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Abstract

Organic field effect transistors (OFETs) in parallel and series circuit configurations are simulated
and tested for gas sensing activity. The devices are based on PQT12 and PQTS12 organic
semiconductor thin films. Two-dimensional finite element simulation methodology is
implemented. It is assumed that traps due to defects and grain boundaries are uniformly
distributed throughout the semiconductor film. Gaussian trap distributions are used in the
simulation. Gas sensing is accounted for by a doping-dependent hopping mobility model in the
organic active material. Interface traps and charges at the interface between the polymer channel
and gate insulator are incorporated. Transistors in both parallel and series configurations are
studied. Compared to individual OFET-based sensors, the circuit configuration achieves
significantly increased sensitivity to analyte, as indicated by the simulation and in agreement
with experimental observations. This supports the concept of combining transistors to enhance
analyte sensitivity, and provides a method for advance screening of combinations of OFETs for
high signal-to-drift ratios. The absolute value of drain currents for series circuits is lower than
that of parallel circuits; however, the series circuits display higher analyte sensitivity.

1. Introduction

Conventionally, organic field effect transistors (OFETs) are envisioned for applications in
flexible displays, electronic paper, radio frequency identification (RFID) tags, and smart cards
[1-3]. A recent trend in the field includes involving organic field effect transistors in a variety of
low-cost electronic gas sensing technologies for potential applications in environmental,
biological, and industrial areas [4-10]. In some respects, the operation of organic electrochemical
transistors (OECT) is analogous to that of conventional organic field effect transistors, though
the complex interplay between ionic and electronic motion must be considered in a way that is
much less applicable to OFETs [11,12]. For both OFETs and OECTs, charge carriers are
injected into the channel of the transistor, by carrier injection or electrochemistry,
respectively, thus changing its electrical conductivity [11]. While OFETs usually operate in
accumulation mode, OECTs can be designed for either accumulation mode or depletion
mode operation [11,13-15].
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The main feature of disordered organic conducting materials is the strong localization of charge
carriers in potential wells formed by defects and traps [16,17]. Intrinsic number densities of traps
and defects ranging from 10'® to 10! cm ™ is reported [18]. As a result, charge transport occurs
via carrier hopping within an energetically disordered system of localized states. The hopping
rate is controlled by the energy difference between the occupied deep states and the effective
transport level. Published reports show that the carrier mobility in conjugated polymers depends
on carrier concentration. Increasing charge carrier density will increase the mobility by filling
deep traps and raising the energy distribution of occupied states [18-20]. Depending on the type
and density of traps, the experimental data of OFETSs have been analyzed either on the basis of
the multiple trap and release model or the variable-range hopping model [21-24].
Percolation can occur through the variable range hopping within the Gaussian density of states of
the highest occupied molecular orbital or lowest unoccupied molecular orbital. According to the
multiple trapping and release model, charge transport is controlled by traps that are energetically
located between highest occupied molecular orbital and lowest unoccupied molecular orbital
[25-32]. Most of the charge carriers reside at trap sites and are temporarily released to the highest
occupied molecular orbital or lowest unoccupied molecular orbital, depending upon the position
of the trap level and temperature.

Much of the research effort in this field is focused on understanding and optimizing organic
semiconductor morphology and charge transport properties through experimental iterations
[11,33]. Given the wide range of applications of field effect transistor sensors, it is important to
understand their underling device physics and current—voltage characteristics at a level where
some of this tedious iteration can be simulated. This requires developing an accurate and
comprehensive theoretical and simulation model. However, the vast majority of the theoretical
work available [11,14,34-40] is limited to 1-D and equivalent circuit models with
different models covering different aspects of device physics, i.e DC, steady
state, and transient, to interpret experimental data in either accumulation or
depletion mode. In addition to analytical modeling and simulation, physical device
simulation provides better physical insights by applying fundamental semiconductor
device equations such as Poisson’s and continuity equations. Finally, simulations rarely if
ever encompass multiple OFETs in amplifying or compensating circuits, both of which are
important for achieving useful sensing signals.

In the present work, a physical simulation is presented for transistors and circuits with and
without exposure to analytes. The simulation approach combines physically based modeling
and parameter estimation, in which a subset of model parameters is estimated using published
experimental data. The simulation results are found to be useful for interpreting conducting
polymer sensor responses to NO2 gas. The concept of combining two transistors made from
different active materials could bring two-fold advantages. It could increase analyte sensitivity
by combining responses of the two transistors and it could also reduce environmental



degradation effects by using materials that respond to environment effects in compensating
ways. Therefore, extending the simulation to circuits is especially compelling.

