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Abstract

Organic thin film transistors (TFTs) can be made with materials that allow them to be mechanically
stretched during electrical operation. We describe the application of mechanical models of the
elasticity of polymers to predict the electrical characteristics of elastic TFTs. The model predicts
the current-voltage behavior of TFTs under uniaxial and biaxial deformation assuming stretchable
elements for contacts, dielectrics, and the semiconducting layer. The behavior of complementary
inverters using elastic TFTs is presented along with criteria for stable operation as digital circuit
elements. The mechanical model was also applied to organic electrochemical transistors (OECTs).
The behavior of elastic OECTs differs substantially from TFTs and the model predicts that they

can provide benefits for the stability of simple digital circuits.
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Introduction

The mechanical properties of polymers significantly differ from inorganic materials providing
potential advantages for unconventional electronic devices.'? In contrast to inorganic
semiconductors that can only be deformed elastically with strains of a few percent, polymers can
be deformed to many times their initial dimensions.>* Despite this potential, developing
mechanically stretchable semiconducting polymers, dielectrics, and conductors for stretchable
electronic devices is a challenge.’>”’ There have been a number of demonstrations of stretchable
thin film transistors (TFTs) and circuits with good performance upon deformation.®-!2 These
advances demonstrate the need for models for the expected electro-mechanical behavior of
stretchable TFTs that can be used to understand their operation.

Here we describe the application of mechanical models of the elasticity of polymer networks®#
to predict the electrical behavior of elastic TFTs. We consider TFTs under uniaxial and biaxial
deformation assuming stretchable elements for contacts, dielectrics, and the semiconducting layer.
Comparison of the expectations for TFTs and organic electrochemical transistors (OECTs) are also
presented. Our model shows that in addition to the development of new materials for stretchable
electronics there is a pressing need for the development of circuit designs that maintain their
functionality under mechanical deformation.

The majority of semiconducting polymers have limited mechanical elasticity relative to
insulating elastomers. A material in the elastic regime recovers its initial dimensions after removal
of an applied stress. A material that is stretchable can either recover its initial dimensions or
plastically deform after removal of an applied stress.!> The mechanical behavior of polymers
depends on their structural order and the temperature relative to their glass transition temperature,

T,. The molecular structure of most high-performance semiconducting polymers leads to a
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relatively high 7, (e.g. above ~30° C) and semicrystallinity.!:!* Poly(3-hexylthiophene), a widely
used semiconducting polymer, undergoes plastic deformation without full recovery above strains
of ~10%.!5-17 In contrast, simple elastomers are polymer chains crosslinked into a network that
exhibit elastic behavior to high strain (>100%) at temperatures above their 7,.* Block copolymers,
such as styrene-butadiene-styrene (SBS), can also have elastic behavior where some regions are
hardened, either by crystallization or by being below their 7,.!3 It is reasonable to believe that
semiconducting polymers can be designed to have elastic properties considering that amorphous
semiconducting polymers, such as poly(triarylamines), are known.'320 Additionally, recent work
suggests a design rule for side chain alkylation of conjugated backbones that would lead to
intrinsically stretchable semiconductors that operate around room temperature (i.e., 7, <0 °C).!
These side chains can be part of long branched groups on select monomers (not on every ring) to
avoid crystallization, or inducing an additional 7, for the side chain itself, thus further improving
stretchability and elasticity.

The emergence of composites of semiconductors, or conductors, with elastic polymers has
enabled exploration of the behavior of stretchable TFTs and circuits.?> For example, phase-
separated blends of semiconducting polymers and elastomers provide a means to form an elastic
semiconducting channel. In blends with elastomers such as poly(dimethylsiloxane) (PDMS) and
polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene (SEBS), phase-separated fiber-
like aggregates of semiconducting polymers below their 7, accommodate deformation by bending
and stretching within the elastic matrix.!%*>-25 Such blends can have effective carrier mobilities in
TFTs near 1 cm?V~!s™! depending on the composition and processing.?* Single wall carbon
nanotubes (SWCNTs) supported by SEBS allow for stretchable electrode materials without overly

large injection barriers to organic semiconductors.” The mechanical recovery of these composites
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is imperfect, but the associated device characteristics of TFTs show intriguing resilience to
deformation.??*

