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in a unipolar design based entirely on p-channel TFTs. [ 9,16,17 ]  
However, in terms of noise margin and power consumption, 
the integration of p-channel and n-channel TFTs into comple-
mentary circuits is expected to provide signifi cant advantages 
over unipolar circuits. [ 18,19 ]  But since the performance of even 
the best organic n-channel TFTs is still notably inferior to that 
of organic p-channel TFTs, the choice of the semiconductor for 
the n-channel TFTs in complementary circuits is even more 
crucial than that for the p-channel TFTs. 

 Among the very few organic semiconductors that have 
shown carrier mobilities greater than 1 cm 2 /Vs in n-channel 
TFTs operated in ambient air [ 20 ]  is the small-molecule mate-
rial Polyera ActivInk N1100 (PTCDI-(CN) 2 -(CH 2 C 3 F 7 ) 2 ). [ 21–23 ]  In 
addition to an exceptionally large electron mobility, N1100 also 
provides very good long-term stability in ambient air. [ 24 ]  The 
N1100 molecule consists of a perylene tetracarboxylic diimide 
(PTCDI) core equipped with cyano substituents at the bay posi-
tions and fl uoroalkyl substituents at the imide positions. These 
strongly electronegative substituents have benefi cial effects 
on the material’s packing density, electron mobility and air 
stability. Interestingly, the largest mobilities reported for thin 
fi lms of ActivInk N1100 were obtained in TFTs in which the 
gate-dielectric surface had been modifi ed with a self-assembled 
monolayer (SAM) based on a fl uoroalkyl silane [ 23 ]  or a fl uoro-
alkyl phosphonic acid [ 24 ]  prior to the semiconductor deposition. 
This is unusual, as most organic semiconductors show better 
performance when deposited onto alkyl SAMs. [ 25–27 ]  The fact 
that ActivInk N1100 displays a preference for fl uoroalkyl SAMs 
is possibly related to specifi c interactions between the fl uoro-
alkyl substituents of ActivInk N1100 and the fl uoroalkyl sub-
stituents of the gate-dielectric SAM. Such specifi c interactions 
between the fl uorine substituents of organic semiconductors 
and SAMs have been observed and discussed previously. [ 28,29 ]  

 Assuming that the semiconductor chosen for the n-channel 
TFTs shows better performance on fl uoroalkyl SAMs than on 
alkyl SAMs (as mentioned above for ActivInk N1100), while the 
semiconductor for the p-channel TFTs performs better on alkyl 
SAMs (as will be shown below for DNTT, DPh-DNTT and C 10 -
DNTT), an interesting question arises, namely which approach 
regarding the choice of the SAM will provide the highest-
performing complementary circuits. An obvious strategy is to 
modify the gate dielectric of the p-channel TFTs with an alkyl 
SAM and that of the n-channel TFTs with a fl uoroalkyl SAM 
in order to obtain the best performance for all TFTs, but this 
requires the selective deposition of different SAMs on the same 

  The organic semiconductor DNTT (dinaphtho-[2,3-b:2′,3′-f ]
thieno[3,2-b]thiophene) [ 1 ]  and its didecyl- and diphenyl deriva-
tives C 10 -DNTT [ 2 ]  and DPh-DNTT [ 3 ]  have recently demon-
strated great potential for the realization of high-performance 
p-channel thin-fi lm transistors (TFTs), with charge-carrier 
mobilities close to 10 cm 2 /Vs, [ 4–6 ]  small parasitic contact resist-
ances [ 5–7 ]  and exceptional air stability. [ 3,8 ]  In addition, it has been 
found that the carrier mobility in vacuum-deposited fi lms of 
these small-molecule thienoacenes is not signifi cantly affected 
by the substrate roughness, so that TFTs and circuits based on 
these semiconductors show excellent performance not only 
when fabricated on smooth silicon or glass substrates, [ 1–9 ]  but 
also when fabricated on much rougher substrates, such as 
plastic foil, [ 10–12 ]  printing paper [ 13 ]  or banknotes. [ 14 ]  These novel 
semiconductors therefore show great promise for the realiza-
tion of fl exible, large-area electronics systems, such as sensor 
arrays and active-matrix displays. 

 In addition to a large number of individual TFTs that isolate 
and control the individual sensor or display elements within 
the active matrix, such applications will also require peripheral 
integrated circuits, such as row decoders, column drivers and 
signal converters. [ 15 ]  In principle, such circuits can be realized 
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substrate, which is in principle possible, [ 30 ]  but has certain limi-
tations in terms of the achievable resolution and patterning 
accuracy. 

