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1. Introduction

On account of the great potential in application, organic elec-
tronics have attracted tremendous attention. Considerable 
progress has been achieved in organic light-emitting diodes  
[1, 2], organic field-effect transistors (OFETs) [3, 4], and 
organic photovoltaic cells [5, 6], etc., making organic 

electronics much closer to practical use. As one of the impor-
tant organic electronic devices, OFET memories are gener-
ally expected to be the promising candidates for the next 
generation memories, owing to their high storage density, 
nondestructive read-out, easily integrated structure and good 
compatibility with complementary oxide semiconductors 
[7–9]. So far, different types of OFET memories have been 
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Abstract
The temperature-dependent electrical transport properties of nonvolatile organic field-effect 
transistor (OFET) memories with Poly (methyl methacrylate) (PMMA) as a charge trapping 
layer were characterized at four typical temperatures (20 °C, 60 °C, 80 °C and  −78.5 °C).  
It was found that the OFET memories showed strong temperature dependence. The 
performance degradations, including the memory windows and the retention characteristics, 
could be observed at both high and low temperatures. The degradations of the OFET 
memories at 60 °C, 80 °C and  −78.5 °C were attributed to both the less electrons trapped by 
the PMMA film and the easier release of the trapped electrons from the PMMA film, which 
is caused by the lower crystallinity of pentacene film and the larger contact area between 
pentacene film and PMMA film, respectively.

Keywords: nonvolatile memory, organic field-effect transistors, temperature dependent, 
surface morphology

S  Online supplementary data available from stacks.iop.org/JPhysD/49/125104/mmedia

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

W Li et al

Printed in the UK

125104

JPAPBE

© 2016 IOP Publishing Ltd

2016

49

J. Phys. D: Appl. Phys.

JPD

0022-3727

10.1088/0022-3727/49/12/125104

Paper

12

Journal of Physics D: Applied Physics

IOP

0022-3727/16/125104+7$33.00

doi:10.1088/0022-3727/49/12/125104J. Phys. D: Appl. Phys. 49 (2016) 125104 (7pp)

mailto:iammdyi@njupt.edu.cn
mailto:iamlhxie@njupt.edu.cn
mailto:iamwhuang@njtech.edu.cn
http://stacks.iop.org/JPhysD/49/125104/mmedia
http://crossmark.crossref.org/dialog/?doi=10.1088/0022-3727/49/12/125104&domain=pdf&date_stamp=2016-02-23
publisher-id
doi
http://dx.doi.org/10.1088/0022-3727/49/12/125104


W Li et al

2

demonstrated such as floating-gate OFET memories [10, 11], 
polymer electret OFET memories [12, 13] and ferroelectric 
OFET memories [14]. Many efforts have been devoted to 
improving the performance of the OFET memories at room 
temperature, including memory window, on/off current ratio, 
endurance and retention properties [15–18], etc. However, 
memory performance could be affected by the operation 
temper ature [19–21], which is an unavoidable issue to achieve 
the practical application. Although many studies have been 
conducted to investigate the thermal stability of the OFETs 
[22–24], the invest igation on the temperature-dependent elec-
trical transport properties of the memories based on OFETs 
is still limited, and the corresp onding mechanism of the 
temperature-dependent effect on the memory performance 
remains unclear. In addition, there are some temperature 
requirements for the data storage and operation of thin-film 
memories. It is usually expected that the temper ature ranges 
of storage and operation are  −40 °C to 85 °C and  −20 °C to 
50 °C [25], respectively, but most researchers mainly focused 
on the effect of high temperature on device performance while 
neglecting the effect of low temper ature, which is insufficient 
to comprehensively understand the electrical transport proper-
ties of these memories. Since the charge transport and storage 
process of the OFET memories strongly depend on the fol-
lowing factors: (i) the properties of charge trapping layer, 
source/drain electrodes and organic active layer [13]; (ii) the 
interfaces including source-drain electrodes/organic active 
layer interface and organic active layer/charge trapping layer 
interface [26]. Therefore, a detailed study would contribute to 
fully understanding the origin of the temperature dependence 
of OFET memories.

