the threshold voltage, indicating a set 
process from a high-resistance state (HRS) to a low-resistance 
state (LRS) (fi rst curve). The threshold voltage was defi ned as 
the point in the conductance–voltage curve (fi rst derivative of  I –
 V  curve) where the conductance value abruptly increases and in 
more detail, the point where over 10-fold increase in conduct-
ance value occurs (see Figure S5 in the Supporting Information). 
To prevent electrical breakdown of the device, the compli-
ance current was set to 0.1 mA. Even after the set process, the 
LRS was well maintained during the voltage sweep from 5 to 
0 V (second curve). When a negative voltage was applied to the 
device, the device current rapidly decreased, which is associated 
    Figure  2 .     a) Representative  I – V  characteristics of the Ag/WPF-BT-FEO/heavily-doped p-type 
poly Si devices showing the bipolar switching property. b) The ON/OFF ratio as a function of 
voltage.  
with a reset process from the LRS to the HRS 
(third curve). After this reset process, the 
HRS remained (fourth curve). Consequently, 
the different voltage polarity demonstrated 
reversible resistive switching in our device 
(i.e., positive and negative voltages are applied 
for the set and reset processes, respectively), 
which is called bipolar memory. A high ON/
OFF ratio of over 10 4  was observed at the 
read voltage region, as shown in Figure  2 b. 
The memory margin was large enough to dis-
tinguish each resistance state in our memory 
devices.  

 The switching mechanism in organic resis-
tive memory devices has been the subject of 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2011, 21, 3976–3981
much debate. Although electrical bistability of 
many organic materials has been reported, the 
proposed switching mechanisms are still not 
clear. Furthermore, bistable switching events 
appear to be caused by factors other than the 
organic material itself because the switching 
characteristics strongly depend on interface 
states and the kind of electrodes used. [  29  ,  30  ]  
Therefore, it is very challenging to thoroughly 
understand the underlying physics of the 
resistive switching phenomena and to validate 
the nature of the switching events. 

 TEM is a powerful analysis tool for identi-
fying what changes occur within the organic 
materials according to the resistance states.  Figure    3  a–c show 
a series of cross-sectional TEM images of memory cells in dif-
ferent resistance states: the HRS (pristine), the LRS (after the 
set process), and the HRS (after the reset process). To identify 
the elements within the organic material, EDX was also carried 
out for the same TEM specimens, as shown in Figures  3 d–f. 
First, Figure  3 a shows a cross-sectional TEM image of the 
memory cell in the pristine HRS. Shallow penetration ( ∼ 10 nm) 
of Ag metal into the organic layer was found, which is due to 
thermal diffusion during the Ag metal deposition. However, we 
did not observe any completely connected Ag bridges between 
the top and bottom electrodes. This is clearly shown in Figure  3 c, 
in which the EDX profi le for the Ag element was obtained 
across a line indicated in Figure  3 a. The results of Figure  3 a 
and d explain why the memory cell initially showed the electri-
cally insulating property, i.e., the HRS.  

 However, one can clearly see that the memory cell that had 
switched from the HRS to the LRS had irregularly shaped elec-
trical pathways (dark region in the organic layer), as shown 
in Figure  3 b. The intensity of Ag along the Ag/WPF-BT-FEO/
heavily-doped p-type single crystalline Si layers was observed. 
In particular, a line profi le of the intensity of Ag along the 
dark region was attained by EDX measurement, as shown in 
Figure  3 e. It was verifi ed that the pathway is mainly composed 
of Ag and that the Ag extends into the heavily-doped p-type 
single crystalline Si bottom electrode. The results of Figures  3 b 
and  3 e imply that the Ag has not only thoroughly penetrated 
through the organic layer but has also connected the two elec-
trodes completely. As a consequence, the LRS is obtained due 
to the connected metallic pathways between the two electrodes. 
eim 3977wileyonlinelibrary.com
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    Figure  3 .     a–c) Cross-sectional TEM images of memory cells in different resistance states. 
d–f) EDX analysis for Ag element profi les along the dotted lines marked in (a)–(c). a) Cross-
sectional TEM image and d) Ag element profi le of the Ag/WPF-BT-FEO/heavily-doped p-type 
single crystalline Si memory cell in the pristine HRS when no voltage is applied to the device. 
b) Cross-sectional TEM image and e) Ag element profi le of the Ag/WPF-BT-FEO/heavily-doped 
p-type single crystalline Si memory cell programmed into the LRS after applying the set voltage 
(5 V). The dark regions within the organic layer extending to the heavily-doped p-type single 
crystalline Si include Ag, forming metallic bridges between the top and bottom electrodes. 
c) Cross-sectional TEM image and f) Ag element profi le of the Ag/WPF-BT-FEO/heavily-doped 
p-type single crystalline Si memory cell returning to the HRS after applying the reset voltage 
(–3 V). A few Ag islands exist independently within the organic layer, but they do not connect 
the two electrodes.  
Analyses for other regions of the TEM specimen also yielded 
similar results. 