 We have therefore evaluated how the choice of a single gate-
dielectric SAM (either alkyl or fl uoroalkyl) affects the charac-
teristics of DNTT, DPh-DNTT, C 10 -DNTT, and N1100 TFTs as 
well as the switching speed of complementary ring oscillators 
based on these materials fabricated on fl exible polyethylene 
naphthalate (PEN) substrates and operating at voltages of about 
3 V. Given the modest fi eld-effect mobilities in organic TFTs, 
switching speeds in the megahertz range are possible only 
by aggressive scaling of the lateral TFT dimensions (channel 
length and gate-to-contact overlap) to a few microns or even 
below 1 µm. [ 7 ]  And since our analysis shows that the compro-
mise regarding the choice of the SAM and the semiconductor is 
signifi cantly affected by the contact resistance and hence by the 
channel length of the TFTs, we have varied the channel length 
of both the p-channel and the n-channel TFTs over a wide 
range, from 100 µm down to 0.5 µm. For the optimum combi-
nation of SAM and semiconductors, a signal propagation delay 
of 3.1 µs per stage was measured in an 11-stage complementary 
ring oscillator based on TFTs having a channel length of 1 µm. 

 A well-studied effect of the SAM functionalization of the 
gate dielectric of bottom-gate organic TFTs is the resulting dif-
ference in the threshold voltage: fl uoroalkyl SAMs consistently 
give more positive threshold voltages than alkyl SAMs. This 
effect has been observed for various dielectrics and semicon-
ductors [ 25–27,31,32 ]  and has been ascribed to the built-in electric 
fi eld generated by the dipole moment of the SAM [ 25,33 ]  or to a 
charge transfer between the semiconductor and the SAM/die-
lectric. [ 34,35 ]  Since the difference between the threshold voltages 
of TFTs with alkyl and fl uoroalkyl SAMs has been shown to 
depend on the semiconductor, [ 27 ]  we have specifi cally analyzed 
this SAM-controlled threshold-voltage difference. Performing 
this analysis over a wide range of channel lengths allows us 
to check for threshold-voltage roll-off, which is an undesirable 
short-channel effect that can occur when the channel length is 
aggressively reduced without appropriate scaling of the gate-
dielectric thickness. [ 36 ]  

 The chemical structures of the four organic semiconduc-
tors investigated in this study (DNTT, DPh-DNTT, C 10 -DNTT, 

N1100) and of the two phosphonic acids utilized for the 
ultrathin AlO x /SAM gate dielectric (HC 14 -PA, FC 18 -PA) are 
shown in  Figure    1  , along with the schematic cross-section of 
the bottom-gate, top-contact TFTs and a photograph of a fl exible 
PEN substrate with a large number of transistors and comple-
mentary circuits.  

  Figure    2  a,b shows the measured transfer characteristics 
of fl exible DNTT, DPh-DNTT and C 10 -DNTT p-channel and 
N1100 n-channel TFTs with a channel length of 60 µm and 
with a gate dielectric composed of a 3.6-nm-thick plasma-
grown AlO x  layer and a self-assembled monolayer of either 
the alkyl-phosphonic acid (HC 14 -PA) or the fl uoroalkyl-phos-
phonic acid (FC 18 -PA). The effective fi eld-effect mobilities and 
subthreshold swings of these long-channel TFTs are summa-
rized in  Table    1  . The effect of the choice of the SAM on the 
threshold voltage of the TFTs is clearly visible: TFTs with the 
AlO x /FC 18 -PA SAM gate dielectric have distinctly more posi-
tive threshold voltages than TFTs with the AlO x /HC 14 -PA SAM 
gate dielectric, which is consistent with previous reports of this 
phenomenon. [ 25–27,31–35 ]    

 Depending on the semiconductor, the difference between the 
threshold voltage of the TFTs with the fl uoroalkyl SAM and that 
of the TFTs with the alkyl SAM ranges from 1.3 V for N1100 to 
1.6 V for DPh-DNTT, 1.7 V for C 10 -DNTT, and 1.9 V for DNTT 
(see Figure  2 c). These threshold-voltage differences are similar 
to those previously reported for pentacene p-channel TFTs and 
F 16 CuPc n-channel TFTs with AlO x /SAM gate dielectrics with 
the same thickness and the same capacitance, [ 26,27,32 ]  which 
further confi rms that this effect occurs regardless of (although 
with a weak dependence on) the choice of the semiconductor. 
More importantly, Figure  2 c shows that for each of the eight 
combinations of SAM and semiconductor, the threshold voltage 
is independent of the channel length down to 2 µm, confi rming 
the absence of threshold-voltage roll-off in these TFTs, owing 
to the small thickness of the AlO x /SAM gate dielectrics. For 
DNTT TFTs with the AlO x /HC 14 -PA SAM gate dielectric fab-
ricated by electron-beam lithography, the absence of threshold-
voltage roll-off has previously been confi rmed for channel 
lengths down to 0.15 µm. [ 37 ]  

