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 A novel strategy for analyzing bias-stress effects in organic fi eld-effect 
transistors (OFETs) based on a four-parameter double stretched-exponential 
formula is reported. The formula is obtained by modifying a traditional single 
stretched-exponential expression comprising two parameters (a characteristic 
time and a stretched-exponential factor) that describe the bias-stress effects. 
The expression yields two characteristic times and two stretched-exponential 
factors, thereby separating out the contributions due to charge trapping 
events in the semiconductor layer-side of the interface and the gate-dielectric 
layer-side of the interface. The validity of this method was tested by designing 
two model systems in which the physical properties of the semiconductor 
layer and the gate-dielectric layer were varied systematically. It was found that 
the gate-dielectric layer, in general, plays a more critical role than the semi-
conductor layer in the bias-stress effects, possibly due to the wider distribu-
tion of the activation energy for charge trapping. Furthermore, the presence 
of a self-assembled monolayer further widens the distribution of the activa-
tion energy for charge trapping in gate-dielectric layer-side of the interface 
and causes the channel current to decay rapidly in the early stages. The novel 
analysis method presented here enhances our understanding of charge trap-
ping and provides rational guidelines for developing effi cient OFETs with high 
performance. 
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  1. Introduction 

 Organic fi eld-effect transistors (OFETs) 
have attracted attention in recent dec-
ades for their utility in fl exible large-area 
displays, radio-frequency identifi cation 
(RF-ID) tags, and sensors. [  1–4  ]  OFET fab-
rication processes are easily adapted to 
low-cost solution processes and printing 
techniques; however, the fi eld-effect 
mobility (the key device parameter in 
FETs) of classical OFETs has remained 
low compared to their inorganic coun-
terparts, i.e., amorphous silicon-based 
transistors (with fi eld-effect mobilities of 
1–10 cm 2  V  − 1  s  − 1 ), preventing their com-
mercialization. A variety of research have 
been conducted in an effort to improve 
the performance of OFETs. [  5–7  ]  To this end, 
new semiconducting organic materials 
have been synthesized, [  8–10  ]  methods have 
been developed for controlling the elec-
trode/semiconductor and semiconductor/
gate-dielectric interfaces, [  11–14  ]  charge 
transport physics have been studied, [  15–17  ]  
and new device architectures have been 
designed. [  18–20  ]  As a result of these efforts, 
OFETs with high fi eld-effect mobilities 
above 1 cm 2  V  − 1  s  − 1  are now achievable using conjugated small 
molecules and polymers. 

 In addition to the fi eld-effect mobility, improving device sta-
bility is of another crucial importance for achieving practical 
applications of OFETs. In particular, a drop in the channel cur-
rent and a detrimental shift in the threshold voltage, named 
as the bias-stress effect, are typically observed in OFETs oper-
ating under a continuous applied bias. [  21,22  ]  Such degradation 
in the device performances is thought to originate from charge 
trapping in the devices. [  23–25  ]  To date, however, a clear under-
standing of the physical mechanisms underlying charge trap-
ping is still lacking. Considering that charge transport and trap-
ping in an OFET take place at the semcionductor/gate-dielectric 
interface, [  26,27  ]  which is formed from a physical contact of two 
layers, decoupling the role of the two materials in interfacial 
charge trapping is crucial. However, their relative contributions 
have not been fully understood primarily due to the absence of 
a simple and appropriate analysis method. 
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 Here, we present a novel strategy for analyzing the bias-stress 
effects in OFETs based on a four-parameter double stretched-
exponential formula. The formula was obtained by modifying 
a traditional single stretched exponential expression with two 
parameters (a characteristic time and a stretched-exponential 
factor), which was then used to describe the bias-stress effects. 
The expression separated the contributions of the charge trap-
ping events at the semiconductor layer-side of the interface 
and the gate-dielectric layer-side of the interface (requires two 
characteristic times and two stretched-exponential factors). The 
properties of two separate OFETs that shared a common semi-
conductor layer but were independently gated by a conventional 
SiO 2  gate-dielectric and a vacuum gap gate-dielectric were 
experimentally investigated and analyzed. Because the gate-
dielectric layer in the vacuum gap-gated OFETs cannot physi-
cally contain any carrier traps, this device was used to deter-
mine the two parameters corresponding to charge trapping 
effects resulting exclusively from the semiconductor layer-side 
of the interface. These values, along with the analysis results 
from conventional SiO 2 -gated OFETs, permitted calculation of 
the other two parameters corresponding to the charge trap-
ping in the gate-dielectric layer-side of the interface. To ensure 
the validity of this method, we designed two model systems in 
which the physical properties of the semiconductor layer and 
the gate-dielectric layer were varied systematically. The double 
stretched-exponential fi tting parameters extracted from these 
systems varied in accordance with the expected trends. This 
novel method permits a deeper understanding of the bias-
stress effects in OFETs and thus, can potentially contribute to 
enhancing the device performance.  