Despite efforts to form stretchable electronics, there has not been significant investigation into
basic models for the electrical behavior of elastic, or stretchable, TFTs. Without a clear device
model that predicts current-voltage characteristics of TFTs with deformation, it is difficult to
understand the behavior of novel materials and device structures. Given the questions of non-
idealities on the extraction of carrier mobility of polymers from TFTs in conventional devices,?6~
28 it is particularly important to understand the expectations for their limiting behavior. Here using
a standard model for the mechanical behavior of elastic polymers, we examine the expectations
for the current-voltage characteristics of TFTs and OECTs (Figure 1). The model provides
predictions for the behavior of TFTs deformed by both uniaxial and biaxial stresses as a function

of direction with respect to the geometry of the device.
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Figure 1. Schematic of a p-type (a) TFT and (b) OECT. Holes, 4", accumulate and flow at the
semiconductor-dielectric interface in the former whereas holes accumulate in the bulk of the
semiconductor in the latter due to infiltration of ions from the electrolyte gate.

Results and Discussion

Elastic Thin Film Transistors. The electrical behavior of elastic TFTs can be modeled in the
simplest form using the gradual channel model for the current-voltage (/-V) characteristics. The
gradual channel model for a TFT with carrier mobility (u), a gate capacitance per area (Cg), a
channel width (#), and a channel length (L) is given by Eq. 1 in the linear regime and Eq. 2 in the
saturation regime where the source-drain bias (Vsp) exceeds the magnitude of the difference

between the gate to source voltage (V) and a threshold voltage (V7).262

2
I :KCG,L{(V -V, V. —VSZD} Vel < |(Ve =72 )
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(1)
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The geometry of the TFT along with the coordinate system used for the deformations is given in
Figure 2. If elastic materials are used for the electrodes, semiconductor, and dielectric then the
changes of the /-V characteristics of a TFT as a function of deformation can be derived under

assumptions about the mechanical and electrical properties of the materials.

w — aw ="y L
/ A= L,/L W
— "
A=t/
Ag = d’/d

Figure 2. Schematic of the deformation of an elastic TFT with the initial dimensions, final
dimensions, and extension ratios, A, defined.

For the mechanical behavior of the materials in the TFT we assume that the materials are
incompressible, i.e. they have Poisson’s ratio of 0.5, and are isotropic. Such behavior is an

excellent approximation for amorphous polymer networks used as dielectrics.*!* For ordered
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semiconducting polymers, the assumption of an isotropic response is not necessarily valid because
of the mixture of crystalline and disordered regions, but we expect that it should hold for
amorphous semiconducting polymers. We also assume that electrodes made from composites, e.g
SWCNTs supported by or blended in SEBS, will follow this behavior as well. For polymers that
undergo high deformation it is common to define an extension ratio, ./, rather than strain. The

extension ratio is defined as the ratio of the deformed dimension (x;) to its initial dimension (x;) in

a particular direction, i, and is given by A; = Xi/x;. Here we model the TFT using a deformation
along the channel direction, .4, along the width, 4y, in the thickness of the semiconducting layer,
A4, and in the thickness of the dielectric layer, 4. With Poisson’s ratio of 0.5, the product of the
extension ratios is unity, i.e. Av4.4 =1.* We assume that deformation throughout the TFT is
uniform, i.e. the channel, dielectric, and electrodes have equivalent deformation (although the
mechanical stress in each layer might be different due to differences in mechanical moduli). We
also assume the TFT is free to move in all directions other than that of the applied deformation.
Note that this assumption can be invalidated in practice if a TFT is not deformed in a controlled
fashion, e.g. in true uniaxial or biaxial strain.