 A cross-sectional TEM image of the memory cell that 
had been returned to the HRS by a reset voltage of –3 V was 
also captured (Figure  3 c). There are a few regions within the 
organic layer that exist randomly and independently, without 
any complete connections. Ag below the top electrode is clearly 
detected, but the Ag does not extend to the heavily-doped p-type 
single crystalline Si bottom electrode, as shown in Figure  3 f. 
That is, we did not observe any completely connected metallic 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wein8 wileyonlinelibrary.com
bridges between the top and bottom elec-
trodes, demonstrating that the HRS is caused 
by the rupture of the Ag metallic pathways. 
Therefore, according to these TEM and EDX 
observations, the bistable switching phe-
nomena in our devices should be associated 
with the formation and rupture of fi lamen-
tary paths mainly consisting of Ag. 

 To further investigate the switching mech-
anism, we examined the current images of 
the LRS and the HRS for Ag (10 nm)/WPF-
BT-FEO/heavily-doped p-type single crystal-
line Si layers using conducting atomic force 
microscopy (CAFM), as shown in  Figure    4  . 
Here, a thin Ag fi lm (10 nm) was used for 
the purpose of reducing the contact resist-
ance between the CAFM tip and the organic 
sample. We used a conductive cantilever 
coated with Ag as a movable top electrode. 
The AFM tip was fi rst scanned over an area 
of 500 nm  ×  500 nm under a tip bias of 5 V 
with respect to heavily-doped p-type single 
crystalline Si, and then a current image of 
the LRS was obtained under a –1 V tip bias 
(Figure  4 b). Similarly, a current image of the 
HRS was obtained at a –1 V tip bias after the 
CAFM tip was scanned under a –3 V tip bias 
(Figure  4 a). As shown in Figure  4 a, the cur-
rent distribution of the HRS remained uni-
form, with a low current level over the whole 
scanned region. In contrast, the current 
of the LRS (Figure  4 b) was observed to be 
locally distributed over a few limited spots of 
the scanned region, and its peak current level 
was 250 times higher than that of the HRS. 
This observation implies that the highly 
conductive paths of the LRS in the memory 
devices do not occur uniformly over the junc-
tion area. Although the sizes of the local-
ized conductive paths obtained in the CAFM 
experiment are not perfectly consistent with 
the results from the TEM images (Figure  3 ), 
it is evident that the LRS is caused by locally 
distributed metallic fi lamentary paths within 
the organic layer consisting of Ag.  

 By combining the bipolar switching effect 
and the existence of metallic Ag bridges, now 
we can suggest a clearer switching model 
describing how Ag bridges form and rupture 
within the organic layer. The model is based on a creation-and-
rupture process of redox-controlled metal bridges. [  21  ,  31–34  ]  When a 
positive voltage is applied to the Ag top electrode, oxidation occurs 
on this electrochemically active material, described by Ag  →  
Ag  +    +  e  −  . The mobile Ag  +   cations diffuse toward the heavily-
doped p-type single crystalline Si bottom electrode through the 
organic layer and are reduced there by electrons fl owing from 
the bottom electrode, i.e., Ag  +    +  e  −    →  Ag. With the successive 
precipitation of Ag, the metal starts to grow at the bottom elec-
trode, then reaches the Ag top electrode, and fi nally forms Ag 
heim Adv. Funct. Mater. 2011, 21, 3976–3981
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    Figure  4 .     Current images of the a) HRS and b) LRS in a WPF-BT-FEO 
organic resistive memory device obtained by CAFM measurements.  
metallic bridges between the two electrodes. When the voltage 
polarity is reversed, an electrochemical dissolution takes place 
somewhere along the bridge, resetting the system into the HRS. 
Although the exact point at which the rupture takes place is still 
unclear, it is reasonable that rupture would occur at the weakest 
part of the bridge. [  34  ]  