 Unlike the threshold voltage, which was found to be inde-
pendent of the channel length, the effective carrier mobility 
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 Figure 1.    Chemical structures of the organic semiconductors DNTT, DPh-DNTT and C 10 -DNTT (for the p-channel TFTs) and Polyera ActivInk N1100 
(for the n-channel TFTs); schematic cross-section and photograph of the bottom-gate, top-contact (staggered inverted) TFTs fabricated on a fl exible 
polyethylene naphthalate (PEN) substrate; chemical structure of the alkyl- and fl uoroalkyl-phosphonic acids (HC 14 -PA and FC 18 -PA) utilized for the 
self-assembled monolayer (SAM) that is part of the ultrathin gate dielectric.
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decreases signifi cantly when the channel length is reduced 
below about 20 µm. This is due to the fact that the channel 
resistance is proportional to the channel length, while the con-
tact resistance is independent of the channel length, so that the 
relative infl uence of the contact resistance on the total device 
resistance increases when the channel length is reduced, 
causing the effective mobility to drop signifi cantly below the 

intrinsic channel mobility at very small channel lengths, [ 6,7 ]  
and this can be seen in Figure  2 d for each combination of SAM 
and semiconductor. Figure  2 d also confi rms that for all three 
p-channel semiconductors, the carrier mobilities are larger for 
the TFTs with the alkyl SAM than with the fl uoroalkyl SAM, 
which is consistent with observations made previously for 
pentacene. [ 25–27 ]  

Adv. Mater. 2015, 27, 207–214

www.advmat.de
www.MaterialsViews.com

 Figure 2.    a,b) Transfer characteristics of fl exible long-channel p-channel TFTs (red: DNTT; purple: DPh-DNTT; green: C 10 -DNTT) and n-channel TFTs 
(N1100) with a gate dielectric composed of 3.6-nm-thick AlO x  and a self-assembled monolayer based on either an alkyl-phosphonic acid (HC 14 -PA) or 
a fl uoroalkyl-phosphonic acid (FC 18 -PA). The measurements were performed with a drain-source voltage of –2.0 V for the p-channel TFTs and +1.5 V 
for the n-channel TFTs. c,d) Threshold voltages and effective mobilities of DNTT, DPh-DNTT, C 10 -DNTT and N1100 TFTs with either of the two gate-
dielectric SAMs as a function of the channel length.

  Table 1.    Effective fi eld-effect mobility, subthreshold swing, intrinsic carrier mobility and width-normalized contact resistance of fl exible DNTT, DPh-
DNTT, C 10 -DNTT and N1100 TFTs with either of the two different gate-dielectric SAMs (HC 14 -PA or FC 18 -PA). The width-normalized contact resis-
tances were measured at a fi xed overdrive voltage V GS –V th  of –1.5 V (p-channel TFTs) and +1.5 V (n-channel TFTs).  

Semiconductor Carrier type SAM for gate 
dielectric  

Effective fi eld-effect 
mobility (L = 60 µm)

 Subthreshold swing  
 (L = 60 µm) 

Intrinsic carrier mobility 
(µ 0 )

Width-normalized 
contact resistance (R C W)

DNTT p-channel TFT HC 14 -PA 2.7 cm 2 /Vs 100 mV/dec. 2.9 cm 2 /Vs 0.30 kΩ cm

FC 18 -PA 2.0 cm 2 /Vs 110 mV/dec. 2.2 cm 2 /Vs 0.69 kΩ cm

DPh-DNTT p-channel TFT HC 14 -PA 3.7 cm 2 /Vs 100 mV /dec. 4.1cm 2 /Vs 0.16 kΩ cm

 FC 18 -PA 1.6 cm 2 /Vs 160 mV/dec. 1.9 cm 2 /Vs 0.38 kΩ cm

C 10 -DNTT p-channel TFT HC 14 -PA 3.1 cm 2 /Vs 170 mV/dec. 3.6 cm 2 /Vs 0.47 kΩ cm

 FC 18 -PA 0.9 cm 2 /Vs 140 mV/dec. 1.1 cm 2 /Vs 0.84 kΩ cm

N1100 n-channel TFT HC 14 -PA 0.3 cm 2 /Vs 180 mV/dec. 0.5 cm 2 /Vs 23 kΩ cm

 FC 18 -PA 0.4 cm 2 /Vs 120 mV/dec. 0.8 cm 2 /Vs 15 kΩ cm
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the observed differences in carrier mobility are related to dif-
ferences in the thin-fi lm morphology of the organic semicon-
ductor deposited onto the different dielectrics. For example, for 
pentacene TFTs with sol-gel-processed methacrylate siloxane 
gate dielectrics containing various amounts of a fl uoroalkyl 
additive, Kwak et al. have seen a monotonic correlation between 
the surface energy of the dielectric (larger fl uorine content 
leads to smaller surface energy), the grain size of the pentacene 
layer (smaller surface energy leads to smaller grain size), and 
the carrier mobility (smaller grain size leads to smaller carrier 
mobility). [ 38 ]  A similar trend between the surface energy of the 
dielectric and the grain size of the pentacene layer (smaller sur-
face energy leads to smaller grain size) was also seen by Yang 
et al., [ 39 ]  but Yang et al .  measured larger carrier mobilities for 
smaller grain size (i.e., larger carrier mobilities for smaller sur-
face energy). [ 39 ]  The thin-fi lm morphology of the four organic 
semiconductors investigated in our study and deposited onto 
substrates covered with either the alkyl SAM or the fl uoroalkyl 
SAM are shown in Figure S1, Supporting Information (images 
obtained by atomic force microscopy, AFM) and Figure S2, 
Supporting Information (images obtained by scanning electron 
microscopy, SEM). Although the images reveal certain differ-
ences in the morphology depending on the type of SAM, it is 
diffi cult to draw meaningful conclusions regarding its impact 
on the carrier mobility, especially since the charge transport 
takes place in close proximity of the dielectric interface, a 
region that is not easily imaged by AFM or SEM. An alternative 
explanation for the observed differences in carrier mobility is 
the degree of energetic disorder induced in the semiconductor 
by the polar character of the SAM, [ 40–43 ]  which may lead to 
charge trapping. [ 25,35,44 ]  

