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Fig. 6. Atlas 2D device simulated potential contour profile to explain 
the model working under applied bias d75 , `/-7)d  and d95 , `8)d "!

Fig. 7. Atlas 2D device simulated current flow contour profile shows 
the accumulation layer of the OFET model working under applied 
bias d75 , `/-7)d  and d95 , `8)d "!

 

for OFETs, the thickness of the accumulation layer NK,L.  may 
not be uniformly constant along L direction in real cases. Thus 
NK in the model should be considered as the nominal thickness. 
It should be mentioned that the analytical model developed in 
this work cannot explain the OFET characteristics in the 
subthreshold regime. For Current-Voltage model in the 
subthreshold regime, we consider (28), a variant form of [48], 
 

! U ) !
#3 ( # 9 R 3(: !

3 5 0123 !" (: 5O %#+& 
! 1 *! 1

 
where #39  is the leakage current, ! 1 ( 4- $I  is the thermal 
voltage, *  is the slope parameter, and B is the fitting parameter.  
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Fig. 8. Atlas 2D device simulated hole concentration contour profile 
under applied bias =:; , `/-7)=  and =<; , `8)= .!

D.! Electro-mechanical Coupling model  
Strains inside the semiconductor can result from phonon-

agitated lattice vibrations, lattice mismatches during film 
growth in epitaxial heterostructures, intrinsic strains in thin film 
depositions, and external loads [35]. The development of strain-
induced electro-mechanical coupling relations is significantly 
more complicated in OFETs compared to MOSFETs since the 
bonding and antibonding mechanisms for organic materials 
bring more unprecedented modeling errors than inorganic 
materials (e.g., Si, Ge, GaAs, etc.) with periodical crystal 
structures. In this regard, we adopt method of superpositions 
and propose a semiempirical model to characterize the bending 
effects on electrical performance of OFETs. Consider the OFET 
model shown in Fig. 3, the mechanical strain developed on the 
top of the active layer is evaluated by (29) [49], [50], 

 
?: = ? % ,< = Qyz = yz 0.

J ( 9 :  %#,& 
Qx , < = z ., < = yz .

 
where ?:  and ?% are the thickness of substrate and active layer, 
respectively. y  is equal to {%${: ,  the ratio of active layerÕs 
YoungÕs moduli to substrateÕs YoungÕs moduli. z is ?%$?:  and 
x  is the bending radius (curvature). In the experiment [51], the 
substrate and dielectric layers are both Parylene, the gate (gold) 
electrode is negligible in thickness so we can treat the total 
thickness of the dielectric layer and the substrate layer as ?:  in 
the calculation of bending strains. Implied by DrudeÕs mobility 
model, strain impacts on mobility by interfering the scattering 
process. The interfering mechanism in MOSFETs can be 
mathematically formulated with the help of quantum mechanics 
[34], [35]. In this work, we brief those convoluted quantum 
descriptions, and it is found that a semiempirical expression in 
(30) can be utilized to correlate surface strain J and mobility 
shift  Z" M%%, 
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Fig. 9. Drain current versus gate-source voltage characteristics under 
different 𝛾  values, the theoretical curve with 𝛾 = 1.3  is in good 
consistence with pre-bent experimental data. 𝑉75 is fixed to −5 V. 
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Fig. 10. Drain current versus drain-source voltage characteristics under 
different 𝛾  values, the theoretical curve with 𝛾 = 1.3  is in good 
consistence with pre-bent experimental data. 𝑉95 is fixed to −3 V. 
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Δ𝐼3 Δ𝜇

≅ M%% = Π(𝜃, 𝜑) ⋅ 𝐶𝜀 (30) 𝐼3 𝜇M%%
 
where Π(𝜃, 𝜑)  is the piezoresistive coefficient, 𝜃  and 𝜑  are 
parametric angles dependent on the crystalline structure and 
manufacturing layouts of semiconductors. 𝐶 is the normalized 
stiffness constant and 𝜀 is the surface strain. 
 Strain also affects threshold voltage in another way. The 
channel strain will alter the band structure, including the ending 
conduction/valence band splitting, energy gap narrowing and 
band warping, etc [35]. It was proven that the threshold voltage 
shift due to strain is given by (31) [52], 
 

1 𝑁 (0)
Δ𝑉!" = &Δ𝐸#$%$ + (𝑚 − 1) -Δ𝐸 + 𝑘𝑇 ⋅ log '

𝑞 & 78 (31) 𝑁'(𝜀)
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Fig. 11. Comparison of measured (symbols) and generalized 
theoretically modeled (𝛾 = 1.3) drain current as a function of source-
gate voltage for fixed 𝑉75 = −5 V, both pre-bent and post-bent cases 
are illustrated. 