For the electrical properties of the materials in the TFT, we make several important
assumptions. The dielectric constant of the gate dielectric is modeled as independent of
deformation, which is a reasonable assumption assuming the chain dimensions are not strongly
perturbed. We also assume that the mobility of the semiconductor does not vary with extension;
this assumption is reasonable for an amorphous polymer at deformations that do not strongly
perturb the chain dimensions relative to the initial state. At high extension (/ >>7), changes in
the mobility are expected because the polymer chains extend which could lead to variations in the

transport pathways and the energetic disorder.!> We also assume that the accumulation layer is
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sufficiently thin, e.g. ~1 nm, relative to the thickness of the undeformed semiconductor that the
change in dimension does not affect the operation of the device. Our model does not incorporate
the role of contact resistances in transistors, which are ignored in the basic gradual channel model,

and we comment on the potential effects for various cases of deformations below.

Uniaxial Deformation of TFTs. The first case for the electrical behavior with deformation is
simple uniaxial extension or compression either along the direction of the channel or across it. The
full derivation of the model is given in the Supplementary Information and we highlight here the
most critical factors. The gate capacitance can be shown to vary as VACg with uniaxial deformation
along the channel length, or the width, therefore under compression the capacitance will decrease
and under extension it will increase. We model change in V1 of the TFT by assuming that the
amount of trapped charge per area, girap, does not change with deformation. In this case, V' will be
a function of Cg because gqp= V'1Cq (assuming that the device turns on in the sub-threshold regime
near Vg=0 V). The expression for the current in the saturation region for change in channel
dimensions W and L is given by Equation 3 for deformation along the channel direction and
Equation 4 for deformation across the channel with comparable expressions for the linear regime

(see Supporting Information).
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The effect of uniaxial deformation is strikingly different in the two cases despite the similar
modification of Vr. The relative current (Isp ; /Isp, ~1) in the saturation regime upon deformation
of a model p-type TFT with W/L=1, Cg =5 nF/cm?, and Vr=—10 V and V5= —40 V is shown in
Figure 3. Because the mobility is constant, it does not impact the relative current. The current
scales as ~1/4, at small V7 relative to Vg, as the device is stretched along the channel length, L,
because the change in the width and thickness of the dielectric compensate each other. The current
scales as ~Ay? for extension along the channel width, ¥, due to the shortening of the channel
length and the decrease in thickness of the gate dielectric. This result also holds for the saturation
regime at small V't relative to Vg (see Supplementary Information). It can be seen from the plots
that deformation along the channel length produces a smaller change in the output current of the
TFT than deformation along the channel width; note that if the /-7 characteristics are plotted on a
log scale to show the on-to-off characteristic then such changes would be more difficult to see than
in the case where the deformation is along the width of the TFT.

As a TFT undergoes deformation, the resistance of the channel will change. As the channel
length increases the current drops under the condition of a vanishingly small contact resistance.
However, in practical organic TFTs the contact resistance may be comparable to the channel
resistance depending on the initial dimensions of the device, i.e. for short channel lengths or if
there is a substantial injection barrier.?® Upon extension, the channel resistance increases leading
to a smaller influence of a fixed contact resistance as the device is stretched along L, but has an

increasing effect upon compression as the channel resistance drops. The change in channel
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resistance differs with deformation along W and could, in principle, lead to apparent differences
in mobility extracted from a device with a contact resistance that is competitive with the channel
resistance. Given that contact resistances are known to strongly influence the extraction of the
apparent carrier mobility in high performance TFTs,?%2® the best practice would be to evaluate the
contact resistance using a variety of channel lengths before interpreting changes in mobility upon
deformation. One expects that larger devices, e.g. L > 100 um, would be preferable for studies of
the elastic behavior of TFTs particularly without reasonable models of the injection barrier using

elastic conducting composites as electrodes.