  2. Results and Discussion 

 Typically, the bias stress-induced drain current ( I  D ) decay 
in OFETs is described by a stretched-exponential time ( t )-
dependent formula applicable to a wide variety of disordered 
systems: [  21  ,  28,29  ] 

 
ID(t) = ID(0) exp

[
−

(
t

τ

)β
]

  
(1)   

where  I  D (0) is the initial drain current at  t   =  0,   β   is the disper-
sion parameter of the barrier energy height for charge trapping, 
and   τ   is a characteristic time associated with the rate of charge 
trapping. The time-dependence of this is determined from the 
changes observed in the free carrier density ( N  f ) upon applica-
tion of gate bias through charge trapping, expressed as [  21  ,  28  ,  30  ] 

 d�Nf /dt = −AD�Nf   (2)   

where  A  is a proportionality constant and  D  is the time-
dependent diffusivity ( D   =   D ( t )) which represents the rate of 
free carrier diffusion into the traps. [  31  ]  Although this expression 
was originally developed to describe the bias-stress effect in 
amorphous silicon transistors considering the time-dependent 
evolution of trap states due to hydrogen migration, [  28  ]  we can 
employ similar mathematical formula to describe dispersive 
trapping process in OFETs. A detailed derivation of  Equation (1)  
is provided in the Supporting Information. Despite the utility 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 690–696
of this formula, it should be noted that an analysis based on 
 Equation (1)  cannot decouple the contributions due to charge 
traps located in the semiconductor layer-side of the interface 
versus those in the gate-dielectric layer-side of the interface, 
both of which are critical for OFET operation. This model 
cannot decouple the effects because the method employs only a 
single parameter  D  and, thus, a single set of   β   and   τ   parameters 
describes the net carrier diffusion properties regardless of the 
trap locations. 

 For more careful analysis to understand the charge trapping 
mechanism and the resulting bias-stress effect in an OFET, it 
is required to separate the semiconductor layer and the gate-
dielectric layer contributions for charge trapping. We modifi ed 
the traditional model described above to distinguish the charge 
trap sites located in the semiconductor layer-side and those in 
the gate-dielectric layer-side. Separate diffusivities of the free 
carriers in each medium (semiconductor or gate-dielectric) 
were considered:  D  S  and  D  GD  represent the diffusion of the 
free carriers within the semiconductor and the gate-dielectric 
layers, respectively. As a fi rst-order approximation, we assumed 
that the effective diffusivity ( D   ∗  ) of the free carriers at the semi-
conductor/gate-dielectric interface is a linear combination of  D  S  
and  D  GD  ( D   ∗    =   aD  S   +   bD  GD , where  a  and  b  are the weighing fac-
tors of each contribution). Using this expression,  Equation (2)  
can be modifi ed as

 d�Nf /dt = −A [aDS (t) + b DGD (t)] �Nf   (3)    

