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ABSTRACT: Organic semiconductors (OSCs) have attracted rapidly growing interest
given their potential to create innovative optoelectronic applications. One major drawback
is the sensitivity of the electrical properties to the presence of impurities in the OSC film:
even small traces can significantly alter the properties of the OSC layer by introducing
electronic trapping states, leading to efficiency losses and degraded charge carrier mobility.
Since impurities can be introduced at many stages of device fabrication, from synthetic

gate dielectric

gate electrode

substrate

impurities to process solvents to the lining on syringes used to deposit solutions,

identifying device structures that are more tolerant of their presence is necessary. Here, we

employ a data-driven device design, wherein simulations are combined with experiment to reveal organic field-effect transistor
(OFET) geometries that enable the use of lower standards of semiconductor purity without impacting the performance. The
phenomenon is attributed to how the filling of trap states is modulated by the gate potential. Guided by the simulation results, we
were able to recover the performance of a pure device in OFETs with optimal geometry containing 2% known impurity. These
results provide a pathway for developing high-performance organic devices at a lower cost by adopting a device architecture that is

more tolerant of defects..

1. INTRODUCTION

Organic semiconductors (OSCs) have evolved from intriguing
materials decades ago to serious contenders for many
technologies, currently being incorporated in several market
applications.””” The appeal comes from the fact that they can
be casted from solution, which facilitates low-cost processing at
room temperature on a wide variety of substrates, including
flexible and bendable.” Additionally, due to the nearly infinite
number of possible chemical structures, their composition can
be tuned for specific applications, from optimizing mechanical
flexibility to sensing and energy technologies.*® The presence
of impurities in the OSC layers can alter their properties
significantly, from enhancing the conductivity in the case of
doping’ ™' to severely restricting the device performance when
unintentional impurities create electronic trapping states.'' ~"?
Damaging effects include radiative losses and accelerated
degradation in organic solar cells and organic light-emitting
diodes (OLEDs)"*~"” and reduction in charge carrier mobility,
increase in the off-currents, subthreshold slope, and the
threshold voltages in transistors, all resulting in greater
power consumption. This is not surprising since even a few
parts per million of impurity (dopant) can completely flip the
behavior of inorganic semiconductors like silicon from p- to n-
type and vice versa. Impurities are ubiquitous in OSCs—even
high-quality single crystals can contain up to 100 ppm
impurities—and they result from unreacted starting materials,
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which can form during processing and subsequent handling, or
upon exposure to environment and bias stress.'®'®7*
Extensive material purification is an effective way to lower
the impurity content, but it reduces the reaction yields and
raises the final cost, making it even more challenging for
scaling-up production. Several alternative approaches have
been proposed that rely on mitigating the impurity content via
material processing. For example, applying multiple sublima-
tion cycles during single-crystal growth by physical vapor
transport results in better purity and higher mobilities, but it
adds to complexity, time, and cost.””?’ Strategies for
controlling thin-film microstructure and impurity distribution
* postprocessing via
solvent vapor annealing;19 and adding dopants to neutralize
the trap states generated by the presence of impurities.”” >’
While these methods do indeed improve device quality, they
require extra processing steps or materials and each must be
tuned to an individual semiconductor system.

) . . 28—
include incorporation of cosolvents;
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Here, we employ a simulation-guided device design for
organic field-effect transistors (OFETs), wherein simulations
are used in conjunction with experiment to uncover the
geometries by which the standards of semiconductor purity
can be relaxed with minimal effect on the device performance.
Running simulations on over 2000 distinct OFETs, we
identified a general trend that increasing the capacitance of
the dielectric layer minimizes the effect of the impurity-
generated electronic traps, allowing us to incorporate a much
broader range of semiconductor purities with minimal impact
to charge carrier mobility. More specifically, the samples with
2% impurity concentration exhibited properties similar to
those made on the pure OSC layer in OFETs with optimized
geometry. To explain the results, we took a comprehensive
look at the data provided by simulations and found that the
magnitude of the dielectric capacitance affects the process of
trap filling within the semiconductor layer. Specifically, OFET's
based on high-capacitance dielectrics have a larger number of
trap states neutralized at a given voltage, providing a greater
fraction of free vs trapped charges. These results provide a
strategy for fabricating low-cost, high-performance organic
transistors by identifying the device architectures that are more
tolerant of defects.