 In contrast to the p-channel semiconductors DNTT, DPh-
DNTT and C 10 -DNTT, in which the carrier mobilities are larger 
with the alkyl SAM than with the fl uoroalkyl SAM, the opposite 
trend is seen for the n-channel semiconductor N1100, which 
shows larger mobilities with the fl uoroalkyl SAM than with 
the alkyl SAM, due to the particular interactions between the 
fl uoroalkyl substituents of the SAM and of the semiconductor 
that leads to a more favorable packing of the semiconductor 
molecules. [ 24 ]  

 Figure  2 d further reveals that the ratio between the mobility 
obtained with the SAM that gives the greater mobility and 
that obtained with the SAM that gives the smaller mobility 
displays a dependence on the channel length that is unique 
for each of the four semiconductors. The fact that the relation-
ship between the effective mobility and the channel length is 
so different for the various combinations of SAM and semi-
conductor indicates that the contact resistance of the TFTs 
depends heavily on both the semiconductor and the SAM. 
We have therefore employed the transmission line method 
(TLM) [ 5–7 ]  to determine the contact resistance and the intrinsic 
channel mobility for each of the eight combinations of SAM 
and semiconductor. In order to account for the differences 
between the threshold voltages of the various TFTs, only data 
that were measured at a fi xed gate overdrive voltage (i.e., at a 
fi xed gate-source voltage above threshold; V GS –V th ) were used 
for the TLM analysis; this assures that only contact resistances 
obtained at the same bias condition are compared. The TLM 

analysis is illustrated in  Figure    3  , and the results are summa-
rized in Table  1  as well as in Table S2 and in Figure S3, Sup-
porting Information.  

 The results of the TLM analysis in Figure  3  and Table  1  
reveal that the magnitude of the infl uence of the choice of the 
SAM on the intrinsic carrier mobility is quite different for the 
various semiconductors. In particular, DNTT is much less sen-
sitive to the choice of the SAM than DPh-DNTT and C 10 -DNTT: 
the ratio between the intrinsic mobilities for the two SAMs is 
close to unity in the case of DNTT (2.9 cm 2 /Vs on the alkyl 
SAM vs .  2.2 cm 2 /Vs on the fl uoroalkyl SAM), but greater than 
3 in the case of C 10 -DNTT (3.6 cm 2 /Vs on the alkyl SAM vs .  
1.1 cm 2 /Vs on the fl uoroalkyl SAM). As a result, DNTT is the 
semiconductor with the largest intrinsic mobility on the fl uoro-
alkyl SAM (2.2 cm 2 /Vs). This is somewhat surprising, because 
on the alkyl SAM, DNTT is easily outperformed by DPh-DNTT 
and C 10 -DNTT, but it appears that on the fl uoroalkyl SAM, the 
interactions of the fl uoroalkyl substituents of the SAM with 
the phenyl or decyl substituents of DPh-DNTT or C 10 -DNTT 
are unfavorable. The large intrinsic mobility of DNTT on the 
fl uoroalkyl SAM implies a large effective mobility in long-
channel TFTs, which is exactly what is seen in Figure  2 d. 

 On the other hand, DPh-DNTT provides the smallest con-
tact resistances on both SAMs (0.16 kΩ cm on the alkyl SAM, 
0.38 kΩ cm on the fl uoroalkyl SAM), and these small contact 
resistances are obviously a signifi cant benefi t in short-channel 
TFTs. Taking all of this into consideration, it becomes clear why 
on the fl uoroalkyl SAM, DNTT outperforms DPh-DNTT and 
C 10 -DNTT in long-channel TFTs, while DPh-DNTT emerges 
as the best choice for short-channels TFTs, regardless of the 
choice of the SAM. 

 The N1100 n-channel TFTs have a width-normalized con-
tact resistance of 23 kΩ cm when using the alkyl SAM and 
15 kΩ cm when using the fl uoroalkyl SAM. The latter is the 
smallest contact resistance reported for organic n-channel TFTs 
fabricated on fl exible substrates. (Smaller contact resistances 
have been reported for organic n-channel TFTs on rigid sub-
strates [ 45 ]  and for organic n-channel TFTs that cannot be oper-
ated in air. [ 46,47 ]  However, compared with the contact resistances 
of the p-channel TFTs, which are below 1 kΩ cm for all three 
semiconductors, the contact resistances of the N1100 n-channel 
TFTs are larger by almost two orders of magnitude. Thus, the 
dynamic performance of complementary circuits, especially 
when based on TFTs with small channel lengths, will be limited 
by the n-channel TFTs, rather than by the p-channel TFTs, and 
since the contact resistance of the N1100 TFTs is smaller for 
the fl uoroalkyl SAM than for the alkyl SAM (see Figure  3  and 
Table  1 ), it can be expected that complementary circuits fabri-
cated using the fl uoroalkyl SAM will provide better dynamic 
performance than complementary circuits fabricated using the 
alkyl SAM. 