2. Device Simulation

Device characteristic simulation of transistors is carried out using the drift-diffusion model. The
two-dimensional device simulation is performed using Silvaco’s ‘‘ATLAS’’ device simulator
[41]. The device (see Figure 1) was designed with 200 um channel length and 11 mm width. The
details of fabrication and experimental characterization of the devices and circuits used in the
simulation are described in reference 7.
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Fig. 1 Simulated POT12/PQTS12 Thin Film Transistor, and polymer semiconductor structures
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The work function of 5.1 eV for gold source/drain electrodes and relative permittivity of 3.7 for
Si0; dielectric are used [42-44]. Highly n-doped Silicon with work function assumed to be a
typical value of 4.15 eV [45] is used as gate electrode. Semiconductor-insulator interface charge
on the order of 1.2x10'! cm™ and 2x10'° cm™ are used for PQT12 and PQTS12, respectively
(structures shown in Fig. 1). These values are extracted from the best fit by matching simulation
and experiment iteratively. The band gap and electron affinity of the polymers are determined
from the UV-Vis absorbance of the PQT12 and PQTSI12 films [7]. The values are 2eV and 1.8eV
for PQT12 and PQTS12, respectively. Material parameters collected from literature [46,47] and
used in the simulation are summarized in Table 1.

PQT12 PQTS12
Band gap 2eV 1.8eV
Affinity 3.1eV 32eV
Permittivity 3 3
Trap density 7.1x10%c¢m™ 1.2x10'%cm™
Polymer thickness 100 nm 100 nm
Oxide thickness and permittivity | 300 nm, 3.7 300 nm, 3.7
S/D Gold thickness and wf 50 nm, 5.1 eV 50 nm, 5.1 eV
Gate, n-poly-Si thickness and wf | 50 nm, 4.15 eV 50 nm, 4.15 eV
Channel length 2 mm 2 mm
Channel width 11 mm 11 mm
Interface charge 1.2x10"! cm™ 2x10'° cm™
Attempt to jump frequency (vo) | 6x10'* Hz 5.75x10'2 Hz
Gamma (y) 1.2x107 cm’! 1.26x107 cm!
Beta (f),Sigmma 1.5,0.34 1.5,0.34

Table 1 Summary of material and model parameters used in simulations




The simulation is based on the generalized drift-diffusion equations described below [48,49],

Poisson equation : div(eVy) = q(n—p— Nj + N;) + Qr (1)
Current continuity equation : % = %divfn + G, — R, (2)
Current density equations : fn = qnynﬁn +qD,Vn 3)

Jp = anu,Ey + qD,Vp 4)

where D, and D,, are electron and hole diffusion coefficients respectively. G, is electron
generation rate, G, is hole generation rate. R, and R, are electron and hole recombination
rates, respectively. Qr is total fixed charge.

Impurity traps are introduced to customize the drift-diffusion equations defined for crystalline
semiconductors into non-crystalline organic semiconductors. It is assumed that traps are
uniformly distributed throughout the film. Gaussian trap distributions are introduced in the
simulation. The Gaussian distribution is described by its density of states (N; and N¢) and its
characteristic decay energy (ci and o) as shown in equation 5 [16,41].
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Previously, PQT12 and PQTS12 polymers are reported to have equivalent uniform distributions
of electron traps in the range of 1x10' to 1x10' cm™ eV"! over a wide range of trap energies
[46,50]. The doping-dependent charge carrier mobility (equation 6) used in the simulation
assumes the effect of trap filling on the effective transport energy (equation 7) in a hopping
system with a Gaussian DOS distribution (equation 5) [16,41].
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where vy is the attempt-to-jump frequency, 1/y is inverse of carrier localization radius, Ey
is effective transport level of the energy, and B is the percolation constant.



3. Results and Discussion

3.1 Device and circuit characterization

3.1.1 Device simulation PQTI2 and PQTS12

Before simulating gas analyte sensing, transistors are simulated and matched with experiment for
the purpose of extracting device parameters. Figure 2 shows output characteristics and transfer
curves for experimental and simulation results. In the figures, the black curves represent
experimental data and the red represent simulation data. Figures 2a and b correspond to PQT12
and Figures 2c and d correspond to PQTS12 OFETs, respectively.
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Fig.2 (a), (b) PQOTI2 Id-Vd and Id-Vg curves, (c), (d) PQTSI2 Id-Vd and Id-Vg curves.

A comparison of experimental data with simulation data show good agreement for OFETs made
from both polymers. Particularly for higher gate voltages, the simulations seem to overlap with
experiment. Parameters extracted from simulation are trap density, interface charge density, and
mobility. These parameters are listed in Table 1 and are used as initial parameters in subsequent
simulations, i.e circuit and analyte sensitivity simulations.



3.1.2 Circuit simulation — parallel and series configuration of two transistors
Based on the material and mobility parameters validated from device simulation, listed in Table
1, two transistors are simulated in parallel and series configurations as shown in Figure 3.