where Δ𝐸-,+, is the shift of HOMO band due to strain, Δ𝐸( is 
the change of band gap, 𝑁.(𝜀) is the effective LUMO density 
of states under strain 𝜀, and 𝑚	(∼ 1.2 − 1.4) is the body-effect 
coefficient. For a p-type OFET, the contribution from LUMO 
band is too small so that the last term in (31) can be neglected. 
The deformation potential theory gives the shifts on HOMO 
band and band gap as (32) [53], 
 

1
ΔEV ≈ Δ𝐸-,+, = 3ΞT + Ξ3 W5 ⋅ 𝑡𝑟(𝜀) (32) 

 
where ΞT, ΞW are dilation and uniaxial deformation potentials 
at the HOMO band edges. 𝑡𝑟(𝜀) is the trace of strain tensor. By 
superposing Δ𝜇M%%  and Δ𝑉!"  to (24) and (27), the bending 
induced variations on the transconductance of a p-type OFET 
can be quantitatively characterized. Therefore, the pre- and 
post-bent characteristics can be simulated with the help of a 
system of equations formed by (19), (24), (27), (28), (30) and 
(31). 

III. EXPERIMENTAL VERIFICATION AND DISCUSSIONS 
The basic components of a BGTC OFET are sketched in Fig. 

3. The bending test is achieved by laminating the encapsulated 
OFET onto a pre-stretched elastomer, which is then relaxed. 
The film forms wrinkles due to stress/strain at the interface of 
soft-but-thick elastomer and hard-but-thin OFET stack [13], 
with the conformal nature of the lamination correlated with the 
film thickness. The minimum bending radius (radius of 
curvature) is estimated at ~ 2	µm  from SEM images. The 
fabrication and bending details are specified in [51].  

To validate the theoretical model, we implement the 
simulation in Silvaco Atlas and extract fitting parameters by 
inspecting the measured transconductance curves. Silvaco Atlas 
can solve Poisson-Nernst-Planck (PNP) system of PDEs at each 
node in a two-dimensional meshed domain, with its boundary 
conditions automatically implemented in the software core [41]. 
The modeling/fitting parameters, material properties of organic 



First Author et al.: Title 9 

 
Fig. 12. Comparison of measured (symbols) and generalized 
theoretically modeled (𝛾 = 1.3) drain current as a function of drain-
source voltage for fixed 𝑉95 = 0,−1, −2, −3, −4, −5 V, the pre-bent case 
is illustrated. 
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case is illustrated. 
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semiconductors and dielectric materials are summarized and 
listed in Table 1. The simulated potential contour plot and the 
current flowlines in the OFET operated under applied bias 
𝑉T: = −1.5	V and 𝑉(: = −3	V, are shown in Fig. 6  and Fig. 7, 
respectively. It can be observed in Fig. 6 that the variation of 
potentials in the channel along 𝑥 direction is more evident than 
its changes along 𝑦 direction. This is due to the gradual channel 
approximation adopted in the current-voltage model. Since the 
channel length is much larger than the channel thickness, a 
comprehensive potential drop along 𝑥 direction may still give 
rise to a trivial parallel electric field in comparison to its 
perpendicular component. As depicted in Fig. 3, the OFET 
should maintain an accumulation layer on the surface of the 
dielectric-semiconductor interface to provide a surface channel 

for current flows. Fig. 7 demonstrates the simulated contour of 
the accumulation layer and suggests that the thickness of the 
accumulation layer should be around 5	nm in our case, which 
agrees with [54]–[56]. Fig. 8 portrays steady state hole 
concentrations in the OFET, which implies that the 
recombination of the majority charge carriers is way more 
active than their generation in OSCs. 

Fig. 9 shows a transconductance curve, that plots the drain 
current versus gate-source voltage, under different 𝛾  values, 
and Fig. 10 displays the output curve, that plots the drain current 
versus drain-source voltage, under different 𝛾 values. With 𝛾 
increasing from 1 to 1.3, the density of trap states emulates and 
exceeds the density of LUMO states. The immense number of 
ionized trap sites will impede the hole transports and reduce the 
drain current flows in the channel. As a result, the drain current 
in 𝛾 = 1.3 is reduced to about 1/9 of the drain current in 𝛾 =
1. Moreover, it can be observed that the theoretical curve for 
𝛾 = 1.3  also demonstrates a better fit to the pre-bent 
experimental data except for the vicinity around the threshold 
voltage, which implies that the generalized theoretical model 
when 𝛾 = 1.3 can accurately simulate the quantity of traps in 
our real OFET in the linear and saturation regimes. The trap 
concentration in the generalized theoretical model can be 
adjusted by 𝛾 and 𝑁13 , independently. The levels of 𝑁13  can 
influence the magnitude of carrier mobilities, as we discussed 
previously in the establishment of the mobility models. The 
values of 𝛾, in another way, modify the OFET transconductance 
characteristics by directly maneuvering the generalized current-
voltage model. 