 Moreover, the transient current behavior can then be described 
by a double stretched-exponential formula, given as

 
ID(t) = ID(0) exp

[
−

(
t

τ S

)βS
]

exp

[
−

(
t

τGD

)βGD
]

  
(4)   

where   β   S  and   β   GD  represent the dispersion parameters 
describing the distribution of activation energy for charge 
trapping in the semiconductor layer-side of the interface 
and the gate-dielectric layer-side of the interface, respectively 
and   τ   S  and   τ   GD  represent the characteristic time constants 
for charge trapping events that occur at charge traps in the 
semiconductor layer-side of the interface and the gate-dielec-
tric layer-side of the interface, respectively. The derivation of 
 Equation (4)  from  Equation (3)  is provided in the Supporting 
Information. 

 Experimentally, one could, of course, obtain four fi tting 
parameters (  β   S ,   β   GD ,   τ   S , and   τ   GD ) from a single bias-stress 
experiment on a conventional OFET. Despite the simplicity of 
this approach, the physical interpretation of the parameters can 
be ambiguous as the number of fi tting parameters increases. 
Instead, we prepared two different types of OFETs for a given 
semiconductor material in an effort to obtain more reliable 
fi tting parameters: one device was based on a conventional 
gate-dielectric, e.g., a SiO 2  layer, and the other was based on 
a vacuum gap gate-dielectric. The merits of testing a vacuum 
gap-gated OFET are that such device structures cannot physi-
cally possess charge traps in the gate-dielectric layer (because 
it is a vacuum). [  32–34  ]  Therefore, the second exponential decay 
term on the right hand side of  Equation (4)  becomes unity. The 
transient behavior of a vacuum gap-gated OFET can then be 
described by
691wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     a) Schematic diagram of the bottom-contact P3HT OFETs fab-
ricated with SiO 2  and vacuum gap gate-dielectrics. b) Scanning electron 
microscopy images of the vacuum gate-dielectric mount.  

     Figure  2 .     Transfer characteristics of the OFETs, based on a P3HT fi lm 
with an ODTS-treated SiO 2  gate-dielectric (rectangles, at  V  D   =  –80 V) and 
a vacuum gap gate-dielectric (circles, at  V  D   =  –40 V).  
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ID(t) = ID(0) exp

[
−

(
t

τ S

)βS
]

  
(5)   

which allows the extraction of the two fi tting parameters (  β   S  and 
  τ   S ) associated solely with the nature of charge traps in semicon-
ductor layer-side of the interface. Once these parameters are 
obtained, the other two parameters associated with charge traps 
in gate-dielectric layer-side of the interface (  β   GD  and   τ   GD ) could 
be readily obtained by measuring the  I  D  decay in a conventional 
OFET. Once the parameters (  β   S  and   τ  ) are known, the fi tting 
problem then becomes a two-parameter problem that should 
yield more reliable fi tting results than would be expected from 
a four-parameter fi tting problem. 

 A schematic diagram of the OFETs based on a poly(3-hexylth-
iophene) (P3HT) semiconductor is displayed in  Figure    1  a. Con-
ventional oxide-gated OFETs were prepared on a highly doped 
 n -type Si wafer (that served as the gate electrode for the SiO 2  
gating) with a thermally grown 300-nm-thick SiO 2  layer (gate-
dielectric). The measured capacitance of the SiO 2  gate-dielectric 
was 10.8  ±  0.2 nF cm  − 2  (Figure S1, Supporting Information). 
The infl uence of the SiO 2  surfaces on the charge trapping prop-
erties was tested by treating some of the wafers with octade-
cyltrichlorosilane (ODTS) according to a method described pre-
viously. [  35–38  ]  Onto the wafers with or without the ODTS layer, 
bottom-contact Au/Ti source/drain electrodes were deposited 
via thermal evaporation through a shadow mask. A P3HT layer 
was then spin-coated to form a conventional bottom-contact 
bottom-gate OFET.  