 The perhaps somewhat surprising observation that the 
choice of the SAM has an impact not only on the intrinsic car-
rier mobility, but also on the contact resistance of the TFTs can 
be understood in the context of the current crowding model. In 
this model, the semiconductor regions underneath the source 
and drain contacts are considered as resistor networks, and 
the effective area available for the exchange of charge carriers 
between the contacts and the gate-induced carrier channel (and 
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hence the contact resistance) is the result of a balance between 
the vertical contact resistances and the lateral channel sheet 
resistance, [ 45,48 ]  both of which are to some extent affected by the 
intrinsic carrier mobility and hence by the choice of the SAM. 

 As mentioned above, the contact resistance is particularly 
dominant in TFTs that have a small channel length.  Figure    4   
shows the measured transfer and output characteristics of fl ex-
ible short-channel DPh-DNTT p-channel and N1100 n-channel 
TFTs fabricated using the fl uoroalkyl-phosphonic acid (FC 18 -
PA) as part of the AlO x /SAM gate dielectric. The TFTs have 
channel lengths of 10 µm, 1 µm and 0.5 µm. To our know-
ledge, there are only two previous reports of fl exible organic 
TFTs with such a short channel length. [ 49,50 ]  As can be seen in 
Figure  4 , reducing the channel length from 10 µm to 0.5 µm 
produces virtually no degradation in the off-state drain cur-
rent, the threshold voltage or the subthreshold slope of the 
TFTs. Even at a channel length of 0.5 µm, the on/off current 
ratio is still greater than 10 6  and the output curves still display 
reasonably good current saturation. The signifi cant difference 
between the contact resistance of the DPh-DNTT p-channel 
TFTs (0.38 kΩ cm) and that of the N1100 n-channel TFTs 
(15 kΩ cm) is evident in the output characteristics, where the 
drain current at small drain-source voltages shows the desirable 
linear dependence on the drain-source voltage in the case of the 

DPh-DNTT TFTs, but is signifi cantly suppressed in the case of 
the N1100 TFTs. The effective carrier mobilities extracted from 
the measured transfer characteristics of the short-channel TFTs 
are summarized in Table S3. The observation that these mobili-
ties are notably smaller than the long-channel mobilities again 
illustrates the above-discussed relative infl uence of the contact 
resistance.  

 To evaluate the dynamic performance of the devices, we 
fabricated 11-stage complementary ring oscillators on fl exible 
PEN substrates (see Figure S4) using Polyera ActivInk N1100 
as the semiconductor for the n-channel TFTs and either DNTT 
or DPh-DNTT as the semiconductor for the p-channel TFTs, 
and using either the alkyl-phosphonic acid (HC 14 -PA) or the 
fl uoroalkyl-phosphonic acid (FC 18 -PA) as part of the AlO x /
SAM gate dielectric. The results are summarized in  Figure    5   
and Table S4, Supporting Information. The fi rst observation is 
that these circuits can be operated with supply voltages as low 
as 1 V, owing to the small thickness and large capacitance of 
the AlO x /SAM gate dielectrics. The second observation is that 
smaller channel lengths result in faster circuit operation, as 
expected based on the fact that the gate capacitance scales line-
arly with the lateral TFT dimensions. [ 7 ]  The third observation is 
that the measured signal propagation delays are shorter when 
the fl uoroalkyl SAM, rather than the alkyl SAM, is employed 
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 Figure 3.    Transmission line method: channel-width-normalized total resistances of fl exible DNTT, DPh-DNTT, C 10 -DNTT p-channel and N1100 
n-channel TFTs with either of the two gate-dielectric SAMs (HC 14 -PA, blue; FC 18 -PA, red) as a function of the channel length (2 to 100 µm). All resist-
ances were measured at a fi xed overdrive voltage V GS –V th  of –1.5 V (p-channel TFTs) and +1.5 V (n-channel TFTs). Extrapolation to a channel length of 
zero yields the width-normalized contact resistance (R C W); the inverse slope of the linear fi t yields the intrinsic carrier mobility (µ 0 ). The error bars are 
based on the confi dence intervals determined from the linear fi ts of the TLM measurements.
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(provided all other parameters are the same). This is consistent 
with the above-discussed observations that the contact resist-
ance of the N1100 n-channel TFTs is larger than the contact 
resistances of the p-channel TFTs (so that the dynamic perfor-
mance of complementary circuits is limited by the n-channel 

TFTs, especially when the channel lengths are very small) and 
that the contact resistance of the N1100 TFTs is smaller for 
the fl uoroalkyl SAM than for the alkyl SAM (see Figure  3  and 
Table  1 ). The fourth observation is that the measured signal 
propagation delays are shorter when the N1100 n-channel TFTs 
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 Figure 5.    Output signals (both at a supply voltage V DD  of 3 V) and signal propagation delays (plotted as a function of the supply voltage) of 11-stage 
complementary ring oscillators fabricated on fl exible PEN substrates using N1100 as the semiconductor for the n-channel TFTs, either DNTT or DPh-
DNTT as the semiconductor for the p-channel TFTs and either of the two gate-dielectric SAMs (HC 14 -PA and FC 18 -PA). The TFTs have a channel length 
of either 4 µm, 2 µm or 1 µm. The circuits operate with supply voltages as low as 1 V and with signal propagation delays as short as 3.1 µs per stage.