 We calculated and summarized a few important parameters 
which are involved in electrochemical process of Ag atoms (see 
Table S2 in the Supporting information). From TEM image data 
of LRS cell, the total volume of electrodeposited Ag atoms in 
junction area of 100  μ m  ×  100  μ m was roughly estimated to be 
about 3.5  ×  10  − 17  m 3 . It implies that 2  ×  10 12  Ag atoms were delib-
erated from top electrodes and thus Ag atoms of 3.6  ×  10  − 10  g 
were electrodeposited within the polymer layer. According to 
the Faraday’s law, the amount of charge fl owing through the 
electrodeposited Ag was calculated to be 3.2  ×  10  − 7  C, which 
was even smaller than total amount of charge (10  − 4  C) fl owing 
through the junction area (see Figure  2 a). From these results, 
it was found that a very small fraction of total current fl owing 
through the junction is involved with the electrochemical reac-
tion of Ag bridges connecting two electrodes. The careful con-
trol of the density and strength of the metallic bridges would be 
essential for modulating various memory parameters such as 
HRS, LRS, ON/OFF ratio, endurance, and retention properties 

 To investigate the role of polymer layer in resistive switching, 
we fabricated and characterized devices made with other 
poly mer materials such as spin-on glass (SOG) and poly(3-
hexyl thiophene) (P3HT) (see Figure S6 in the Supporting Infor-
mation). We observed that the insulating polymers of SOG 
exhibited only the set process without reset process (Figure S6a) 
while the semiconducting polymer of P3HT exhibited the 
bipolar switching behavior (Figure S6b). However, OFF current 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 3976–3981
of the P3HT based memory device was relatively higher than 
that for WPF-BT-FEO devices, producing lower ON/OFF ratio, 
indicating that most of charges in pristine HRS pass through 
the whole semiconducting polymer layer. From all these results, 
kind of the active polymer is also greatly important for revers-
ible switching phenomenon to the acceptable level. 

 Regarding the role of Br  −   anions in resistive switching, we 
attempted to fabricate and characterize devices made with 
three polyfl uorene derivative polymers, all of which contain Br  −   
anions: poly[(9,9-bis(60-(N,N,N-trimethylammonium) hexyl)-
2,7-fl uorene)-alt-1,4-xylene] dibromide (denoted as WPXF), 
poly[(9,9-bis(60-(N,N,N-trimethylammonium) hexyl)-2,7-
fl uorene)-alt-1,4-(2,5-dimethoxybenzene)] dibromide (denoted 
as WPmXF), and poly[(9,9-bis((60-(N,N,N-trimethylammonium) 
hexyl)-2,7-fluorene))-alt-(9,9-bis(2-(2-methoxyethoxy)ethyl)-
fl uorene)] dibromide (denoted as WPF-oxy-F).  I – V  results of 
the devices with the polyfl uorene derivatives are summarized 
(see Figure S7 in the Supporting Information). Interestingly, 
we observed switching behaviors only in the case of WPF-
oxy-F polymer (Figure S7c) while there was no switching 
behavior in WPXF (Figure S7a) and WPmXF (Figure S7b) 
based devices. The effect of the Br  −   anions on the resistive 
switching was negligible. Br  −   anions simply play a role as a 
water-soluble moiety to increase solubility between polymer 
and solvent. Rather, ethylene oxide group in WPF-oxy-F seems 
to play more critical role for the resistive switching in the 
polyfl uorene derivative polymers because only the WPF-oxy-F 
polymer with the ethylene oxide group showed the bipolar 
switching. WPF-BT-FEO polymer used in this work also has 
the ethylene oxide group which contributes to the reversible 
resistive switching on the basis of the fi lamentary mecha-
nism. The side chains of the ethylene oxide act as strong 
metal coordinating sites, which would be more necessary for 
metal fi lament formation. Similarly, other groups have previ-
ously reported that the polymers with strongly coordinating 
heteroatom (S or N) can support the reproducible fi lament 
formation behavior. [  22  ]  