In the paper, we studied the temperature-dependent elec-
trical transport properties of the OFET memories using 
PMMA film as a charge trapping layer at four different 
temper atures (20 °C, 60 °C, 80 °C and  −78.5 °C). In order 
to investigate the influence of the temperature effect on the 
memory performance of OFET memories, the pentacene film, 
the PMMA film, both Au/pentacene interface and pentacene/
PMMA interface were analyzed by atomic force microscope 
(AFM), x-ray diffraction (XRD) and ultraviolet photoelectron 

spectroscopy (UPS), respectively. Meanwhile, the mechanism 
on the thermal stability of the OFET memories was discussed 
in detail.

2. Experimental

The OFET memories were fabricated in bottom-gate and top-
contact configuration, as shown in the inset of figure 1(a). All 
the devices were fabricated on the heavily-doped Si wafer 
which served as the gate electrode with 300 nm-thick ther-
mally grown SiO2 on top. The substrates were cleaned in 
an ultrasonic bath with acetone and isopropanol for 5 min, 
respectively, and then dried in the oven at 100 °C after rinsing 
with deionized water. After the standard cleaning, the polymer 
electret layer was deposited on the SiO2/Si substrate by spin-
coating PMMA (Sigma-Aldrich, weight-average molecular 
weight MW  =  12 000) solution (in toluene) at 3000 rpm for 
1 min. Subsequently, the substrates were transferred in the 
oven to bake for 1 h at 100 °C in the air. After that, penta-
cene was deposited by thermal vacuum evaporation, which 
was employed as the active channel layer. Finally, the devices 
were completed by the formation of Au source and drain elec-
trodes through the metal shadow mask, of which the channel 
length (L) and channel width (W) were 100 um and 2000 μm, 
respectively. The electrical characteristics of the OFETs mem-
ories were measured with an Agilent B1500A semiconductor 
parameter analyzer under ambient conditions without any 
encapsulation. For the experiment focusing on the stability 
under high temperatures, the prepared devices were measured 
at 60 °C and 80 °C, respectively. For the experiment focusing 
on the stability under low temperature, the prepared device 
was put upon a glass petri dish that was filled up with dry ice, 
and the memory characteristics were measured under such 
low temperature condition. The thicknesses of Au, pentacene 
and PMMA films were measured by a Bruker Dektak XT 
stylus profiler and estimated to be 20 nm, 50 nm and 9.87 nm, 
respectively. The total capacitance for PMMA and SiO2 is 
11.1 nF cm−2. AFM was carried out with a Bruker Scan Asyst 
to analyze the surface morphology and roughness of the pen-
tacene films and PMMA films. The crystal structures of the 

Figure 1. (a) Transfer (left) and output curves of the memories with PMMA as a charge trapping layer. (Inset) Device configuration of 
OFET memories with PMMA as an electret layer. (b) Programming and erasing characteristics with programming voltage (VG  =  180 V, 
VDS  =    −30 V) and erasing voltage (VG  =  −200 V, VDS  =  −30 V). (c) The retention time of the saturation current at ON and OFF states.
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pentacene films were investigated by using XRD (Bruker D8 
advance). UPS was used for the measurement to the energy 
barrier between Au electrodes and the pentacene film, using a 
helium discharge lamp (Hel α  =  21.2 eV) and a hemispherical 
energy analyzer (Specs PHOIBOS 150).

3. Results and discussion

Figure 1(a) shows the representative output and transfer char-
acteristics of the OFET memories based on PMMA electrets 
at 20 °C. The memories showed typical p-type OFET behavior 
with obvious linear regime at lower source-drain voltage 
(VDS) and saturation regime at higher VDS, which indicated 
that holes were well accumulated in the conductive channel in 
the pentacene layer near the interface between the pentacene 
film and the PMMA electret layer. From the transfer curve, 
the carrier mobility (μ), threshold voltage (Vth) and ON/OFF 
current ratio were calculated to be 0.4 cm2 V−1s−1,−14.6 V 
and 106, respectively. Figure  1(b) shows the programming 
and erasing characteristics of the OFET memories at 20 °C. 
With the application of programming and erasing voltages at 
180 V and  −200 V for 1 s, respectively, the measured memory 
window was approximate 91 V when the VDS was kept at  −30 V. 
The memory window of the OFET memories was attributed 
to the trapping and de-trapping of the electrons in the PMMA 
electret layer, which was consistent with the memory mech-
anism of the previous reports [9, 27]. Figure 1(c) shows the 
retention characteristics of the OFET memories at 20 °C. The 
retention time was measured at VG  =  0 V which could avoid 
the instability caused by the gate bias stress and meanwhile 
reduce the electrical consumption of the devices. The reten-
tion time could be well maintained for at least 104 s with a 
high on/off current ratio of over 105, showing that the OFET 
memories at 20 °C had stable data storage capacity. The above 
electrical characteristics demonstrated that the OFET memo-
ries based on PMMA as a charge trapping layer had reliable 
memory performance at 20 °C, which were ideally suited to 
investigating the electrical transport properties of the OFET 
memories under different temperatures.