2. EXPERIMENTAL SECTION

2.1. TCAD Simulations. Numerical TCAD simulations were
carried out in the Silvaco Atlas program suite. These simulations are
physically based; differential equations based on Maxwell’s laws are
solved between nodes on a finite element analysis (FEA) grid that
represents the volume of the transistor, ensuring that Coulomb’s law,
Boltzmann statistics, and drift-diffusion models are all satisfied. Each
simulation used over 200,000 FEA connections to ensure the accuracy
of solutions. Simulated OFETs were in the coplanar bottom gate,
bottom contacts (BGBC) configuration. The channel length L was 30
um, and the obtained I-V curves were normalized to a channel width
W of 1000 um. The semiconductor lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO)
levels were set to —3.7 and —5.4 eV, respectively. Source and drain
contacts were modeled as conductors with a work function of 5.4 eV
to simulate an OFET with a minimal Schottky injection barrier; this
work function value well-represents the Au treated with pentafluor-
obenzene thiol (PFBT) used in the experimental effort. The
“Universal Schottky Tunneling model” was selected for charge
injection at the contact/semiconductor interface with surface
recombination enabled.*® The dielectric constant of the gate dielectric
was set to £, = 2.1, and C was varied from 1.4 to 372 nF/cm? by
altering the dielectric thickness from S to 1300 nm. Bias conditions
were as follows: drain—source voltage Vs = —3 V, with the source
contact grounded, and gate—source voltage Vg ranged from 0 to —60
V to create the transfer [-V curve in the linear regime. Simulated
OFET mobility y was extracted from the transfer curves using
standard procedures.*”

The trap density of states (trap-DOS) spectra were programmed as
a sum of two or three exponential terms, following the form

N(E) =n xe B pn, xe B4 ny X e /Es

(1)

where N(E) is the number density per eV per cm® as a function of
energy E above the valence band; #, is the amplitude of the respective
exponential; and E; is the characteristic energy of the exponential.
2.2. Transistor Fabrication. Substrates consisted of heavily
doped silicon (n-type Si**), acting as the gate electrode, with a 200
nm layer of thermally grown SiO,. They were cleaned by rinsing with
acetone for 30 s, followed by a 10 min acetone bath; acetone and
isopropyl alcohol (IPA) rinse for 10 s each; 10 min IPA bath; IPA
rinse (10 s); N, compressed gas drying; 10 min UV-ozone; deionized
water rinse for 30 s; N, compressed gas drying. Next, the organic gate
dielectric layers were deposited over SiO,, to form a double or triple
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dielectric layer, as described below. To obtain a high-capacitance
dielectric, parylene-C was deposited directly onto the SiO,: substrates
were loaded into a bespoke reactor, and parylene film growth was
carried out in a quartz tube under vacuum (~1 mTorr) to a thickness
of 190 nm (evaluated postdeposition). Three temperature zones were
used: first, the dimer di-para-xylene (Acros Organics) was heated to
120 °C to sublimate the dimer. The material then passes through a
700 °C furnace, which splits the dimer into monomers. The
monomers then polymerize on the sample surfaces at room
temperature to provide a conformal coating. Parylene has a surface
energy high enough to allow OSC deposition by solution casting
while also maintaining minimal gate leakage. The dielectric
capacitance was reduced by spin-coating a layer of Cytop (CTL-
809-M, AGC Chemicals) prior to parylene deposition, resulting in an
800 nm film of Cytop between the SiO, and parylene in triple-layer
dielectrics. The Cytop films were cured by placing substrates in a
vacuum oven at 50 °C for 8.5 h (including warming time, ~20 min).

Au contacts were thermally deposited at a rate of 0.5 A/s and a
thickness of 40 nm through a shadow mask by using a Kurt Lesker
(KJLC) Spectros deposition system at ~1077 Torr. Substrates where
then rinsed with ethanol (EtOH) and placed in a 30 mM solution of
PFBT (Sigma-Aldrich) in high-purity EtOH at room temperature for
30 min. Finally, the substrates were rinsed with EtOH for 30 s and
dried with N, gas.