 Figure 4.    Transfer and output characteristics of fl exible short-channel DPh-DNTT p-channel and N1100 n-channel TFTs with AlO x /FC 18 -PA SAM gate 
dielectrics on fl exible PEN substrates. The TFTs have the following channel lengths and channel widths: L = 0.5 µm, W = 20 µm; L = 1 µm, W = 100 µm; 
L = 10 µm, W = 100 µm.



213wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

Adv. Mater. 2015, 27, 207–214

www.advmat.de
www.MaterialsViews.com

are complemented by p-channel TFTs based on DPh-DNTT, 
rather than DNTT. This is consistent with the above-discussed 
observation that DPh-DNTT provides the smallest contact 
resistance of all semiconductors (0.38 kΩ cm on the fl uoroalkyl 
SAM; see Figure  3  and Table  1 ). The shortest signal propaga-
tion delay per stage is 3.1 µs, measured on a ring oscillator 
based on DPh-DNTT p-channel and N1100 n-channel TFTs 
with the AlO x /FC 18 -PA SAM gate dielectric, having a channel 
length of 1 µm and being operated with a supply voltage of 5 V. 
This signal propagation delay is similar to or better than the 
shortest signal delays reported for fl exible organic complemen-
tary ring oscillators. [ 45,51–55 ]   

 In summary, we have fabricated low-voltage p-channel and 
n-channel organic thin-fi lm transistors on fl exible plastic sub-
strates with channel lengths as short as 0.5 µm using either 
DNTT, DPh-DNTT, C 10 -DNTT or Polyera ActivInk N1100 as 
the semiconductor and either an alkyl-phosphonic acid or a 
fl uoroalkyl-phosphonic acid self-assembled monolayer for 
the ultra-thin gate dielectric. Long-channel transistors have 
effective fi eld-effect mobilities ranging from 0.5 cm 2 /Vs for 
the n-channel TFTs to 4.2 cm 2 /Vs for the p-channel TFTs. 
For each of the eight combinations of semiconductor (DNTT, 
DPh-DNTT, C 10 -DNTT, N1100) and SAM (HC 14 -PA, FC 18 -
PA) we have determined the transistor’s contact resistances 
and intrinsic carrier mobilities using the transmission 
line method for devices with channel lengths ranging from 
100 µm to 2 µm. In the p-channel TFTs, these three param-
eters (effective mobility, intrinsic mobility, contact resist-
ance) are favored by the use of the alkyl SAM, whereas in the 
n-channel TFTs they benefi t from the use of the fl uoroalkyl 
SAM. Since it is diffi cult to pattern two different SAMs with 
high resolution on the same substrate, we have analyzed 
which compromise in terms of choosing the same SAM for 
both types of transistors will give the better dynamic per-
formance in complementary circuits based on p-channel 
and n-channel TFTs with very small channel lengths. Of the 
three p-channel semiconductors, DPh-DNTT was found to 
provide the smallest contact resistance (0.38 kΩ cm on the 
fl uoroalkyl SAM), and therefore the shortest signal propaga-
tion delays (as short as 3.1 µs per stage, measured in fl exible 
11-stage ring oscillators based on TFTs with a channel length 
of 1 µm) when combined with N1100 as the semiconductor 
for the n-channel TFTs and using the fl uoroalkyl SAM for 
the gate dielectric. These results illustrate the critical role of 
the gate dielectric in determining the performance of organic 
transistors and circuits.  

  Experimental Section 
 DNTT, C 10 -DNTT and DPh-DNTT were synthesized as reported 

earlier. [ 1–3 ]  ActivInk N1100 was purchased from Polyera, Skokie, IL, USA. 
Tetradecylphosphonic acid was purchased from PCI Synthesis, Newburyport, 
MA, USA. 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-pentadecafl uoro-
octadecylphosphonic acid was synthesized and kindly provided by 
Matthias Schlörholz. [ 32 ]  125-µm-thick fl exible polyethylene naphthalate 
fi lm (Teonex Q65 PEN) was kindly provided by William A. MacDonald, 
DuPont Teijin Films, Wilton, UK. 

