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 Flexible Low-Voltage Organic Transistors with High 
Thermal Stability at 250  ° C  
 Recently, organic thin-fi lm transistors (TFTs) have attracted 
considerable attention in next-generation electronic applica-
tions such as fl exible displays, [  1–3  ]  large-area sensors, [  4–7  ]  and 
radio-frequency identifi cation tags. [  8  ,  9  ]  Organic TFTs possess 
many advantages such as large area, low cost, and mechanical 
fl exibility. They can be fabricated on plastic fi lms using a solu-
tion process such as a printing method. [  10  ,  11  ]  Owing to recent 
efforts, the fi eld-effect mobilities of the best organic TFTs now 
exceed 10 cm 2  V  − 1  s  − 1 , [  12  ,  13  ]  and the operation voltage can be as 
low as 1 V. [  14  ,  15  ]  

 The possibility for extension to new applications requires 
improvements in the stability of organic transistors. In par-
ticular, thermal stability has been one of the major unresolved 
issues because organic semiconductors are decomposed and/
or sublimed at signifi cantly lower temperatures than inor-
ganic semiconductors. [  16  ]  Their thermal stability is known to be 
improved by appropriate encapsulation layers. Indeed, organic 
transistors with an encapsulation layer comprising parylene 
and metal thin fi lms retain their electronic functionality even 
after exposure to temperatures as high as 140  ° C, and these 
transistors are sterilizable. [  17  ]  By using a heat-resistant BTBT 
derivative, we found that the organic transistors were func-
tional with a thermal load of up to 150  ° C. [  18  ]  In order to extend 
brand new applications of fl exible electronics, it is important to 
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improve the thermal stability of organic transistors with good 
electronic properties including high mobility and low operating 
voltage. 

 In this study, we fabricated heat-resistant and fl exible organic 
TFTs with a 2 V operating voltage using a self-assembled mono-
layer (SAM) as a gate dielectric and a very stable material, 
namely, DPh-DNTT, [  19  ]  as an organic semiconductor. The fabri-
cated organic transistors exhibited a mobility of 1.6 cm 2  V  − 1  s  − 1  
under a 2 V operating voltage, after heating without a passivation 
layer to a temperature of 250  ° C for 30 min in the atmosphere. 
The fi eld-effect mobility decreased by no more than 20% upon 
heating the TFTs to a temperature of 250  ° C. Furthermore, we 
fabricated pseudo-CMOS inverters, [  20  ,  21  ]  which exhibited good 
characteristics with a signal gain of 100 after heating to 200  ° C 
for 1 h in the atmosphere. In addition, we fabricated a top contact 
geometry organic transistor using a subfemtoliter inkjet. [  22–24  ]  
The fabricated transistor exhibited a mobility of 1.9 cm 2  V  − 1  s  − 1  
with a channel length of 70  μ m. This value is almost identical 
to that of a transistor with evaporated source and drain elec-
trodes. The sintering condition of the printed electrode is 3 h at 
120  ° C, and applying a sintering process of 100  ° C or more was 
shown to be possible. 

 The TFTs and integrated circuits were manufactured on 
75- μ m-thick polyimide fi lms. First, 25-nm-thick aluminum gate 
electrodes were deposited through a shadow mask onto the sub-
strates. The aluminum surface was exposed to oxygen plasma 
to form a 4-nm-thick aluminum oxide (AlO x ) layer. The plasma 
power was 300 W, and the duration of the plasma treatment 
was 5 min. Then, the substrates were dipped for 16 h in a 2-pro-
panol solution containing 5 mM of n-tetradecylphosphonic acid 
to form an SAM on the surface of the AlO x  layer. [  25  ,  26  ]  Thus, 
the AlO x /SAM gate dielectric had a total thickness of 6 nm and 
a capacitance per unit area of 700 nF cm  − 2 , which allowed the 
transistors and the circuits to operate at a voltage of 2 V. After 
forming the gate dielectric, a 30-nm-thick fi lm of the diphenyl 
derivatives of dinaphtho[2,3- b :2 ′ ,3 ′ - f ]thieno[3,2- b ]thiophene 
(DPh-DNTT) was deposited in vacuum through a shadow mask 
onto the gate dielectric as the organic semiconductors for the 
p-channel TFTs. Finally, gold was deposited onto the organic 
semiconductors as source and drain electrodes by vacuum 
evaporation. A schematic illustration of the TFT cross-section 
and a photograph are shown in  Figure    1  . The channel width 
and length are 1,000 and 40  μ m, respectively.    