 To check the switching speed of WPF-BT-FEO based memory 
device, we measured transient response time under the pulse 
mode (see Figure S8 in the Supporting Infomation). We found 
that even the pulse voltage with a short pulse width of 100  μ s 
could program the memory devices. More specifi cally, the tra-
sient response time of WPF-BT-FEO based memory device was 
observed to be less than 1  μ s, indicating the feasibility of ultra 
high speed memory applications. Indeed, the switching speed 
of WPF-BT-FEO polymer with the benzothiadiazole (BT) group 
was much faster than that ( ∼ 2 ms) of WPF-oxy-F without the BT 
group presented in the previous paper. [  35  ]  The choice of WPF-
BT-FEO polymer in this study can be certainly advantageous in 
this aspect. Although the cause of the increased switching speed 
in WPF-BT-FEO based device is not thoroughly understood, we 
believe that it might be due to the increase of the mobility of 
the Ag atoms or cations involved with the electrochemical reac-
tion and/or the increase of the metal coordinating sites by intro-
duction of the BT units. Based on these valid experimental evi-
dences, we concluded that the metal coordinating sites such as 
ethylene oxide and heteroatom in the semiconducting polymers 
contribute to the increase in electrochemical reaction speed as 
well as the reproducible fi lament formation. 
bH & Co. KGaA, Weinheim 3979wileyonlinelibrary.com
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    Figure  5 .     a) The cumulative probability data of each resistance state for the Ag/WPF-BT-FEO/
heavily-doped p-type poly Si organic resistive memory devices in 8  ×  8 array cells. The inset 
shows the threshold voltage distribution. b) The retention time of the Ag/WPF-BT-FEO/heavily-
doped p-type poly Si organic resistive memory devices.  
 We noted that humidity can sometimes 
infl uence resistive switching involved with 
electrochemical process. [  36  ]  To investigated 
the effect of humidity on electrical property 
of WPF-BT-FEO organic resistive memory 
device, we compared  I–V  curves measured 
under each different relative humidity condi-
tion of 19% and 40% (see Figure S9 in the 
Supporting Information). Almost the same 
 I – V  characteristics were obtained in our 
memory devices regardless of the humidity 
content. Threshold voltages necessary for set 
and reset process were also nearly similar. 
From this result, we think that humidity 
effect on resistive switching properties of our 
memory devices is negligible. In contrast, 

Knorr et al. [  36  ]  reported that the increase of humidity in Cu/
P3HT/Au junctions caused electrical hysteresis phenomenon, 
which was explained by fi eld-absorbed water induced electro-
chemical process. The electrochemical process involved sequen-
tial chemical reactions as following: diffusion of copper ions 
from the Cu electrode, P3HT decomposition, and the forma-
tion of copper sulfi de crystals by the reaction between released 
sulfur and copper ions which was considered to be important 
precursors to metal fi lament formation. We expect that some-
what different experimental results between our and Knorr’s 
work might result from the difference in kind of poly mer, 
poly mer thickness, and kind of electrodes. 

 For a memory device, it is important to investigate the sta-
tistical distribution of essential memory parameters, such as 
the resistance values of each state and the threshold voltages in 
cross-bar array memory devices.  Figure    5  a shows the cumulative 
probability data for the HRS and LRS of 64 memory cells with 
the 8  ×  8 array structure. The resistance values were densely 
distributed, indicating a good cell-to-cell uniformity. More 
importantly, the distribution of the HRS was well separated 
from that of the LRS, which provided a good margin of the ON 
and OFF states in the memory devices. Nevertheless, cross-talk 
problem can often occur in the cross-bar structure containing 
only memory elements. [  5  ]  To resolve this issue, memory devices 
with self-rectifying property [  37  ]  or additional switching compo-
nents such as transistor or diode [  5  ,  38  ,  39  ]  should be developed. 
Our next study will focus on such a research topic.  

 We also extracted threshold voltages (transition voltage from 
the HRS to the LRS) from  I–  V  curves of 64 memory cells. The 
inset of Figure  5 b shows a histogram of the threshold volt-
ages, which are distributed in a narrow range from 1.5 to 2.5 V. 
A small voltage range is required to minimize programming 
failure during the set process. To evaluate the information 
storage ability, we also carried out a retention test for each 
resistance state, as shown in Figure  5 b. Each state presented 
stable retention characteristics without any electrical degrada-
tion up to 10 4  sec. In addition, a high ON/OFF ratio of  ∼ 10 4  was 
well maintained during the retention test. To check the spread 
evolving with increasing sweep cycles, we also tested endur-
ance characteristics using repetitive sweep mode (0 to 5 V for 
set process and 0 to –5 V for reset process). Although scattering 
data in both HRS and LRS were occasionally observed, the HRS 
values were fairly separated from the LRS for more than 1000 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
cycles (see Figure S10 in the Supporting Information). These 
high performance characteristics are essential for more prac-
tical memory device applications.  

  3. Conclusions 

 In summary, we have experimentally shown that the bipolar 
switching of WPF-BT-FEO based organic memory devices 
is associated with the formation and rupture of Ag metallic 
bridges connecting two electrodes, which is supported by TEM 
and EDX analyses. CAFM measurements were also used to 
visualize the localized conductive paths of low-resistance states. 
The electrochemical redox reaction model of Ag is suggested to 
describe how the metallic bridges are formed and broken within 
the organic layer. Understanding the switching mechanism in 
organic resistive memory devices can lead to improvements in 
memory performance and the optimization of device scaling.  