To study the temperature-dependent electrical transport 
properties of the OFET memories based on PMMA, we 
measured the electrical characteristics of the devices at high 

temperatures of 60 °C and 80 °C, and at a very low temper-
ature of  −78.5 °C. Figure  2(a) shows the programming 
and erasing characteristics of the OFETs memories at four  
different temperatures (20 °C, 60 °C, 80 °C and  −78.5 °C). 
When a programming voltage of 180 V was applied to the 
memories for 1 s with VDS maintained at  −30 V, the transfer 
curves of the OFET memories at four different temperatures 
all shifted to the positive direction. However, the shift in the 
transfer curve at 20 °C was more than that at 60 °C, 80 °C 
and  −78.5 °C, meaning that more electrons were trapped by 
the PMMA electret layer during the programming process  
at room temperature as compared to at 60 °C, 80 °C and   
−78.5 °C. After applying an erasing voltage of  −200 V for 1 s 
to the memories, the transfer curves of these OFET memo-
ries substanti ally returned closely to their initial states, which 
meant that those electrons trapped by the PMMA electret 
layer at four different temperatures all could be released and 
further combined with holes in the conductive channel. As a 
result, the different memory windows of the OFET memories 
at four different temperatures were obtained under the same 
programming/erasing voltage, which were 90.8 V (20 °C), 
82.3 V (60 °C), 80.1 V (80 °C) and 72.3 V (−78.5 °C), respec-
tively. Figure 2(b) shows the retention characteristics of the 
OFET memories at four different temperatures (20 °C, 60 °C, 
80 °C and  −78.5 °C). Compared to the ON states, the OFF 
states of the OFET memories exhibited stronger temperature 
depend ence. The OFF states currents at 80 °C and  −78.5 °C 
showed much more degradation than that of the memories at 
20 °C, showing that the trapped electrons in the PMMA elec-
tret layer at 80 °C and  −78.5 °C were very difficult to preserve 
and easily released under the same erasing voltage, while 
OFF state characteristics of the memories at 60 °C were quite 
stable, which was similar to the devices at 20 °C. In addition, 
the OFF state current at  −78.5 °C was increased by more than 
one order of magnitude than at 20 °C, while the OFF state cur-
rent at 80 °C was decreased by almost one order of magnitude 
than at 20 °C. To demonstrate the operating stabilities and 
reliabilities of the OFET memories at different temperatures, 
the bias stress on the OFETs at four different temperatures 
was measured [28], as shown in figure  S1 (stacks.iop.org/
JPhysD/49/125104/mmedia) in the supporting information. 
We also measured the transfer characteristics before and after 

Figure 2. (a) Programming and erasing characteristics with programming voltage (VG  =  180 V, VDS  =    −30 V) and erasing voltage 
(VG  =  −200 V, VDS  =    −30 V) at four different temperatures (20 °C, 60 °C, 80 °C and  −78.5 °C). (b) Retention characteristics at four 
different temperatures (20 °C, 60 °C, 80 °C and  −78.5 °C). (c) Gate leakage current at four different temperatures (20 °C, 60 °C, 80 °C 
and  −78.5 °C).
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the retention time and several switching cycles for each device, 
as shown in figures  S2 and S3, respectively. In these two 
cases, the shifts of Vth were relatively small compared to the 
large memory window of the OFET memories, showing that 
the OFET memories have high operating stabilities and reli-
abilities. Figure 2(c) shows the characteristics of gate leakage  
cur rents at different temperatures. For the devices measured 
at positive temperatures (20 °C, 60 °C and 80 °C), the current 
densities increased with the increase of temperatures, which 
agreed well with the results about the thermal conductivity 
of PMMA in the previous reports [29]. However, the device 
at  −78.5 °C showed the highest current density among these 
devices at different temperatures, which was not consistent 
with the variation trend. It should be noticed that our devices 
were measured in the ambient air, so the effect of oxygen and 
humidity should be considered. It has been demonstrated that 
pentacene OFETs are more sensitive towards humidity than 
oxygen [30]. In our experiments, the humidity (RH) of the 
ambient air was kept at 16–18%. Such humidity (<20%) had 
less effect on the devices measured at positive temperatures, 
but the humidity significantly increased on the device surface 
and further affected the devices measured at low temperature 
by diffusing into the grain boundaries of pentacene, leading 
to a high OFF state current [31, 32]. In contrast to the OFF 
states, the ON states of the OFET memories at four different 
temperatures showed a similar degradation tendency, meaning 
that the programming process would not be easily affected by 
the temperature effect. Therefore, we believe that the perfor-
mance degradation of the OFET memories at the high and low 