(a) (b) : -
Relative Current (I5p/lgp™"!)
2
6 —a- Uniaxial along L
—_ —- Uniaxial along W
5 54 —® Equibiaxial 1.75 6
£
5 5
= 1.5
[z
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5 F1.25 3
3
(4] 1 2
2
= 1
4 0.75 "
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Figure 3. (a) Relative /_ of a TFT in the saturation regime as a function of extension ratio for uniaxial

deformation along L (triangles) and W (squares) and equi-biaxial deformation along L and W (circles).
(b) Two-dimensional plot of the relative current for biaxial deformation. The TFT was modeled with

the following parameters: W/L=1, C =5 x10" F/cmz, anda V =—10 Vwith ¥ _=-40 V.
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Biaxial Extension. 1f a TFT is deformed along both the width and length of the channel in biaxial
deformation, Eq. 5 shows that the current in the saturation regime scales with ~.4y?. This behavior
can be understood by considering the changes under biaxial extension. The thickness of the
dielectric changes as the product 1/4y.4, thereby modifying the gate capacitance. This change
compensates for the change in L and the device outputs a current that is surprisingly dominated by
changes in W at high V7 relative to V7 despite the biaxial deformation. The relative current with
deformation for the case of equi-biaxial deformation along L and W is given in Figure 3a and that

for the full spectrum of biaxial deformation is given in Figure 3b

w1l Y
I.=A>—C u—-|V,———V,
SD w L G'u 2L G /IL/le T ()
5

A striking prediction of the model is that if the device is compressed then the effective V1 could
increase enough to shut the TFT off. Given the assumption in the model that shifts in V1 are
dominated by the change in the gate capacitance, this condition occurs when Vy/Vg = A4 Ay. The
switch to the off-state could occur at relatively low compression of both directions, e.g. /~0.7, at
low values of Vg and suggests that such TFTs would be highly sensitive to deformation near this

operational condition.

Comparisons to Literature. We can compare the model to some results reported in literature,
however we note that no truly elastic semiconducting polymers have been reported to our
knowledge. The most widely studied stretchable TFTs use composites to achieve elastic behavior.

The apparent mobility of stretchable TFTs formed with SEBS/(diketopyrrolopyrole-based
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semiconducting polymer) blends, SWCNTs supported by SEBS as electrodes, and an SEBS
dielectric was reported to be roughly constant based on extraction of the /-V characteristics.? The
current of the TFTs dropped with extension along the channel length in agreement with the model
here, but was nearly constant with deformation along the width to extension of ~1.75 in contrast
to predictions here for uniaxial deformation along 7.2 An explanation for the difference would be
that the inhomogeneous polymer aggregates in the SEBS matrix did not fill the channel as W
increased, i.e. the number of semiconducting pathways between the source and drain did not
change with deformation in the blend. We can also compare the model to TFTs formed with an
elastic PDMS dielectric, PDMS-encapsulated SWCNT electrodes, and amorphous
indacenodithiophene-co-benzodiathiazole polymer (IDTBT). These TFTs show a decrease in
current with extension along L, but a more complex behavior with extension along W where the
current decreases then increases again.?® The apparent mobility of the TFT was reported to
decrease with deformation in both directions; this could arise from changes in the morphology of
the semiconductor or potentially a change in injection from the SWCNT composite electrodes.
Considering that the gate capacitance of SEBS dielectrics does change as expected by the model,?*
detailed analysis of stretchable TFTs using the model here should help to reveal the physical origin

of changes in the /I-V characteristics.

Predictions for the behavior of circuits. The model for the /-V characteristics of TFTs with
deformation also shows that the layout of a circuit with respect to the deformation direction will
have a significant impact on the performance of a stretchable circuit. We consider the case of a
complementary inverter with n- and p-type TFTs with the physical layouts shown in Figure 4. In

digital circuits inverters are used to change the sign of the input voltage, V;,, as an output voltage,
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Vou? In analog circuits the inverter can be used as a simple amplifier when operated near an input
value referred to as the inverting voltage, Vi,,, where both the n- and p-type TFTs are in saturation
(see Figure S1).3° Complementary inverters made with organic TFTs have been studied to

understand the impacts of gate bias stress and other factors on their operation.?!32

(a) (b) Case |: Parallel Case II: Perpendicular

VDD VDD VDD
p-type TFT p-type TFT

Vout Vin @ Vout

L -type TFT
= n-type TFT = "-ype

Figure 4. (a) Diagram of a complementary inverter circuit with z- and p-type TFTs. Vpp is the
supply voltage. (b) Top view of the physical layouts of an inverter circuit where the channels of the
TFTs are oriented parallel to each other (Case I) and perpendicular to each other (Case II). The
dashed line indicates connections to the gate electrodes of the TFTs.