 Figure 2  (a) shows the transfer characteristics of the 
DPh-DNTT TFTs. The transistors exhibited high mobility 
(2.0 cm 2  V  − 1  s  − 1 ), large on/off ratios ( > 10 5 ), and small gate 
leakage currents ( < 1 nA). The hysteresis effects were negligibly 
bH & Co. KGaA, Weinheim 3639wileyonlinelibrary.com
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     Figure  1 .     Structure and microscopy images of the organic transistors. (a) Schematic cross-
section of the organic TFTs with patterned Al gates, ultrathin AlO x /SAM gate dielectric, vac-
uum-deposited DPh-DNTT as a semiconductor, and Au source/drain contacts. The channel 
length and width are 40  μ m and 1,000  μ m, respectively. (b) Optical microscope image of the 
DPh-DNTT transistor. (c) Chemical structure of the organic semiconductor DPh-DNTT and 
n-tetradecylphosphonic acid (C14-SAM). (d) Transfer characteristics of the DPh-DNTT TFTs. 
(e) Output characteristics of the DPh-DNTT TFT.  
small. The output characteristics of the DPh-DNTT TFT are 
shown in Figure  2 (b), which shows good saturation of the drain 
current.  

 Next, we measured the thermal stability of the TFTs. All 
electrical measurements and the heating process were car-
ried out in ambient air. We measured the electrical charac-
teristics at 30  ° C after heating to various temperatures; the 
target heating temperature was varied from 40  ° C to 300  ° C 
in steps of 10  ° C.  Figure    3   shows the transfer characteristics 
after heating. In this experiment, we measured the thermal sta-
bility for two types of DNTT derivatives, namely, DPh-DNTT 
and 2,9-didecyldinaphtho[2,3- b :20,30- f ]thieno[3,2- b ]thiophene 
(C10-DNTT). [  19  ]  Figure  2  shows that the threshold voltage of 
40 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
the DPh-DNTT TFTs shifted more toward 
the negative direction with an increase in the 
temperature. However, the change in 
mobility was very small [Figure  2 (a)]. On the 
other hand, the mobility of the C10-DNTT 
TFTs degraded gradually after heating above 
70  ° C [Figure  2 (b)].  

 The mobilities and threshold voltages of 
both the DPh-DNTT and C10-DNTT TFTs 
are shown in Figure  2 (c) as functions of 
the temperature stress. The mobility of the 
C10-DNTT TFTs decreased by 45% when 
heated to 70  ° C. By contrast, the DPh-DNTT 
TFTs exhibited a high mobility of 1.6 cm 2  V  − 1  s  − 1  
after heating to 250  ° C, and the change in 
mobility was as small as 23%. This experi-
ment demonstrated that DPh-DNTT TFTs are 
signifi cantly more stable at elevated tempera-
tures than the C10-DNTT TFTs. Furthermore, 
the thermal stability of 15 DPh-DNTT TFT 
devices is shown in Figure S1. The mobility 
changed by approximately 17% after heating 
to 240  ° C, and the threshold voltage gradu-
ally shifted toward the negative direction with 
an increase in temperature. The shift in the 
threshold voltage observed in this experiment 
is consistent with that presented in the pre-
vious report and can be ascribed mainly to a 
reduction in the number of charge trap sites 
originating from thermal stimulation. [  17  ,  26  ,  27  ]  