 A vacuum gap-gated OFET based on the as-spun P3HT 
layer was prepared by depositing a second set of Au source/
drain electrodes onto the P3HT layer. The distance between the 
SiO 2 -gated channel and the vacuum gap-gated channel on the 
common P3HT layer was small ( < 1 mm), considering that 
the subsequent bias-stress experiments were carried out on 
the same P3HT layer. Separately, a vacuum gap gate-dielectric 
mount, equipped with a trough (depth  =  5.1  μ m) that later 
served as the vacuum gap gate-dielectric and patches for the 
source/drain and gate contacts were prepared on a glass sub-
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
strate using photolithography (see the scanning electron micro-
scopy (SEM) image of the vacuum gap gate-dielectric mount 
in Figure  1 b). The measured capacitance of the vacuum gap 
gate-dielectric at 1 MHz was 0.19  ±  0.04 nF cm  − 2  (Figure S1, 
Supporting Information). The as-prepared substrates with the 
P3HT layers and the Au electrodes were then fl ipped over 
and placed on the vacuum gap gate-dielectric mount to yield 
a vacuum gap-gated OFET based on the same P3HT fi lm that 
was used to prepare the SiO 2 -gated device. 

 The drain current ( I  D ) vs gate voltage ( V  G ) plots, measured 
at a constant drain voltage ( V  D ), for the ODTS-treated SiO 2 -
gated and vacuum gap-gated OFETs with as-spun P3HT fi lms 
are shown in  Figure    2  . The ODTS-treated SiO 2 -gated OFET 
produced a typical  I  D – V  G  curve with good current modulation 
(rectangular data points) and a fi eld-effect mobility up to 3.0  ×  
10  − 3  cm 2  V  − 1  s  − 1 . [  39–40  ]  By contrast, the vacuum gap-gated OFET 
yielded much weaker current modulation (circular data points). 
Such a weak current modulation is consistent with previous 
results based on vacuum gap gate-dielectrics, possibly due to 
the low capacitance of the gate-dielectric. [  33  ]   

 The bias-stress effects of the P3HT OFETs were investigated 
by monitoring the  I  D  decay under a constant applied gate bias. 
 Figure    3   shows the normalized  I  D  decay in the P3HT OFET 
prepared on an ODTS-treated SiO 2  gate-dielectric under sus-
tained gate and drain voltages of –80 and –10 V, over a period 
of 20 min (the raw data before normalization is shown in 
Figure S2, Supporting Information). The measurements were 
performed under vacuum (10  − 6  Torr) to exclude the infl uence 
of semiconductor degradation in air. [  41–42  ]  The curves A and 
B in Figure  3  show the normalized drain current decay of the 
vacuum gap-gated OFET and the ODTS-treated SiO 2 -gated 
OFET, respectively. The latter decayed more than the former, 
indicating that a higher number of charge trapping events 
occurred in the ODTS-treated SiO 2 -gated OFET than in the 
vacuum gap-gated OFET.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 690–696
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     Figure  3 .     Normalized current (– I  D (t)/– I  D (0)) decay for the vacuum gap-
gated OFET (curve A) and the ODTS-treated SiO 2 -gated OFET (curve B). 
The current decay of curve A with the circular data points is associated 
with charge trapping in the semiconductor layer-side (S) of the interface, 
whereas the current decay of curve B with rectangular data point arises 
from charge trapping in both the semiconductor layer-side of the interface 
and the gate-dielectric layer-side (GD) of the interface. Curve C, which 
represents the current decay due to the charge traps located in the gate-
dielectric layer-side of the interface, is produced from an estimate based 
on the double stretched-exponential formula described in the text.  
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 As discussed above, the  I  D  decay of the vacuum gap-gated 
OFET (curve A in Figure 3) could be described by  Equation (5) , 
which yielded   β   S  and   τ   S  values of 0.47 and 1.5  ×  10 4  s, respec-
tively. These values, in combination with  Equation (4) , yielded 
a two-parameter fi t to the  I  D  decay in a conventional ODTS-
treated SiO 2 -gated OFET (curve B in Figure  3 ). This yielded   β   GD  
and   τ   GD  of 0.13 and 5.5  ×  10 4  s, respectively. These values are 
summarized in  Table    1  . The   β   GD  and   τ   GD  values were used to 
determine the bias-stress effects due to the charge traps located 
in the gate-dielectric layer-side of the interface (the ODTS-
treated SiO 2  layer) via the stretched-exponential with parameters 
associated solely with the gate-dielectric layer:  exp[−(t/τGD)βGD ]    
(curve C in Figure  3 ). From the fact that the magnitude of curve 
C was lower than that of curve A (at least during the initial 
20 min), the charge traps located in the gate-dielectric layer-side 
of the interface (the ODTS-treated SiO 2  layer) were found to 
contribute more signifi cantly to the current decay than those in 
the semiconductor layer-side of the interface (the P3HT layer) 
in a P3HT OFET on the time scale of the experiment. These 
results were consistent with previous reports based on scan-
ning Kelvin probe microscopy analysis, which concluded that 
the carrier trapping was more infl uenced by the gate-dielectric 
layer than by the morphology of the semiconductor. [  24  ,  43  ]   
© 2013 WILEY-VCH Verlag G