temperatures was attributed to the less electrons trapped by 
the PMMA electret layer, easier release of the trapped elec-
trons from the PMMA electret layer which were caused by the 
temperature effect as well as the humidity effect.

In order to investigate the influence of the temperature 
effect on the charge trapping and de-trapping process, AFM 
images of 50 nm pentacene film grown on PMMA/SiO2/Si 
substrate at four different temperatures (20 °C, 60 °C, 80 °C 
and  −78.5 °C) were characterized, as shown in figure 3. The 
pentacene films at both 20 °C and 60 °C were composed of 
grains with distinct terraces, which indicated the pentacene 
films of higher crystallinity, as shown in figures 3(a) and (b). 
However, the terraces of the grains, which were composed of 
pentacene films, became vague at 80 °C, and even completely 
disappeared at  −78.5 °C, as shown in figures  3(c) and (d), 
respectively. We considered that the decrease in the crystal-
linity of pentacene films at 80 °C was mainly attributed to 
the thermal degradation, while the decrease in the crystallinity 
of pentacene films at  −78.5 °C resulted from the thermally-
induced humidity effect. The crystallinity of pentacene films 
at four different temperatures were further confirmed by 
XRD, as shown in figure 3(e). The XRD spectra of pentacene 
films at four different temperatures all appeared as a series of 
patterns with (00k) peaks. High intensities can be observed at 
2θ  =  5.34  ±  0.02°, which diffracted from the thin-film phase 
of pentacene films [33, 34], showing that the crystalline struc-
ture of pentacene films was not affected by the temper ature 
effects. However, the diffracted intensities of pentacene films 
at 60 °C, 80 °C and  −78.5 °C were lower than that at 20 °C, the 

Figure 3. AFM images (5 μm  ×  5 μm) of pentacene thin films on PMMA layers after thermal annealing at (a) 20 °C, (b) 60 °C, (c) 80 °C 
and (d)  −78.5 °C. The insets show the corresponding 1 μm  ×  1 μm AFM images. (e) X-ray diffraction patterns of pentacene thin films 
after thermal annealing at 20 °C, 60 °C, 80 °C and  −78.5 °C. The thickness of the pentacene was 50 nm.
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variation of the diffracted intensity of pentacene films at four 
different temperatures was basically consistent with the ter-
race’s clarity of pentacene grains shown by the AFM images, 
further demonstrating that the crystallinity of pentacene films 
at 80 °C and  −78.5 °C were lower than that at 20 °C and 60 
°C. From the AFM and XRD results, it can be concluded that 
both the high temperature effect as well as the humidity effect 
resulting from low temperature had direct influences on the 
crystallinity rather than the crystal structure of pentacene 
films, and the crystallinity of pentacene films would decrease 
when the pentacene-based OFET memories were at both high 
and low temperatures. The lower crystallinity of pentacene 
films could generate a higher density of physical defects in the 
pentacene films, the Au/pentacene and the pentacene/PMMA 
interface, which could significantly affect charge injection, 
charge trapping and de-trapping during the memory process. 
Therefore, we believe that the performance degradations of 
the OFET memories at the lower and higher temperatures 
were related to the decreased crystallinity of pentacene films.