 Furthermore, we evaluated the effects of 
the heating duration at 100  ° C and 200  ° C. 
Figure S2 shows the mobility and threshold 
voltage of the transistors after heating. In this 
fi gure, the red and the blue dots represent the 
characteristics of the transistor after heating 
at 100  ° C and 200  ° C, respectively. The 
mobility was changed by 3% and 14% after 
annealing for 2 hours at 100  ° C and 200  ° C, 
respectively. Additionally, the threshold 
voltage was shifted–0.2 V and –1.2 V after 
annealing for 2 hours at 100  ° C and 200  ° C, 
respectively. 

 In order to evaluate the thermal stability 
of the molecules of organic semiconduc-
tors, DPh-DNTT and C10-DNTT, we used 
differential scanning calorimetry (DSC) (Shimadzu, DSC-60) 
and thermal gravimetric analysis (TGA) (Shimadzu, TGA-50). 
Figure S3 shows the DSC of the DPh-DNTT and C10-DNTT. 
When the DSC was run from 25  ° C to 300  ° C, DPh-DNTT did 
not show a peak, whereas two peaks were observed in C10-
DNTT, as shown in the Figure S3. The endothermic peaks at 
118  ° C and 227  ° C corresponded to the phase transition and the 
melting of the compound, respectively. The exothermic peak 
at 250  ° C corresponded to the material decomposition. These 
results are similar to those obtained for the oligothiophene 
group, where phenyl-substituted compounds exhibit better 
thermal stability than alkyl-substituted compounds. [  28  ,  29  ]  Figure 
S4 shows the TGA for DPh-DNTT and C10-DNTT. The weight 
inheim Adv. Mater. 2013, 25, 3639–3644
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     Figure  2 .     Electrical characteristics after heating. (a) Transfer curves of a C10-DNTT TFT after heating in air. For each measurement, the TFT was heated 
to the indicated temperature and then allowed to cool to 30  ° C for the measurement. The heating temperatures were varied from 40  ° C to 300  ° C. The 
black line represents the transfer curve obtained before heating (to 30  ° C). The other transfer curves were obtained at 30  ° C after heating to (blue) 
70  ° C, (green) 100  ° C, (orange) 150  ° C, (purple) 200  ° C, and (red) 250  ° C. (b) Transfer curves of the DPh-DNTT TFT after heating in air. The black line 
represents the transfer curve obtained before heating (to 30  ° C). The other transfer curves were obtained at 30  ° C after heating to (blue) 70  ° C, (green) 
100  ° C, (orange) 150  ° C, (purple) 200  ° C, and (red) 250  ° C. (c) Field-effect mobility of the (red solid squares) DPh-DNTT and (black solid circles) C10-
DNTT TFTs as a function of the heating temperature. The mobilities were extracted from the measurements performed at 30  ° C. (d) Threshold voltages 
of the (red solid squares) DPh-DNTT and (black solid circles) C10-DNTT TFTs as functions of the heating temperature.  
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of both the materials is almost constant when the temperature 
is below 200  ° C. These results indicate that the decrease in the 
electrical characteristics was not induced by chemical degrada-
tion but instead by physical degradation, such as a change in 
the shape of the grains. 

 Next, the surface morphologies of the C10-DNTT and DPh-
DNTT fi lms after the high-temperature steps were character-
ized by atomic force microscopy (AFM) and shown in Figure 
S5. In the C10-DNTT, heating to 100  ° C caused a slight change 
in the morphology, and heating to 150  ° C resulted in a rough 
surface and poor edges on the C10-DNTT grains. This result 
was consistent with the electrical characteristics. By contrast, 
the grain size of DPh-DNTT became larger after heating above 
150  ° C. Then, the edges of the grain became poor, and the sur-
face became rough over 250  ° C. This result was consistent with 
the electrical characteristics of the DPh-DNTT TFTs. 