 All TFTs and ring oscillators were fabricated on fl exible PEN 
substrates. Aluminum gate electrodes with a thickness of 30 nm 
were deposited onto the PEN substrates by thermal evaporation in 

vacuum. The gate dielectric is composed of an oxygen-plasma-grown 
AlO x  layer with thickness of 3.6 nm and a solution-processed self-
assembled monolayer (SAM) [ 56 ]  of either tetradecylphosphonic acid 
(HC 14 -PA) or 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-pentadecafl uoro-
octadecylphosphonic acid (FC 18 -PA). The SAMs have a thickness of 
1.7 or 2.1 nm, and their quality was confi rmed by static contact angle 
measurements. [ 26,32 ]  The AlO x /SAM gate dielectrics have a capacitance 
per unit area of 0.7 or 0.6 µF/cm 2 . Organic semiconductor fi lms with 
a thickness of 20 or 25 nm were deposited onto the AlO x /SAM gate 
dielectrics by sublimation in vacuum. During the semiconductor 
deposition, the substrate was held at a temperature of 60 °C (DNTT), 
80 °C (DPh-DNTT, C 10 -DNTT) or 140 °C (N1100). TFTs were completed 
by the vacuum deposition of gold source and drain contacts. The metal 
and semiconductor layers were patterned using high-resolution silicon 
stencil masks. [ 7,9,11 ]  All measurements were performed in ambient air at 
room temperature.  
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Table S1. Effective field-effect mobilities and subthreshold swings of flexible 
DNTT, DPh-DNTT, C10-DNTT and N1100 TFTs with a channel length of 
60 µm and with either of the two different gate-dielectric SAMs (HC14-PA 
or FC18-PA). The values were extracted from the transfer characteristics in 
Figure 2. The observation that the subthreshold swing is greater (by a 
factor of 1.7 to 3) than the room-temperature limit of 58 mV/decade is 
related to the density of trap states at the semiconductor/dielectric 
interface, which is affected by several parameters, including the surface 
roughness of the plastic substrate. 

semiconductor carrier type 
SAM for 

gate dielectric 
effective field-
effect mobility subthreshold swing 

HC14-PA 2.7 cm2/Vs 100 mV/decade 
DNTT p-channel TFT 

FC18-PA 2.0 cm2/Vs 110 mV /decade 

HC14-PA 3.7 cm2/Vs 100 mV /decade 
DPh-DNTT p-channel TFT 

FC18-PA 1.6 cm2/Vs 160 mV /decade 

HC14-PA 3.1 cm2/Vs 170 mV /decade 
C10-DNTT p-channel TFT 

FC18-PA 0.9 cm2/Vs 140 mV /decade 

HC14-PA 0.3 cm2/Vs 180 mV /decade 
N1100 n-channel TFT 

FC18-PA 0.4 cm2/Vs 120 mV /decade 

 
 
 
Table S2. Width-normalized contact resistances and intrinsic carrier mobilities of 

flexible DNTT, DPh-DNTT, C10-DNTT and N1100 TFTs with either of 
the two different gate-dielectric SAMs (HC14-PA or FC18-PA). The 
values were extracted from the TLM analysis shown in Figure 3. 

 p-channel TFTs: VGS-Vth = -1.5 V; VDS = -0.1 V 
 n-channel TFTs: VGS-Vth = +1.5 V; VDS = +0.1 V 

semiconductor carrier 
type 

SAM for 
gate 

dielectric 

intrinsic carrier 
mobility (µ 0) 

width-
normalized 

contact resistance 
(RCW) 

coefficient of 
determination 

(R2) of the 
linear fit 

HC14-PA 2.9 ± 0.3 cm2/Vs 0.30 ± 0.12 kΩcm 0.970 
DNTT 

p-channel 
TFT FC18-PA 2.2 ± 0.2 cm2/Vs 0.69 ± 0.19 kΩcm 0.971 

HC14-PA 4.1 ± 0.1 cm2/Vs 0.16 ± 0.04 kΩcm 0.992 
DPh-DNTT 

p-channel 
TFT FC18-PA 1.9 ± 0.1 cm2/Vs 0.38 ± 0.08 kΩcm 0.996 

HC14-PA 3.6 ± 0.1 cm2/Vs 0.47 ± 0.05 kΩcm 0.992 
C10-DNTT 

p-channel 
TFT FC18-PA 1.1 ± 0.04 cm2/Vs 0.84 ± 0.19 kΩcm 0.993 

HC14-PA 0.5 ± 0.04 cm2/Vs 23 ± 1 kΩcm 0.972 
N1100 

n-channel 
TFT FC18-PA 0.8 ± 0.1 cm2/Vs 15 ± 1 kΩcm 0.896 
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Table S3. Effective field-effect mobilities of flexible short-channel DPh-DNTT 
p-channel and N1100 n-channel TFTs for three different channel lengths. 
The values were extracted from the transfer characteristics shown in 
Figure 4. 

effective field-effect mobility (µeff) 
semiconductor carrier type 

SAM for 
gate dielectric L = 0.5 µm 

W = 20 µm 
L = 1 µm 

W = 100 µm 
L = 10 µm 

W = 100 µm 

DNTT p-channel TFT FC18-PA n/a 0.08 cm2/Vs 0.40 cm2/Vs 

DPh-DNTT p-channel TFT FC18-PA 0.08 cm2/Vs 0.16 cm2/Vs 0.51 cm2/Vs 

N1100 n-channel TFT FC18-PA 0.04 cm2/Vs 0.04 cm2/Vs 0.14 cm2/Vs 

 
 