To further understand the effect of pentacene film crystal-
linity on the performance of the OFET memories, we meas-
ured the value of the total resistance on channel length of 
OFET memories at four different temperatures (20 °C, 60 °C, 
80 °C and  −78.5 °C), and the contact resistance (RC) between 
Au electrodes and pentacene films was obtained from the 
intercept by extrapolating the resistance line at various gate 
voltages (VG) to the zero channel length, as shown in figure 4. 
The RC of the OFET memories at four different temperatures 
(20 °C, 60 °C, 80 °C and  −78.5 °C) were 1.60 MΩ (20 °C), 
1.64 MΩ (60 °C), 1.66 MΩ (80 °C) and 1.72 MΩ (−78.5 °C), 
respectively. The variation of the RC matched well with the 
crystallinity of pentacene films at four different temperatures, 
that is, the RC increased as the crystallinity decreased. It was 
well known that the RC of the OFETs was related to both the 
interface and the energy barrier between the source/drain 
electrodes and organic semiconductor layers [35]. The UPS 
spectra was measured to study the energy barrier between Au 
electrodes and pentacene films at four different temperatures 
(20 °C, 60 °C, 80 °C and  −78.5 °C), as shown in figure S4 
of the supplementary information. From the UPS spectra, the 
energy barrier between Au electrodes and pentacene films at 
four different temperatures remained unchanged. Therefore, 
it can be concluded that the variation of the RC was mainly 

caused by the interface between Au electrodes and penta-
cene films which was affected by the crystallinity of penta-
cene films. As the crystallinity of pentacene films decreased, 
it would generate a high density of physical defects at the 
interface between Au electrodes and pentacene films which 
increased the RC, leading to a decrease in the hole-injection 
ability from Au electrodes to pentacene films. Thus the number 
of the electrons induced by the injected holes also reduced in 
the conductive channel between the pentacene film and the 
PMMA layer. As a result, compared to the OFET memories 
at 20 °C, less electrons were trapped by PMMA layers in the 
OFET memories at 60 °C, 80 °C and  −78.5 °C during the pro-
gramming process, resulting in smaller shifts of the transfer 
curves under the same programming voltage.

For the charge trapping OFET memories, the process of 
charge trapping and de-trapping mainly occurred between 
the active layer and the electret layer, so it was necessary to 
research the variation in their interfaces at different temper-
atures. The AFM images of 10 nm-thick pentacene film grown 
on PMMA/SiO2/Si substrate at four different temper atures 
(20 °C, 60 °C, 80 °C and  −78.5 °C) were measured, as shown 
in figures 5(a)–(d). It can be seen that there was no appreci-
able difference in the morphologies of 10 nm-thick pentacene 
films at high temperatures, and their films were composed 
of grains with distinct terraces, as shown in the insets  
of figures 5(a)–(d). However, compared to pentacene film at  
20 °C, the root-mean-square (rms) roughness of pentacene 
films at 60 °C and 80 °C exhibited decreases from 2.31 nm to 
2.29 and 2.25 nm, respectively. The pentacene film at  −78.5 °C 
showed different morphology, which consisted of very vague 
pentacene grains due to high humidity, and its corresponding 
rms roughness also decreased to 2.14 nm. Figures  5(e)–(h) 
show the AFM images of PMMA film grown on SiO2/Si 
substrate at four different temperatures (20 °C, 60 °C, 80 °C 
and  −78.5 °C), and the corresponding 3D AFM images of 
PMMA film are shown in figures 5(i)–(l). Compared to the 
PMMA film at high temperatures, the morph ology of PMMA 
film at  −78.5 °C obviously changed, and many small projec-
tions formed on the surface. Meanwhile, the rms roughness of 
PMMA film at four different temper atures was estimated to 
be 0.266 nm (20 °C), 0.266 nm (60 °C), 0.273 nm (80 °C) and 
0.277 nm (−78.5 °C), respectively. In view of the AFM results 
of 10 nm-thick pentacene films, it was found that the rms 

Figure 4. Plot of On resistance versus channel length for OFET memories with PMMA as a charge trapping layer at (a) 20 °C, (b) 60 °C, 
(c) 80 °C and (d)  −78.5 °C. The value of gate voltages varies from  −30 V to  −50 V in steps of 5 V.
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variation of pentacene films was opposite to that of the PMMA 
films at four different temper atures, which was mainly caused 
by the lower crystallinity of pentacene films on the rougher 
surface of PMMA film. Meanwhile, combined with the 3D 
AFM images of pentacene films and the PMMA films at four 
different temperatures (20 °C, 60 °C, 80 °C and  −78.5 °C), 
we can assume that the contact areas between pentacene films 
and PMMA films at 60 °C, 80 °C and  −78.5 °C were larger 
than that at 20 °C, which made it easier for charge transfer 
from PMMA films to pentacene films. That is, it was difficult 
to preserve the trapped electrons in the PMMA film due to the 
larger contact area, and the trapped electrons in the PMMA 
film could be more easily released and transferred to the pen-
tacene film under the same erasing voltage which resulted in 
more retention degradation in OFF states of OFET memories 
at 80 °C and  −78.5 °C than that of OFET memories at 20 °C.