  4. Experimental Section 
  Bottom Electrodes : Organic resistive memory devices were fabricated 

on a heavily-doped p-type poly Si layer on SiO 2 /Si wafer. The thickness 
of the heavily-doped p-type poly Si and SiO 2  fi lm, used as bottom 
electrodes and insulating layer, was measured to be approximately 200 
and 300 nm, respectively. The Si wafer was cleaned using an ultrasonic 
system with acetone, methanol, and DI water. To make devices in 8  ×  8 
cross-bar array cells, 8 poly-Si lines of 100- μ m in width were patterned 
as bottom electrodes using conventional optical lithography and the 
sequential reactive ion etching process (rf power  =  50 W, pressure  =  
50 mTorr, SF6 gas  =  40 SCCM (SCCM denotes cubic centimeters per 
minute at STP), and etching time  =  100 sec). The Si wafer was treated 
via a diluted HF-last process to remove the native oxide layer. 

  Organic Active Layer : A polyfl uorene derivative, poly[(9,9-bis(6 ′ -
(N,N,N-trimethylammonium) hexyl)-2,7-fl uorene)-co-(9,9-bis(2-(2-
methoxyethoxy)ethyl)-fl uorene)-co-(2,1,3-benzothiadiazole)] dibromide 
(denoted as WPF-BT-FEO), was synthesized by a palladium-catalyzed 
Suzuki coupling reaction method (see Figure S1 in the Supporting 
Information) and then was characterized by UV–vis spectra, 
cyclic voltammetry (see Figure S2 in the Supporting Information), 
thermogravimetric analysis, and differential scanning calorimetry (see 
Figure S3 in the Supporting Information). Highest occupied molecular 
orbital and bandgap of WPF-BT-FEO were calculated from the onset 
voltage in cyclic voltammetry and the absorption onset in UV–vis 
spectra, respectively. The resulting highest occupied molecular orbital, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 3976–3981
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lowest unoccupied molecular orbital, and bandgap of WPF-BT-FEO were 
summarized (see Table S1 of the Supporting Information). WPF-BT-FEO 
was fi rst dissolved in methanol at a concentration of 5 mg/mL and was 
then spin-coated onto the patterned bottom electrodes at 1000 rpm for 
40 sec. To improve the fi lm uniformity and to eliminate the solvent from 
the fi lm, a post-baking step was performed at 150  ° C for 20 min on a hot 
plate in a nitrogen-fi lled glove box. 

  Top Electrodes : A shadow mask with 100- μ m line patterns was 
vertically aligned with the bottom electode lines, thus making a junction 
area of 100  μ m  ×  100  μ m. Consequently, a 50-nm-thick Ag layer (with a 
deposition rate of 3 Å/sec) was deposited as the top electrodes using 
an e-beam evaporator at a pressure of  ∼ 10  − 6  Torr. The device structure 
of Ag/WPF-BT-FEO/heavily-doped p-type poly Si was fi nally completed 
(see Figure S4 in the Supporting Information). Room temperature 
 I – V  measurements of the fabricated devices were performed under an 
ambient atmosphere using a semiconductor parameter analyzer (Agilent 
4155C). 

  Transmission Electron Microscopy (TEM) and energy-dispersive X-ray 
spectroscopy (EDX) analysis : Samples consisting of the Ag (50 nm)/
WPF-BT-FEO/heavily-doped p-type single crystalline Si structure were 
prepared for TEM analysis. The thickness of the heavily-doped p-type 
single crystalline Si, used as bottom electrodes and substrate, was 
approximately 680  μ m. The samples had a few unit cells with a junction 
area of 300  μ m  ×  300  μ m. After applying different voltages (0, 5, and 
–3 V) to each memory cell, cross-sectional TEM images and EDX line 
profi les were obtained from three TEM specimens prepared by focused 
ion beam milling. 

  Conducting Atomic Force Microscopy (CAFM) measurement : Samples 
for CAFM measurements were fabricated with the Ag (10 nm)/WPF-
BT-FEO/heavily-doped p-type single crystalline Si structure. A thin Ag fi lm 
was added to the organic layer to reduce the contact resistance between 
the conductive cantilever and the organic layer. A conductive cantilever 
tip coated with Ag (10 nm) was used as a movable top electrode. Current 
images of the high and low-resistance states for the WPF-BT-FEO-based 
device were obtained using an AFM (Park Systems XE-100).  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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