PQT12

(a)
Fig.3 (a) Parallel and (b) Series configuration of PQTI2 and PQT S12 Transistors

Parameters from single OFETs are used as a starting point and were then adjusted for best fits in
the circuits. Simulation results are displayed in Figure 4. The result serves as a basis for gas
analyte sensing simulation performed in section 3.2. Comparing individual device simulation
(Figure 2) with the circuit simulation (Figure 4), parameters that show variations are summarized
in Table 2 for parallel and series circuits, respectively.
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Fig.4 (a), (b) parallel circuit Id-Vd and 1d-Vg curves, (c), (d) series circuit Id-Vd and 1d-Vg

curves



The table presents values of these parameters for three simulation cases. The first case is
simulation for the characteristic curves of the circuits. The second and third cases present values
extracted from transfer curve simulations that are matched to measurement data taken before and
after the characteristic curves, respectively. As shown in Figures 4 b and d, the drain-current vs
gate-voltage characterizations performed before and after the characteristic curves did not
exactly overlap, indicating hysteresis effect due to charge trapping and de-trapping effects.

The circuits also operated as though they were typical p-type transistors. At the same gate bias
voltage and source-drain voltage (Vq4) applied to the circuits, the parallel circuit exhibited higher
drain current (I4) than the series one. The two transistors in the circuits operated at the same
common gate bias, and Vg4 across the parallel circuit was the same voltage across each of them
while Vg across the series circuit was the sum of the voltages across each transistor, which means
both transistors in a series circuit operated at lower source-drain voltages, resulting in a smaller
drain current.

Circuit | Current -Voltage Material Trap Density | Interface charge
Characteristic density
Parallel | Characteristic curve PQTI2 8x10°cm™ 7.73x10"%cm™
PQTSI12 8x10'%cm™ 1.73x10"2cm™
Transfer I PQTI2 7x105¢m’? 7.2x10"%cm™
PQTS12 7x10'® cm 1.2x10"%cm™
Transfer I1 PQT12 7x10%cm™ 7.5x10"cm"
PQTSI12 7x10'"°cm™ 1.5x10"%cm™
Series Characteristic curve PQT12 7x105¢m’ 7x10"2cm?
PQTSI12 7x10'cm’ 1x10"cm?
Transfer I PQT12 7x10%cm™ 7.5x10"%cm™
PQTS12 7x10'°cm™ 1.5x10"%cm"
Transfer I1 PQTI2 7x105cm’ 7.7x10"%cm™
PQTSI12 7x10'"°cm™ 1.7x10"%cm™

Table 2 Trap density and interface trap values used in parallel and series circuit simulations

3.2 Analyte Sensitivity Simulation

Gas analyte sensitivity is simulated and effective responses are calculated. The results are
compared with the experimental data that were measured for NO; detection. The change in
electrical characteristic due to analyte sensitivity is monitored using the doping-dependent
mobility model. Experimentally, the sensing performances of the devices and circuits were
investigated by exposing them to different concentrations of NO> in air with different exposure
times and measuring Id-Vd and Id-Vg curves of the circuits [7]. The simulation equivalent of this
is performing a parametric [-V simulation until the simulation and experiment match, with a
doping density being a parametric variable. The mobility is extracted when the simulation
matches the experiment. In both simulation and experiment, change in I4 was used to calculate
the sensitivity (responsivity) of the device/circuit sensors, following the formula (Ia,no2 — Lq,air)/



La,air ¥100%, [7] where lq,.ir and Iano2 are the drain currents before and after exposure to NO»,
respectively.

We first investigated the NO- responses of PQT12 and PQTS12 OFETs individually. Figure 5

shows the gas analyte sensitivity of PQT12 and PQTS12 OFETs. The changes in doping, drain
current, and mobility at different NO, exposure times are shown in Table 3.
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Fig.5 Single Transistor Analyte Sensitivity Simulation (a) PQTI12 and (b) PQTSI2

Response to NO» was modeled as an increased p-doping (hole density) compared to the
unexposed devices. Figure 5 presents transfer curves for three cases of NO» exposure with
increasing doping shown by arrows. The top curves represent transfer curves of original devises
that are not exposed to NO,. The middle ones are for devices with 1ppm 5-minute exposure to
NOo. The bottom ones are for 1ppm 10-minute exposure. The devices exposed to NO> are
simulated by applying a change in doping level with doping-dependent mobility model. In Table
3 “change in doping” column, the zero doping indicates the base devices with no exposure to
NO». We then changed the doping in PQT12 by 300% and in PQTS12 by 143%. The drain
current increased by 34.8% and 65.9% for PQT12 and PQTS12 transistors, respectively. This
matched the experimental data measured at 1ppm 5min exposure with a gate voltage of -30 V.
The mobility also changed by 0.27% for PQT12 and by 1.39% for PQTS12 transistors. Similarly,
analyte sensitivity simulations with 680% change in doping for PQT12 transistor and 333%
change in doping for PQTS12 transistor matched with experimental data measured at 1ppm 10-
minute exposure to NO». Mobilities are also changed accordingly as shown in Table 3.