4. Conclusions

The temperature-dependent electrical transport properties 
of the OFET memories based on PMMA as a charge trap-
ping layer were investigated at four different temperatures  
(20 °C, 60 °C, 80 °C and  −78.5 °C). It was found that the OFET 
memories at both high and low temperatures showed degra-
dations on memory performance compared to the devices at  
20 °C. The high gate leakage current at low temperature 

indicated that the devices may be affected by the humidity 
in ambient air. The AFM and XRD of pentacene films and 
PMMA films at four different temperatures revealed that the 
origins of the performance degradations of the OFET memo-
ries at both high and low temperatures were attributed to the 
lower crystallinity of pentacene film and the larger contact 
area between pentacene film and PMMA film, which resulted 
in less electrons being trapped by the PMMA film and an 
easier release of the trapped electrons from the PMMA film, 
respectively.

Acknowledgments

The project was supported by the National Basic Research  
Program of China (2012CB723402, 2015CB932200), National 
Natural Science Foundation of China (61475074, 61204095, 
61136003, 61377019, 61377019), National Science Fund for 
Excellent Young Scholars (21322402), Changjiang Scholars 
and Innovative Research Team in University(IRT_15R37), the 
Natural Science Foundation of the Education Committee of 
Jiangsu Province, China (14KJB510027), Synergetic Innova-
tion Center for Organic Electronics and Information Displays, 
A Project Funded by the Priority Academic Program Devel-
opment of Jiangsu Higher Education Institutions (PAPD), the 
Research Fund for Postgraduate Innovation Project of Jiangsu 
Province (CXZZ13_0475).

Figure 5. AFM images (5 μm  ×  5 μm) of 10 nm-thick pentacene films on the PMMA layer after thermal annealing at (a) 20 °C, (b) 60 °C, 
(c) 80 °C and (d)  −78.5 °C. The insets show the corresponding 1 μm  ×  1 μm AFM images. AFM images (5 μm  ×  5 μm) of the PMMA 
layer after thermal annealing at (e) 20 °C, (f) 60 °C, (g) 80 °C and (h)  −78.5 °C. 3D AFM images (1 μm  ×  1 μm) of the PMMA layer after 
thermal annealing at (i) 20 °C, ( j) 60 °C, (k) 80 °C and (l)  −78.5 °C.

J. Phys. D: Appl. Phys. 49 (2016) 125104



W Li et al

7

References

 [1] Wang Q, Ding J, Ma D, Cheng Y, Wang L, Jing X and Wang F 
2009 Adv. Funct. Mater. 19 84–95

 [2] Zhang Q S, Li B, Huang S P, Nomura H, Tanaka H and 
Adachi C 2014 Nat. Photon. 8 326–32

 [3] Yi M, Guo Y, Guo J, Yang T, Chai Y, Fan Q, Xie L and 
Huang W 2014 J. Mater. Chem. C 2 2998–3004

 [4] Sirringhaus H 2014 Adv. Mater. 26 1319–35
 [5] Kim J Y, Lee K, Coates N E, Moses D, Nguyen T Q, Dante M 

and Heeger A J 2007 Science 317 222–5
 [6] You J B et al 2013 Nat. Commun. 4 1446
 [7] Sekitani T, Yokota T, Zschieschang U, Klauk H, Bauer S, 

Takeuchi K, Takamiya M, Sakurai T and Someya T 2009 
Science 326 1516–9

 [8] Guo Y, Di C, Ye S, Sun X, Zheng J, Wen Y, Wu W, Yu G and 
Liu Y 2009 Adv. Mater. 21 1954–9

 [9] Baeg K J, Khim D, Kim J, Yang B D, Kang M, Jung S W, 
You I K, Kim D Y and Noh Y Y 2012 Adv. Funct. Mater. 
22 2915–26

 [10] Du Z Z et al 2013 RSC Adv. 48 25788–91
 [11] Kim S J and Lee J S 2010 Nano Lett. 10 2884–90
 [12] Chou Y H, Chang H C, Liu C L and Chen W C 2015 Polym. 