 
 
Table S4. Signal propagation delays measured in flexible 11-stage complementary 

ring oscillators based on DNTT or DPh-DNTT p-channel and N1100 n-
channel TFTs with either of the two different gate-dielectric SAMs 
(HC14-PA or FC18-PA) and various channel lengths (4 µm, 2 µm or 1 µm), 
operated at a supply voltage of 4 V. The values were extracted from the 
measurements shown in Figure 5. 

signal propagation delay at 4V 
semiconductor for 
p-channel TFTs 

semiconductor for 
n-channel TFTs 

SAM for 
gate 

dielectric 
L = 4 µm 

LC = 20 µm 
L = 2 µm 

LC = 10 µm 
L = 1 µm 
LC = 5 µm 

DNTT N1100 HC14-PA 114 µs n/a n/a 

DNTT N1100 FC18-PA 40 µs 15 µs 6.0 µs 

DPh-DNTT N1100 FC18-PA 35 µs 12 µs 4.2 µs 
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HC14-PA SAM  FC18-PA SAM 

 
0 nm0 nm0 nm0 nm0 nm0 nm0 nm0 nm

30 nm30 nm30 nm30 nm

 DNTT  

N1100N1100  
0 nm0 nm0 nm0 nm0 nm0 nm0 nm0 nm

30 nm30 nm30 nm30 nm

 N1100N1100  
 
 
Figure S1. Morphology of thin-films of the organic semiconductors deposited onto 

either AlOx/HC14-PA SAM or AlOx/FC18-PA SAM gate dielectrics. The 
images were obtained by atomic force microscopy (AFM) in tapping 
mode. The image size is 5 µm × 5 µm. 

 
 
 
 

DNTT
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HC14-PA SAM FC18-PA SAM 

DNTTDNTT  DNTTDNTT  

DPh-DNTTDPh-DNTT  DPh-DNTTDPh-DNTT  

C10-DNTTC10-DNTT  C10-DNTTC10-DNTT  

N1100N1100  N1100N1100  
 
 
Figure S2. Morphology of thin-films of the organic semiconductors deposited onto 

either AlOx/HC14-PA SAM or AlOx/FC18-Pa SAM gate dielectrics. The 
images were obtained by scanning electron microscopy (SEM) with an 
acceleration voltage of 1.5 kV. The images have a width of 5 µm. 
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Figure S3. Channel-width-normalized contact resistance of flexible DNTT, 

DPh-DNTT, C10-DNTT p-channel TFTs and N1100 n-channel TFTs with 
either of the two different gate-dielectric SAMs (HC14-PA, blue; FC18-PA, 
red) plotted once as a function of the applied gate-source voltage (VGS) 
and once as a function of the gate overdrive voltage (VGS-Vth). The values 
were extracted from the TLM analysis shown in Figure 3 at a drain-source 
voltage of -0.1 V (p-channel TFTs) or +0.1 V (n-channel TFTs). As can be 
seen, the contact resistance decreases with increasing gate-source or 
overdrive voltage. This is in agreement with the current crowding model 
[ref. S1, 45, 48] and can be explained with the fact that a larger gate-
source voltage induces a greater charge-carrier density at the 
semiconductor/dielectric interface, which leads to a smaller sheet 
resistance, hence to a smaller horizontal component of the contact 
resistance, and thus to a larger area available for charge exchange between 
the contacts and the semiconductor [S2]. 
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 Figure S4. Photograph of an 11-stage complementary ring oscillator based on organic 
p-channel and n-channel TFTs with a channel length of 1 µm fabricated 
on a flexible plastic substrate. 
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Influence of the reduction of the channel length on the dynamic performance 
 
When the channel length of a field-effect transistor is reduced, the effective carrier 
mobility decreases (see Figure 2). The reason is that the channel resistance is proportional 
to the channel length (Rchannel ~ L), while the contact resistance is independent of the 
channel length, so that the relative influence of the contact resistance on the total device 
resistance increases when the channel length is reduced (Rtotal = Rchannel + Rcontact). 
 
However, the cutoff frequency (fT), i.e., the dynamic performance of the transistor, is 
affected not only by the carrier mobility, but also by the gate capacitance (fT ~ 1/Cgate) 
and thus by the lateral transistor dimensions [37]:  
 

 
 

 
 | linear regime 
 
 
 | saturation regime 

 
where fT is the cutoff frequency, gm is the transconductance, Ci is the gate-dielectric 
capacitance per unit area, L is the channel length, and LC is the gate-to-contact overlap. 
 
Therefore, reducing the channel length always benefits the dynamic transistor 
performance, even if it comes at the expense of a smaller effective carrier mobility (see 
Figure 5).  
 
The relationships between the lateral transistor dimensions (L, LC) and the dynamic 
performance (fT) is described in detail in references [37] and [S3]. 
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