Material Change in | Change in Change in | Comparison with Expt.
doping drain current mobility
0 0 0 No exposure

PQT12 300% 34.8% 0.27% 5 min exposure at 1ppm
680% 65.9% 0.61% 10 min exposure at Ippm
0 0 0 No exposure

PQTS12 143% 58.9% 1.39% 5 min exposure at 1 ppm
333% 86.5% 3.26% 10 min exposure at 1 ppm

Table 3 Summary of results for single transistor analyte sensitivity test



Applying the same procedure, circuits simulated and matched in section 3.1.2 are tested for
analyte sensitivity by applying the changes in doping and then applying the doping- dependent
mobility model. Material and model parameters presented in tables 1 and 2 are used for base
circuit simulation. Then the single transistor doping change that resulted in sensitivity matches to
Ippm/5-minute exposure and 1ppm/10-minute exposure are applied to test the sensitivity of the
circuits. The 300% doping change for PQT12 and 143% doping change for PQTS12 are used to
simulate analyte sensitivity of both parallel and series circuits at 1ppm and 5-miute exposure for NO,.
Similarly, the 680% doping change for PQT12 and 333% doping change for PQTS12 are used to
simulate analyte sensitivity of both parallel and series circuits at 1ppm and 10-minute exposure. The
drain-current vs drain-voltage characteristics of the parallel and series circuits are displayed in
Figure 6, with extracted parameters shown in tables 4 and 5. The circuits exhibited
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Fig.6 (a) parallel and (b) series circuit Analyte Sensitivity Simulation

Change in Change in Change in | Comparison with Expt.
doping drain current mobility

0 0 0 No exposure
PQT12  300% 74.7% 0.195% 5 min exposure at 1 ppm
PQTS12 143% 1.06%
PQT12 680% 97.8% 0.44% 10 min exposure at 1 ppm
PQTS12 333% 2.47%

Table 4 Summary of results for p

arallel circuit analyte sensitivity test

Change in Change in Change in | Comparison with Expt.
doping drain current mobility

0 0 0 No exposure
PQT12 300% 118% 0.267% 5 min exposure at 1 ppm
PQTS12  143% 1.375%
PQT12 680% 227.56% 0.605% 10 min exposure at 1 ppm
PQTS12  333% 3.21%

Table 5 Summary of results for series circuit analyte sensitivity test
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increase in drain current (Iq) after exposure to NO2 and show corresponding apparent mobility
increases. The circuit sensors also show higher sensitivity compared to single transistor sensors
for each exposure time. While the absolute value of drain currents for series circuits is lower than
that of parallel circuits, the series circuit displays higher analyte sensitivity, which might be
explained as the expected higher analyte sensitivity that would be obtained at lower effective
gate voltage applied to the OFET nearer to the drain, which also happens to be the more sensitive
(PQTS12) OFET. With exposure times of 10 minute at 1ppm, the sensitivity of parallel circuits
can reach about 98% and that of series circuits can be as high as 228%. The sensitivity in terms
of change in mobility is also displaying a similar trend. The series circuit shows 3.26%
sensitivity while the parallel circuit is at 0.61% sensitivity with the same exposure condition to
analytes. This also suggests higher sensitivity of mobility that would be obtained at lower
effective gate voltage applied to the OFET nearer to the drain. Both device and circuit
simulations are consistent with the experimentally observed increase in current and mobility
sensitivity.

Conclusion

Organic semiconductor thin film transistors and circuits are simulated and tested for gas sensing
activity. The devices are based on PQT12 and PQTS12 polymers. Two-dimensional finite
element simulation methodology is implemented. Gaussian trap distributions are used in the
simulation. Gas sensing is accounted for by doping dependent hopping mobility model in the
organic active material. Interface traps and charges at the interface between the polymer channel
and gate insulator are incorporated. Transistors in both parallel and series configurations are
studied. Simulation results are compared with experiment and device parameters are extracted.
Simulations are in good agreement with experiment. The results of this work demonstrate two
important observations. The first one is that the experimental analyte sensitivity data for NO»
exposure was accounted for by doping dependent mobility model in the corresponding
simulation. The second observation is that two transistor circuits are confirmed to display higher
sensitivity than single transistors under the same exposure conditions. This might present an
opportunity for the possibility of designing high sensitivity and stabilized circuits using
transistors with opposing threshold voltage shifts due to environmental effects.
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