   Table  1.     Summary of the characteristic times (  τ  ) and the dispersion 
parameters (  β  ) for the semiconductor and the gate-dielectric layers in 
three different P3HT OFETs. 

Film Type Semiconductor Layer Gate-Dielectric Layer

   τ   S  
[ × 10 4  s]   β   S  

  τ   GD  
[ × 10 4  s]   β   GD  

P3HT on ODTS-treated SiO 2 1.5 0.47 5.5 0.13

Annealed P3HT on 

ODTS-treated SiO 2 

7.8 0.49 5.3 0.12

P3HT on bare SiO 2 1.6 0.52 0.5 0.48

Adv. Funct. Mater. 2013, 23, 690–696
 The shapes of the curves indicated that the rapid  I  D  decay in 
the ODTS-treated SiO 2 -gated P3HT OFET (curve B in Figure 
 3 ) in the early stages ( t   <  100 s) is most likely originated from 
charge trapping in the gate-dielectric layer-side of the interface 
(the ODTS-treated SiO 2  layer). An abrupt  I  D  decay was observed 
in curve C but not in curve A, as shown in Figure  3 . The initial 
decay in a stretched-exponential formula is strongly coupled to 
the   β   value, such that smaller   β   value yields more rapid decays, 
particularly during the early stages of a current decay. Because 
  β   represents the distribution of the activation energy for charge 
trapping ( Δ  E  B ), following the relation,  Δ  E  B   =   k  B  T /  β  , where  k  B  is 
the Boltzmann constant, our results indicate a wider distribu-
tion for the activation energy for charge trapping in the ODTS-
treated SiO 2  layer ( k  B  T /  β   GD   =  0.20 eV) than in the P3HT layer 
( k  B  T /  β   S   =  0.05 eV). Previous studies showed that the mean acti-
vation energy for charge trapping ( E  B ) in the OFETs are in the 
range of 0.4–0.8 eV, [  21  ,  29  ]  much higher than the thermal kinetic 
energy of the charge carriers (0.02–0.03 eV). Thus, in general, 
charge carriers cannot instantly overcome the activation energy 
for charge trapping; however, an ODTS-treated SiO 2  layer that 
has a suffi ciently wide distribution of the activation energy for 
charge trapping includes a low-energy barrier tail that is compa-
rable to the thermal kinetic energy of the charge carriers. Rapid 
charge trapping in ODTS-treated SiO 2  gate-dielectrics is then 
allowed in the early stage of bias stress. 