 X-ray diffraction (XRD) measurements were carried out for 
DPh-DNTT fi lms using Cu–K α  X-ray radiation ( λ   =  1.541 Å) 
(Figure  3 ). The out-of-plane and in-plane XRD spectra are shown 
in Figures  3 (a) and (b) and Figures  3 (c) and (d), respectively, 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 3639–3644
using a 2 θ  scanning range for the out-of-plane measurements 
from 3 °  to 4 °  and from 15 °  to 30 °  for the in-plane measure-
ments. The grazing angle of the in-plane measurement was 0.2 °  
from the surface of the DPh-DNTT thin fi lm. The out-of-plane 
XRD spectra [Figure  3 (a) and (b)] show a single Bragg refl ection 
peak at 2 θ   =  3.5 ° , and this Bragg refl ection peak corresponds to 
the (001)  d -spacing of the DPh-DNTT. This peak shifted slightly 
toward larger diffraction angles after heating above 70  ° C, and it 
converged to 2 θ   =  3.6 °  after heating above 200  ° C. Furthermore, 
the peak intensity gradually increased. These phenomena were 
consistent with the grain size of the DPh-DNTT [Figure S2(b)]. 
The in-plane XRD spectra of the DPh-DNTT [Figures  3 (c) 
and (d)] showed three diffraction peaks. In comparison with 
the X-ray crystallography of the DNTT [  30  ,  31  ]  and pentacene, [  32  ]  
which has a similar crystal structure to DPh-DNTT, we found 
that these three unique peaks in the in-plane XRD spectra corre-
sponded to the (110), (020), and (120) lattice planes of the DPh-
DNTT. The diffraction peaks at 2 θ   =  18 ° , 23 ° , and 27 °  in the 
in-plane XRD spec-tra were almost constant after heating. This 
result using XRD was consistent with the result of the thermal 
3641wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     XRD spectra of DPh-DNTT fi lms. The structure for the XRD characterization is a 30-nm-thick DPh-DNTT. The samples had no encapsulation, 
and oxidized silicon substrates were used. The XRD measurements were carried out at room temperature. (a) Out-of-plane XRD spectra of a DPh-
DNTT fi lm before and after heating. (b) Diffraction angle of the (001) peak obtained from the out-of-plane XRD spectra as a function of the heating 
temperature. (c) In-plane XRD spectra of a DPh-DNTT fi lm before and after heating. The peaks at 18 ° , 23 ° , and 27 °  correspond to the (110), (020), and 
(120) lattice planes, respectively. (d) Diffraction angles of the (black circle) (110), (gray circle) (020), and (black triangle) (120) peaks obtained from 
the in-plane XRD spectra as a function of the heating temperature.  
stability of the electrical measurement for DPh-DNTT TFTs. 
Then, we measured the XRD spectra of the C10-DNTT fi lms 
(Figure S6). All the diffraction peaks are stable below 200  ° C; 
however, the peaks change above 200  ° C. 

 We fabricated pseudo-CMOS inverter circuits using DPh-
DNTT TFTs. The transfer characteristics of the pseudo-CMOS 
inverter are shown in Figure S7. We also measured the transfer 
characteristics before and after heating to 200  ° C for 1 h in the 
atmosphere. The heated inverter was functional and exhibited 
a large gain, which decreased from 300 to 100 after heating 
(Figure S8) because the threshold voltage shifted in the nega-
tive direction. [  20  ]  