In Case I the TFTs are arranged such that deformation affects both devices in the same way

whereas in Case II the TFTs are laid out perpendicular to each other. The operation of circuits
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such as inverters depends on changes in the resistance, i.e. Isp, of the TFTs upon deformation,
which occur even if the mobility of the semiconductor is constant. For Case I, a stability criterion
for Vi, can be derived from the behavior as a function of uniaxial extension. Eq. 6 gives the

expected value of Vj,, with deformation along L (see Supporting Information for derivation).

VDD a ﬁ’VT’J + ﬁvﬂn %p
_ L L

‘]inv
"
©

In these expressions, £ is equal to (W/L)uCg for the n- and p-type TFTs. Eq. 7 gives the resulting
stability criterion such that V},, is invariant with 7, that forces the dimensions of the n- and p-type
TFTs to be set by the ratio of V't for the n- and p-type TFTs (Eq. 7). This expression is valid for
deformation along W with substitution of 4y for .4, because the behavior depends only on the
change in V7 with deformation. Here we ignore changes in V7 due to gate bias stress which has

been considered previously and depends on the functional form of the shift in V73!

(7)

In contrast to Case I, no stability criterion can be found in Case II because the dimensions of the
two TFTs change differently with extension. Here Vi, is given by Eq. 8 in this case for

deformation, .7, along the channel of the p-type TFT and the width of the n-type TFT.
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Figure 5 shows the inverter characteristics in both Case I and II along with a plot of V;,, with n-

and p- TFTs with device parameters comparable to typical TFTs with polymeric gate dielectrics.
For both cases the gain (the slope near V;,,) varies with deformation with the most severe changes
occurring for Case II. In both cases, if the input voltage is well away from V,,,, the circuit will
still operate as an inverter, but the operational window is substantially affected by deformation in
Case II. Such characteristics will lead to a relatively poor noise margin in complex circuits.30-32
The model does show that if the mechanical deformation is predictable, e.g. for a circuit in a device
that is constrained to stretch along a particular direction, then circuits and driving voltages may be
designed to compensate for mechanical strain. Additionally, the behavioral predictions from the
model can be used to design high sensitivity strain/pressure sensors with built-in response, such as
the Case II layout, in which Vj,, varies significantly with deformation. More complex circuit
layouts with multiple inverters can potentially be designed to detect and deconvolute strains in

multiple directions.
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(a) Case |: Parallel Case ll: Perpendicular (b)
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Figure 5. (a) Characteristics for an inverter with the Case I and Case II layouts as described in Figure
4. The solid line shows the output voltage, V., with respect to the input voltage, V;,, and the dashed
lines are transformations of the circuit performance to highlight the eye of the operational regime of
the circuit. (b) Inverting voltage, V;,,, with deformation for Case I and Case II showing stability when
the TFTs are oriented in the same direction with respect to the deformation and instability when they
are not.