Fig. 11 compares the measured (red circles and green squares) 
and the theoretically modeled (black solid and blue dashed lines) 
𝐼T:  versus 𝑉(:  characteristics, both for the cases of pre- and 
post-bent OFETs, with 𝑉T:  fixed to −5 V. In the theoretical 
model, we consider the strain-induced shifts in the threshold 
voltage and the carrier mobility by superposing the results of 
(30) and (31) to (24) and (27). It can be seen that the theoretical 
model (𝛾 = 1.3) validated in the pre-bent case is also valid for 
the post-bent case if we set the electro-mechanical coupling 
model with parameters listed in Table 1. The pre- and post-bent 
theoretical models are both produced with the ionized TD trap 

09 7Odensity 𝑁139 = 3.6 × 10 	cm . The TD trap density 𝑁13 is 
determined by 𝑁139 and 𝛾 according to (10), and the resultant 
effective mobility within DNTT is then adjusted by 𝑁13 . 
However, it should be noted that the theoretical model is much 
better fitting the experimental measurements at the high 𝑉(: 
region (i.e., linear and saturation regimes). As demonstrated by 
the inset transconductance curves in Fig. 11, our model fails 
within a small transitional region between subthreshold regime 
and linear/saturation regimes. This is because at the high 𝑉(: 
region, the Fermi level is bent towards to the band edge of 
LUMO, leading to a closer distance between TD trap sites and 
LUMO edges. In this sense, the capturing and decapturing of 
holes in TD traps will prevail among all four types of trapping 
activities (i.e., TD, TA, GD, GA.). At the low 𝑉(: region, the 
Fermi level is positioned close to deep level trap states, and thus 
GA and GD traps will play more important roles than TD traps 
in the trapping and detrapping of carriers. Since we also utilize 
(28) to remedy the OFET behaviors in the subthreshold regime, 
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our model only loses its control within a small transitional  (: 
region. 

Fig. 12 compares the measured (red circles and green squares) 
and the theoretically modeled (black solid and blue dashed lines) 
𝐼T: versus 𝑉T: characteristics, for the case of pre-bent OFETs, 
with 𝑉(:  fixed to 0, −1, −2, −3, −4 and −5 V, respectively. 
Similarly, the post-bent 𝐼T:  versus 𝑉T:  characteristics under 
different fixed 𝑉(: is sketched in Fig. 13. It is shown in both 
figures that the generalized theoretical models (𝛾 = 1.3) are in 
good agreement with the measured experimental data. Further 
analysis reveals that the non-effective mobility 𝜇M%%  is 
enhanced from 0.5	cm0/(V ⋅ s)  to 0.57	cm0/(V ⋅ s) , with 

0average effective mobility increased from 0.43	cm /(V ⋅ s) to 
0.49	cm0/(V ⋅ s), and the threshold voltage 𝑉!" is shifted from 
−1.12	V to −0.62	V, if we compare the pre- and the post-bent 
transconductance curves. Another important observation is that 
𝐼T: is no longer zero for 𝑉(: = −1	V, due to the magnitude of 
the threshold voltage shrinking to less than 𝑉(: when bending 
takes effects. 

IV. CONCLUSION 
An analytical model to characterize the electrical properties 

of a bendable OFET is presented in this paper. The model is 
developed by considering the trap states in the OSCs and 
incorporating the stress-induced shifts on the effective mobility 
and the threshold voltage into the generalized current-voltage 
model. With the p-type OFET operating in enhancement mode, 
an accumulation layer is formed within the semiconductor at 
the interface with the dielectric layer, to transport the majority 
carriers (i.e., holes) between source and drain electrodes. The 
concatenation of field-dependent Poole-Frenkel model, 
Coulombic scattering model, and Caughey-Thomas model in 
the Matthiessen’s style, is an effective way to account for the 
effective mobility with enhancement behavior in the low-field 
region and degradation behavior in the high-field region. The 
levels of trap states in the generalized current-voltage model 
can be adjusted by varying parameter 𝛾 in the equations. It is 
verified that the generalized physical model when 𝛾 = 1.3 can 
accurately explain the experimental measurements for both the 
pre-bent and post-bent DNTT-based OFETs in the linear and 
saturation regimes. The generalized OFET model is physically 
based, and the model parameters can be easily extracted or 
quickly fitted from limited experimental data. Likewise, the 
bendable OFETs with different layouts, or made from different 
OSCs, can also be precisely characterized by this generalized 
model. Another contribution of this work is that our model can 
predict the stress-induced behaviors of the OFET devices with 
different bending radii. 
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