 Finally, we fabricated top-contact organic TFTs using a sub-
femtoliter inkjet. [  22–24  ]  Silver nanoparticle inks were printed to 
form the source and drain electrodes and sintered at 120  ° C 
for 3 h in nitrogen. The printed lines had a resistivity of 
approximately 20  μ  Ω  · cm, which was suffi ciently low for the 
source and drain contacts of the organic TFTs.  Figure    4   shows 
the electrical characteristics of the fabricated transistors. The 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
transistors with a channel length of 70  μ m exhibited a high 
mobility of 1.9 cm 2  V  − 1  s  − 1 . This value is almost identical to that 
of the transistor with evaporated source and drain electrodes. 
This result clearly demonstrated that a high-temperature pro-
cess can be applied during fabrication, without causing signifi -
cant damage to the devices. Additionally, the threshold voltage 
of the transistor is approximately –0.3 V. The silver nanoparticle 
inks contain some organic materials; thereby, the work func-
tion of the printed nanoparticles easily became larger than that 
of bulk silver. [  33  ,  34  ]  For this reason, the threshold voltage shifted 
in the negative direction as compared with that of the evapo-
rated Au electrode. Then, we fabricated a short channel of an 
organic transistor with a channel length of 1  μ m. The mobility 
of this transistor was approximately 0.2 cm 2  V  − 1  s  − 1 . Although 
this value is lower than the mobility of the long-channel device 
owing to the contact resistance, it has high mobility in short-
channel devices. [  23  ,  35  ,  36  ]  The sintering condition of the printed 
electrode was 3 h at 120  ° C; thus, applying a sintering process 
at 100  ° C or more was shown to be possible.   
bH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 3639–3644
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     Figure  4 .     Transfer characteristics of the DPh-DNTT TFTs with fi ne-printed 
electrodes. The solid and dotted lines represent the transistors with 
channel lengths of 70 and 1  μ m, respectively.  
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Supporting information 

 

Figure S1. Threshold voltages and normalized mobilities of 15 DPh-DNTT TFTs as a 

function of the heating temperature. The red and blue solid circles show the mobility and 

threshold voltage of the DPh-DNTT TFTs, respectively. 
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Figure S2. Threshold voltages and normalized mobilities of DPh-DNTT TFTs as a function 

of the heating time. The red and blue lines represent the heating temperatures of 100 °C and 

200 °C, respectively. 
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Figure S3. DSC trace of DPh-DNTT and C10-DNTT. 
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Figure S4. TGA trace of DPh-DNTT and C10-DNTT. 
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Figure S5. AFM images of the C10-DNTT and DPh-DNTT films after heating. (a) AFM 

images of the C10-DNTT films on the AlOx/SAM gate dielectric heated to temperatures of 30, 

50, 100, 150, 200, and 250 °C. (b) AFM images of the DPh-DNTT films on the AlOx/SAM 

gate dielectric heated to temperatures of 30, 50, 100, 150, 200, 250, and 300 °C. The scan size 

is 2.5 m. 
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Figure S6. XRD spectra of C10-DNTT films. The structure for the XRD characterizations is 

a 30-nm-thick C10-DNTT. The samples had no encapsulation, and oxidized silicon substrates 

were used. The XRD measurements were carried out at room temperature. (a) Out-of-plane 

XRD spectra of a C10-DNTT film before and after heating. (b) Diffraction angle of the (001) 

peak obtained from the out-of-plane XRD spectra as a function of the heating temperature. (c) 

In-plane XRD spectra of a C10-DNTT film before and after heating. The peaks at 19°, 23°, 

and 27° correspond to the (110), (020), and (120) lattice planes, respectively. (d) Diffraction 

angles of the (black) (110), (red) (020), and (blue) (120) peaks obtained from the in-plane 

XRD spectra as a function of the heating temperature. 
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Figure S7. Pseudo-CMOS inverter characteristics. (a) Circuit diagram of an organic pseudo-

CMOS inverter. This circuit contains only four p-type organic transistors. (b) Output voltage 

and signal gain as functions of driving voltage (VDD) with VSS of 0 V. (c) Output voltage and 

signal gain as functions of VSS with VDD of 2 V. 
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Figure S8. Pseudo-CMOS inverter characteristics. The black and gray lines represent the 

characteristics before and after heating to 200 °C for 1 h. (a) Output characteristics with a VDD 

of 2 V and a VSS of –1 V before and after heating to 200 °C for 1 h. (c) Signal gain before and 

after heating to 200 °C for 1 h. 
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