Elastic Electrochemical Transistors. In addition to TFTs, other types of transistors known as
organic electrochemical double layer transistors (EDLTs) and organic electrochemical transistors
(OECTS) are under investigation.*3-3> In contrast to TFTs, the gate dielectric in EDLTs and OECTs
is formed from a fluid or solid-state electrolyte with mobile ions that respond to the gate voltage.
In OECTs the current of the transistor flows through the bulk of the semiconducting layer due to
infiltration of ions into the semiconductor (Figure 1), but in EDLTs ions cannot infiltrate the
semiconductor and current flows at the surface of the semiconductor. These devices have

advantages over conventional organic TFTs because the operating voltages are low due to the high
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capacitance of the ionic dielectric.c. OECTs in particular are being examined widely in
bioelectronics because of their high transconductance.3¢

We can model EDLTs and OECTs with similar assumptions to TFTs, but with a few key
differences. We assume that the capacitance of the electrochemical gate is not affected by
deformation because the motion of ions to form the double layer, or to penetrate the bulk, should
be relatively insensitive to the thickness of the dielectric. The model should be valid for both solid-
state electrolytes and for solvent-based electrolytes. We note that we have ignored the effect of
swelling of the semiconductor by the ions, which is typically small (a few percent change in
volume);3738 however for precise modeling at small deformations such changes should be
considered as well. The model predicts the /-J behavior at steady state and ignores the speed of
the formation of the EDL or the kinetics of infiltration of ions into the channel in an OECT.36:3940
We also note that in EDLT and OECT devices parasitic capacitances can play a significant role as
well due to the large double layer capacitance of the dielectric. These effects will also be modified
by deformation due to changes in the area of the electrodes,*® but we ignore those effects because
they are very specific to the exact device design and here only focus on the limiting behavior where
the TFT channel controls the operation.

In the case of an EDLT, charge is accumulated in a thin layer of the semiconductor at the
interface of the dielectric and semiconductor due to formation of an electrochemical double layer.
Dimensional changes in the thickness of the semiconductor are not a factor in the operation of
EDLTs. For uniaxial deformation, the current of the EDLT varies more strongly than for the TFT
because of differences in the behavior of the dielectric. Eq. 9 and Eq. 10 give the results for the /-
J behavior in the saturation regime upon uniaxial deformation along L and W, respectively. Here

there is no dependence of the V' upon deformation assuming no change in the trap density because
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of the constant Cg. Under biaxial strain, the change in Isp depends only on the ratio of the

deformations along L and W leading to stable operation with equal biaxial deformation (Eq. 11).

/I ARA
SD:FT cH B

()]
2
w V.-V
ISD:;L;?TCG’U 7( G ) T)
(10)
2
I _Z_WKC p (VG_VT)
SD ﬂ’L L ¢ 7
(11)

The current in OECTs between the source and drain depends on the thickness of the
semiconducting layer, d, because it flows through the bulk due to infiltration of ions from the gate
dielectric. Models for the detailed /-V characteristics of OECTs are under investigation and here
we use the simplest case where a volumetric capacitance of the semiconductor, C*, determines Isp
with applied gate bias.?> C* is determined by the carriers per volume in the semiconductor and is
limited for a given material by the number of repeat units in the polymer, i.e. there are a maximum
number of valence (or conduction) electrons that can be removed (added) to the polymer. We
assume that C* is unaffected by deformation, which is reasonable because there is no change in
monomers per volume. The /- behavior of an OECT in saturation is given by Eq. 11 where d is

the thickness of the semiconducting layer.
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ISD L
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Upon deformation the resistance of the OECT changes with the dimensions of the semiconductor.
The conduction through the bulk of the semiconductor leads to a fixed V't because we assume that
the number of trap states does not change with deformation. Given these assumptions, the
expectations for the /- behavior in the saturation regime with uniaxial deformation along L and
W and biaxial deformation are given by Eq. 12, 13, and 14. Comparable expressions will hold for

the linear regime of operation.

2
1 W (Ve—V2)
I =——dC*,u N6 T)
A L 2 02
2
V.-V
ISD:ﬂ,W%dC*/J 7( & 5 T)
(13)
2
1 W (V —V)
I, =——dC*pu \G6G T/
AL 2 .

The variation in the current for OECTs can be seen in Figure 6 where both uniaxial and biaxial

deformation leads to substantial changes in the current. Due to the scaling of the dimensions, the
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biaxial case (Eq. 14) shows no dependence on 4y because of the constraint from the thickness of

the semiconductor.