 We further examined the gate voltage-dependence and 
thereby investigated the carrier concentration-dependence of 
the transient current behavior for both the vacuum gap-gated 
and ODTS-treated SiO 2 -gated OFETs. Figure S3a,b (Supporting 
Information) display the transient drain current decay for the 
P3HT OFETs gated with vacuum gap and ODTS-treated SiO 2 , 
respectively, at varying gate voltages. No obvious infl uence of 
the gate voltage on the bias-stress effect was observed, con-
sistent with previous reports. [  21  ,  29,30  ,  44,45  ]  Accordingly,   β   and   τ   
values for semiconductor and gate dielectric layers extracted 
from the method described above based on a double stretched-
exponential formula exhibit no signifi cant variation upon var-
ying gate voltage (and thus carrier concentration) (Figure S3c, 
Supporting Information). Consequently, the results showing 
little infl uence of carrier concentration on transient current 
behavior support validity of utilizing   β   and   τ   values from the 
vacuum gap-gated device to estimate   β   and   τ   values for ODTS-
treated SiO 2 -gated device. 

 To further confi rm the validity of the double stretched-expo-
nential formula, two additional sets of experiments were care-
fully designed. The experiment and analysis described above 
were fi rst applied to P3HT OFETs ( Figure    4  a,b), in which the 
semiconductor layer was thermally annealed (at 170  ° C for 
15 min). The thermal annealing enhanced the crystallinity 
of the P3HT layer, as confi rmed by atomic force microscopy 
images and X-ray analysis, shown in Figure S4 (Supporting 
Information). Despite the enhanced semiconductor crystallinity, 
however, thermal annealing of the semiconductor layer was not 
expected to infl uence the nature of charge trapping events that 
occurred at the gate-dielectric layer-side of the interface. The 
values of   β   GD  and   τ   GD  that described the  I  D  decay were expected 
to remain unchanged upon thermal annealing. By contrast, the 
values of   β   S  and   τ   S  were expected to change noticeably after 
annealing.  
693wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     a) Transfer characteristics of thermally annealed P3HT OFETs gated with ODTS-treated SiO 2  (rectangles, at  V  D   =  –80 V) or vacuum gap 
(circles, at  V  D   =  –40 V) gate-dielectric. b) Normalized current (– I  D (t)/– I  D (0)) decay for OFETs in (a) gated with vacuum gap (curve A) or ODTS-treated 
SiO 2  (curveB) gate-dielectric. c) Transfer characteristics of the as-spun P3HT OFETs gated with a bare SiO 2  (rectangles, at  V  D   =  –80 V) or a vacuum 
gap (circles, at  V  D   =  –40 V) gate-dielectric. d) Normalized current (– I  D (t)/– I  D (0)) decay for OFETs in (c) gated with vacuum gap (curve A) or bare SiO 2  
(curveB) gate-dielectrics. In (b,d), curves C indicate the estimated current decay due to the charge traps located in the gate-dielectric layer-side of the 
interface.  
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 The experiments on annealed P3HT OFETs yielded fi tting 
parameters that were consistent with our expectations. First, 
signifi cant variations in   τ   S  were obtained (7.7  ×  10 4  s from an 
annealed P3HT OFET compared with 1.4  ×  10 4  s from the as-
spun P3HT OFET). These results indicate that the activation 
energy for charge trapping in the semiconductor layer-side of 
the interface is greatly enhanced or the density of charge trap 
sites is reduced upon thermal annealing, probably due to the 
improved crystallinity of the P3HT layer. Second, we observed 
that the values of   β   S  did not change signifi cantly upon P3HT 
annealing (0.49 from the annealed P3HT OFET compared with 
0.47 from the as-spun P3HT OFET). Such a subtle change 
in the   β   S  values suggest that the distribution of the activa-
tion energy for charge trapping in the P3HT layer did not 
vary signifi cantly even are thermal annealing. Lastly and most 
interestingly, the values of   β   GD  and   τ   GD  were nearly constant 
before and after thermal annealing (  β   GD  and   τ   GD  of 0.12 and 
5.3  ×  10 4  s, respectively, from an annealed P3HT OFET com-
pared with 0.13 and 5.5  ×  10 4  s, respectively, from a pristine 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
P3HT OFET). Taken together, these results support the use of 
a double stretched-exponential formula to describe charge trap-
ping in OFETs. 