Chem. 6 341–52
 [13] Baeg K J, Noh Y Y, Ghim J, Lim B and Kim D Y 2008  

Adv. Funct. Mater. 18 3678–85
 [14] Naber R C G, Tanase C, Blom P W M, Gelinck G H, 

Marsman A W, Touwslager F J, Setayesh S and 
de Leeuw D M 2005 Nat. Mater. 4 243–8

 [15] Wang W, Shi J and Ma D 2009 IEEE Trans. Electron Devices 
56 1036–9

 [16] She X J, Liu C H, Sun Q J, Gao X and Wang S D 2012  
Org. Electron. 13 1908–15

 [17] Tseng C W, Huang D C and Tao Y T 2013 ACS Appl. Mater. 
Interfaces 5 9528–36

 [18] Zhou Y, Han S T, Sonar P and Roy V A L 2013 Sci. Rep. 
3 2319

 [19] Ren X C, Wang S M, Leung C W, Yan F and Chan P K L 2011 
Appl. Phys. Lett. 99 043303

 [20] Li T K, Hsu S T and Ulrich B D 2003 IEEE Trans. Electron 
Devices 50 2280–5

 [21] Taylor D J, Jones R E, Zurcher P, Chu P, Lii Y T, Jiang B and 
Gillespie S J 1996 Appl. Phys. Lett. 68 2300–2

 [22] Letizia J A, Rivnay J, Facchetti A, Ratner M A and Marks T J 
2010 Adv. Funct. Mater. 20 50–8

 [23] Horowitz G, Hajlaoui M E and Hajlaoui R 2000 J. Appl. Phys. 
87 4456–63

 [24] Podzorov V, Menard E, Borissov A, Kiryukhin V, Rogers J A 
and Gershenson M E 2004 Phys. Rev. Lett. 93 086602

 [25] Heremans P, Gelinck G H, Muller R, Baeg K J, Kim D Y and 
Noh Y Y 2011 Chem. Mater. 23 341–58

 [26] Sangeeth C S S, Stadler P, Schaur S, Sariciftci N S and 
Menon R 2010 J. Appl. Phys. 108 113703

 [27] Shang L W, Ji Z Y, Wang H, Chen Y P, Liu X, Han M X and 
Liu M 2011 IEEE Electron. Device Lett. 32 1451–3

 [28] Rudtsch S and Hammerschmidt U 2004 Int. J. Thermophys. 
25 1475–82

 [29] Debucquoy M, Verlaak S, Steudel S, Myny K, Genoe J and 
Heremans P 2007 Appl. Phys. Lett. 91 103508

 [30] Zhu Z T, Mason J T, Dieckmann R and Malliaras G G 2002 
Appl. Phys. Lett. 81 4643–5

 [31] Qiu Y, Hu Y, Dong G, Wang L, Xie J and Ma Y 2003  
Appl. Phys. Lett. 83 1644–6

 [32] Li D, Borkent E J, Nortrup R, Moon H, Katz H and Bao Z 
2005 Appl. Phys. Lett. 86 042105

 [33] Dimitrakopoulos C D, Brown A R and Pomp A 1996 J. Appl. 
Phys. 80 2501–8

 [34] Lin Y Y, Gundlach D I, Nelson S F and Jackson T N 1997 
IEEE Trans. Electron Devices 44 1325–31