(a) (b)

Relative Current (Isp/lgp™t2!)

4 2 -
—&— Uniaxial along L
- —— Uniaxial along W
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5
3 1.5 1 3
€ = -
g < 1.25 2
=
(8]
2 . 1
I
2 0.75
T T T T T T 2l 0.5 T T T T T 1
05 075 1 125 15 175 2 05 075 1 125 15 175 2

Extension Ratio, A A
Figure 6. (a) Relative Isp of an OECT in the saturation regime as a function of extension ratio for

uniaxial deformation along L (triangles) and W (squares) and equibiaxial deformation along L and W
(circles). (b) Two-dimensional plot of the relative current for biaxial deformation. The OECT was
modeled with the following parameters: W/L=1, C*=40 F/cm?3, d = 100 nm, and V;+=—0.5 V with Vg=-3

V.

The model allows us to determine if there are potential advantages of OECTs vs. TFTs for

elastic circuits. First, OECTs have lower operating voltages than TFTs and the current can be
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much higher than TFTs because of the conduction through the bulk of the device.’* For current-
driven circuits, such as an organic light emitting diode (OLED) connected to an OECT, the output
current varies substantially upon deformation and would lead to significant changes in the
operation, e.g. brightness, of an OLED. In contrast, for a digital circuit like a complementary
inverter, it is possible to find conditions where the dimensions of the TFTs can be set to provide a
stable value of V;,, with deformation for both Case I and Case II (see Supporting Information).
The predicted behavior of OECT-based inverters with respect to deformation is given in Figure 7.
The condition for a stable inverter is the same in both cases because of the assumption in the model
that V7 is independent of deformation. This would suggest that for some digital circuits the layout
of OECTs relative to the deformation direction could be more forgiving than for conventional
TFTs. Note that we have not considered the frequency-dependent behavior of OECTs where the
kinetics of ion motion could couple with mechanical motion which could be a fruitful area to
pursue for unique electrical behavior for sensing. The overall results suggest that elastic OECTs

are worth pursuing for circuit applications and could have unique behavior relative to TFTs.



Journal of Materials Chemistry C
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Figure 7. (a) Characteristics for an OECT inverter with the Case II (perpendicular) layout, with two
different supply voltages: 2 V (farther from the stability criterion) and 1.1 V (closer to the stability
criterion). (b) Inverting voltage, V;,,, with deformation for Case I and Case II (at the two different supply
voltages) showing higher stability for the Case II device operated near the stability criterion.

Summary

A model for the electro-mechanical behavior of elastic TFTs was derived under assumptions of
uniform deformation of the semiconductor, dielectric, and electrodes that have the mechanical
behavior of incompressible elastic polymer networks. While the model is simple, it provides a
means to interpret changes in the electrical operation of TFTs with deformation. Both conventional
and electrochemical TFTs are predicted to show substantial changes in their Isp with deformation
due to changes in the dimensions of the channel and dielectric. This behavior should be considered
in the physical layout of stretchable circuits along with the mechanical strains that the circuit may

experience under operation.
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Many reports of stretchable TFTs focus on the mobility of the semiconducting material, but
the behavior of circuits strongly depends on changes in the absolute resistance of the circuit
elements with deformation. The negative effects of strain have been noted for silicon-based
circuits*! and led to the design of rigid TFTs with stretchable interconnects that have a negligible
contribution to the circuit operation.*?># If fully stretchable electronics are desired, then circuit
designs that are less sensitive to precise current levels and shifts in V1 will be essential. Some
neuromorphic elements and designs, such as Schmitt triggers,** can compensate for variation in
changes in input voltages and such designs may prove to be important for elastic organic devices.
Because the behavior of elastic TFTs and OECTs differ substantially upon deformation, improved
models of the /- behavior of OECTs will benefit the design of future bioelectronic systems. We
also expect that new materials and circuit designs for stretchable electronics could lead to improved

performance in sensing where the physical behavior of the material is used beneficially.
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