 Second, we applied the double stretched-exponential anal-
ysis to bias-stress experiments based on as-spun P3HT OFETs 
without an ODTS layer (Figure  4 c,d). This set of experiments 
can be thought of as varying the nature of the gate-dielectric 
layer while retaining the properties of the semiconductor 
layer. If the double stretched-exponential formula were valid, 
of course, one would expect noticeable variations in the values 
  β   GD  and   τ   GD  but not   β   S  and   τ   S . The as-spun P3HT OFETs 
without ODTS interlayer yielded   β   GD  and   τ   GD  values of 0.48 and 
5.0  ×  10 3  s, respectively, and   β   S  and   τ   S  of 0.52 and 1.6  ×  10 4  s, 
respectively. As expected, the   β   S  and   τ   S  values did not vary sig-
nifi cantly with the surface properties of the SiO 2  layer (compare 
the curves A in Figure  3  and Figure  4 d), whereas the values of 
  β   GD  and   τ   GD  were signifi cantly different (compare the curves C 
in Figure  3  and Figure  4 d), again confi rming the validity of the 
double stretched-exponential formula. Because   β   GD  decreased 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 690–696
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from 0.48 to 0.13 and   τ   GD  increased from 5.0  ×  10 3  to 5.5  ×  10 4  
s upon inserting the ODTS interlayer, we concluded that intro-
ducing the ODTS layer widened the distribution of the activa-
tion energy for charge trapping in the gate-dielectric layer-side of 
the interface and resulted in a more rapid  I  D  decay, particularly 
during the early stage of the bias stress. Furthermore, ODTS-
treated SiO 2  has been revealed to have lower activation energy 
for charge trapping than bare SiO 2 . [44]  Therefore, the ODTS-
treated SiO 2  requires less time for charge trapping. However, 
once charge carriers are trapped, the trapped charges in ODTS-
treated SiO 2  layer-side of the interface were revealed to be more 
rapidly released than those in bare SiO 2  due to lower energy 
barrier for detrapping. [  46  ]  Hence, compared to the net charges 
trapped in bare SiO 2  layer-side of the interface, those trapped 
in ODTS-treated SiO 2  layer-side of the interface would increase 
slower with bias stress time except during the early stages. Con-
sistently, the curves in Figure  3  and Figure  4 d imply that the 
ODTS-treated SiO 2 -gated OFETs would be more stable at the 
long time scale ( t   >  2000 s) than the bare SiO 2 -gated OFETs.  

  3. Conclusions 

 We developed a novel method for investigating the bias-stress 
effects in OFETs by employing a double stretched-exponen-
tial formula. This method permitted us to separately describe 
charge trapping in the semiconductor layer-side of the interface 
and the gate-dielectric layer-side of the interface in OFETs. The 
systematic results obtained from examination of P3HT OFETs 
prepared in three different methods including an ODTS-treated 
SiO 2  gate-dielectric/vacuum gap gate-dielectric, an as-spun 
P3HT/annealed P3HT, and an ODTS-treated SiO 2 /bare SiO 2 , 
confi rmed the validity of the method. The gate-dielectric layer-
side of the interface, in general, plays a more critical role than 
the semiconductor layer-side of the interface in the bias-stress 
effects, possibly because the distribution of the activation energy 
for charge trapping is wider in the gate-dielectric layer-side of 
the interface. The presence of a self-assembled monolayer (the 
ODTS layer) further widened the distribution of the activation 
energy for charge trapping in gate-dielectric layer-side of the 
interface and resulted in a more rapid channel current decay. 
The novel analysis methods presented here enhance our under-
standing of charge trapping and provide rational guidelines for 
the development of effi cient OFETs with high performance.  