 [35] Di C, Liu Y, Yu G and Zhu D 2009 Acc. Chem. Res. 
42 1573–83

J. Phys. D: Appl. Phys. 49 (2016) 125104

http://dx.doi.org/10.1002/adfm.200800918
http://dx.doi.org/10.1002/adfm.200800918
http://dx.doi.org/10.1002/adfm.200800918
http://dx.doi.org/10.1038/nphoton.2014.12
http://dx.doi.org/10.1038/nphoton.2014.12
http://dx.doi.org/10.1038/nphoton.2014.12
http://dx.doi.org/10.1039/c3tc32460e
http://dx.doi.org/10.1039/c3tc32460e
http://dx.doi.org/10.1039/c3tc32460e
http://dx.doi.org/10.1002/adma.201304346
http://dx.doi.org/10.1002/adma.201304346
http://dx.doi.org/10.1002/adma.201304346
http://dx.doi.org/10.1126/science.1141711
http://dx.doi.org/10.1126/science.1141711
http://dx.doi.org/10.1126/science.1141711
http://dx.doi.org/10.1038/ncomms2411
http://dx.doi.org/10.1038/ncomms2411
http://dx.doi.org/10.1126/science.1179963
http://dx.doi.org/10.1126/science.1179963
http://dx.doi.org/10.1126/science.1179963
http://dx.doi.org/10.1002/adma.200802430
http://dx.doi.org/10.1002/adma.200802430
http://dx.doi.org/10.1002/adma.200802430
http://dx.doi.org/10.1002/adfm.201200290
http://dx.doi.org/10.1002/adfm.201200290
http://dx.doi.org/10.1002/adfm.201200290
http://dx.doi.org/10.1039/c3ra43819h
http://dx.doi.org/10.1039/c3ra43819h
http://dx.doi.org/10.1039/c3ra43819h
http://dx.doi.org/10.1021/nl1009662
http://dx.doi.org/10.1021/nl1009662
http://dx.doi.org/10.1021/nl1009662
http://dx.doi.org/10.1039/C4PY01213E
http://dx.doi.org/10.1039/C4PY01213E
http://dx.doi.org/10.1039/C4PY01213E
http://dx.doi.org/10.1002/adfm.200800378
http://dx.doi.org/10.1002/adfm.200800378
http://dx.doi.org/10.1002/adfm.200800378
http://dx.doi.org/10.1038/nmat1329
http://dx.doi.org/10.1038/nmat1329
http://dx.doi.org/10.1038/nmat1329
http://dx.doi.org/10.1109/TED.2009.2016031
http://dx.doi.org/10.1109/TED.2009.2016031
http://dx.doi.org/10.1109/TED.2009.2016031
http://dx.doi.org/10.1016/j.orgel.2012.05.051
http://dx.doi.org/10.1016/j.orgel.2012.05.051
http://dx.doi.org/10.1016/j.orgel.2012.05.051
http://dx.doi.org/10.1021/am4023253
http://dx.doi.org/10.1021/am4023253
http://dx.doi.org/10.1021/am4023253
http://dx.doi.org/10.1038/srep02319
http://dx.doi.org/10.1038/srep02319
http://dx.doi.org/10.1063/1.3617477
http://dx.doi.org/10.1063/1.3617477
http://dx.doi.org/10.1109/TED.2003.818820
http://dx.doi.org/10.1109/TED.2003.818820
http://dx.doi.org/10.1109/TED.2003.818820
http://dx.doi.org/10.1063/1.116170
http://dx.doi.org/10.1063/1.116170
http://dx.doi.org/10.1063/1.116170
http://dx.doi.org/10.1002/adfm.200900831
http://dx.doi.org/10.1002/adfm.200900831
http://dx.doi.org/10.1002/adfm.200900831
http://dx.doi.org/10.1063/1.373091
http://dx.doi.org/10.1063/1.373091
http://dx.doi.org/10.1063/1.373091
http://dx.doi.org/10.1103/PhysRevLett.93.086602
http://dx.doi.org/10.1103/PhysRevLett.93.086602
http://dx.doi.org/10.1021/cm102006v
http://dx.doi.org/10.1021/cm102006v
http://dx.doi.org/10.1021/cm102006v
http://dx.doi.org/10.1063/1.3517085
http://dx.doi.org/10.1063/1.3517085
http://dx.doi.org/10.1109/LED.2011.2162218
http://dx.doi.org/10.1109/LED.2011.2162218
http://dx.doi.org/10.1109/LED.2011.2162218
http://dx.doi.org/10.1007/s10765-004-5752-y
http://dx.doi.org/10.1007/s10765-004-5752-y
http://dx.doi.org/10.1007/s10765-004-5752-y
http://dx.doi.org/10.1063/1.2777177
http://dx.doi.org/10.1063/1.2777177
http://dx.doi.org/10.1063/1.1527233
http://dx.doi.org/10.1063/1.1527233
http://dx.doi.org/10.1063/1.1527233
http://dx.doi.org/10.1063/1.1604193
http://dx.doi.org/10.1063/1.1604193
http://dx.doi.org/10.1063/1.1604193
http://dx.doi.org/10.1063/1.1852708
http://dx.doi.org/10.1063/1.1852708
http://dx.doi.org/10.1063/1.363032
http://dx.doi.org/10.1063/1.363032
http://dx.doi.org/10.1063/1.363032
http://dx.doi.org/10.1109/16.605476
http://dx.doi.org/10.1109/16.605476
http://dx.doi.org/10.1109/16.605476
http://dx.doi.org/10.1021/ar9000873
http://dx.doi.org/10.1021/ar9000873
http://dx.doi.org/10.1021/ar9000873