  4. Experimental Section 
  Fabrication of the SiO 2 -Gated P3HT OFETs : A heavily-doped  n -Si 

wafer with a 300-nm-thick thermally grown SiO 2  layer was used as the 
substrate. The heavily-doped Si layer served as a gate electrode and 
the SiO 2  served as the gate-dielectric. The measured capacitance of 
the SiO 2  gate-dielectric was 10.8  ±  0.2 nF cm  − 2  (Figure S1, Supporting 
Information). The wafer was cleaned in piranha solution for 30 min 
at 100  ° C, then washed with copious amounts of distilled water. The 
octadecyltrichlorosilane (ODTS, Gelest) self-assembled monolayers were 
introduced onto the as-cleaned SiO 2  surfaces using the dipping method 
at 15  ° C for 2 h, followed by baking at 170  ° C for 15 min to form the 
ODTS-treated SiO 2  gate-dielectric. This step was skipped when preparing 
P3HT OFETs without the ODTS layer. Aside from this step, both types 
of P3HT OFET were prepared via identical processes. Au/Ti (20/3 nm) 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 690–696
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electrode patterns with a channel width of 1000  μ m and a length of 
50  μ m were thermally deposited onto the gate-dielectric layer through 
a shadow mask. Finally, 100-nm-thick P3HT (4002-E, Rieke Metals Inc.) 
was prepared by spin-coating a P3HT solution in chloroform onto the 
Au patterned substrate. 

  Fabrication of Vacuum Gap-Gated P3HT OFETs : An additional set of 
Au contact channels of width 1000  μ m and length 50  μ m were thermally 
deposited on top of the as-prepared P3HT fi lm to form source/drain 
electrodes for the vacuum gap-gated OFET. We separately prepared 
a vacuum gap gate-dielectric mount equipped with patches for the 
source/drain and gate contacts and a trough that later served as a 
vacuum gate-dielectric layer. First, Au/Ti (40/10 nm) gate electrode (the 
widths of the gate electrodes were 150  μ m to fully cover the channel 
area) patterns were formed on a glass substrate by thermal evaporation 
through a shadow mask. The SU-8 2005 photoresist (MicroChem) was 
spin-coated onto the patterned glass substrate, followed by a pre-baking 
process (at 95  ° C for 2 min). The photoresist layer was then selectively 
exposed to UV light (for 20 s) over the area used for source/drain and 
the device was submitted to a post-baking process (at 95  ° C for 1 min). 
Another layer of Au/Ti (40/10 nm), which later contacted the source/
drain electrodes deposited onto the P3HT layer, was then thermally 
deposited onto the photoresist fi lm. The device was then submitted to a 
developing process (2 min in SU-8 developer with sonication) to yield a 
trough (depth  =  5.1  μ m, measured using scanning electron microscopy 
and an alpha-step height measurement system) with a gate electrode 
on the bottom. A metal-vacuum-metal structure (inset of Figure S1, 
Supporting Information) was used for measuring the capacitances of the 
vacuum gap gate-dielectric (0.19  ±  0.04 nF cm  − 2 ). Finally, the substrate 
covered with a P3HT fi lm and including Au top contacts was fl ipped over 
and placed on the as-prepared vacuum gate-dielectric mount to form the 
vacuum gap-gated P3HT OFETs. 

  Electrical measurements of the OFETs : The electrical performances of 
the OFETs were characterized using a Keithley 2636A SourceMeter under 
vacuum ( ≈ 10  − 6  Torr). The time resolution of the time-dependent  I  D  under 
the gate bias-stress was below 300 ms.  
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