The small-molecule 2,8-difluoro-S,11-bis(triethylsilylethynyl) an-
thradithiophene (diF-TES-ADT) was synthesized following the
known procedures.”” The solutions used for device fabrication were
1.5 wt % in room-temperature chlorobenzene. To create the films
with added impurities, 6,13-bis(triisopropylsilylethynyl)pentacene
(TIPS-pentacene, aka TIPS-Pn) was added to the diF-TES-ADT
solution in quantities of 2 and 10% by weight. Solutions were spin-
cast at 1000 rpm for 80 s with a 7 s ramp; there was a 10 s hold from
depositing the solution on the substrate to starting the spin-coater.
Samples were annealed at room temperature under vacuum overnight.

2.3. Transistor Characterization. Transfer (I, vs Vgg) and
output (I, vs Vpg) characteristics were measured with an HP 4155C
semiconductor parameter analyzer in ambient atmospheric conditions
and in dark. Gate leakage current was negligible for all devices.
Mobility was extracted from the saturation regime curves by using the
following equation

2
_ 2L Nb
WC| Vg

where the partial derivative was extracted from a best-fit line of the
square root of I vs Vs Uncertainty was reported as the standard
deviation of the corresponding set of measured devices.

Quasi-static capacitance measurements were used to determine the
dielectric capacitance of each dielectric. The semiconductor was
gently scrubbed off the contacts of each substrate, leaving MIS
structures of Si**, SiO,, Cytop (C,, devices only), parylene, and Au.
Additionally, MIS structures of Si**, SiO,, Cytop, and Au; and Si*’,
SiO,, and parylene were fabricated at the same time as the transistors,
and the CV measurements taken on these samples agreed with the
transistor CV measurements. The directly measured capacitance
values were used for the mobility calculation.

Grain size was computed from scaled optical micrographs by
manually tracing grain boundaries and analyzing the resulting traced
grains in Image]. Averages were weighted by grain size so as to give
the probability of grain size for a random point on the sample. Error is
the 95% confidence interval (CI).

2.4. Structural Characterization. Grazing incidence wide-angle
X-ray scattering (GIWAXS) measurements were performed at
National Synchrotron Light Source II at Brookhaven National
Laboratory on the 11-BM beamline. An average wavelength of
0.918 A (13.5 keV) was used, and the incident angle was set to be
0.08°, which is between the critical angles of the substrate and the
films. The scattered X-rays were collected on a hybrid pixel detector,
and all GIWAXS images have been background-subtracted. The
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Figure 1. (a) t-DOS spectra as a function of energy above the valence band (0.0 eV is band edge) used in simulation. Two types are displayed:
exponentials that decay quickly (blue curves) or slowly (red curves) into the bandgap. (b) Device mobility as extracted from simulations on
coplanar OFETs incorporating the trap-DOS spectra from panel (a). White corresponds to a trap-free device.

background-subtracted GIWAXS patterns were fit using the DPC
Toolkit to identify structural parameters and trends.*'

3. RESULTS

3.1. Simulated Device Properties in OSCs of Varying
Trap Spectra. Traps are omnipresent in OSCs due to the
weak nature of the intermolecular interaction characteristic to
these materials, and they manifest themselves as tail states that
trail into the semiconductor bandgap.'' Semiconductor purity,
microstructure, thermal motion, interaction with environment,
the processes occurring at the semiconductor/dielectric
interface, electrical bias stress, and even light exposure can
alter the trap density of states (t-DOS) from subtle variations
to orders of magnitude.'"">***** To investigate the effect of
the t-DOS on charge carrier mobility, we performed physically
based, 2D numerical simulations of OFET's using Silvaco Atlas
TCAD (technology computer-aided design) software. The t-
DOS spectra in the OSC have been varied, as shown in Figure
la: the curves are either a sum of two (red) or three
exponential fits (blue) to t-DOS spectra. Functions of multiple
exponentials are used to describe states in different regions in
the bandgap; for instance, one term can describe the states
near the mobility edge and another for deeper in the
bandgap.**™*° Here, the sum of two exponentials has been
assigned terms with characteristic energies (E; in eq 1) of 24
and 71 meV, while the triple sum has two terms to describe the
behavior near the band edge at 1.7 and 6.3 eV and one term for
deeper states at 19 meV (these values were the results of best
fits to experimental data). To expand the scope of the
simulation, the spectra were changed by varying the
exponential coefficients (n; in eq 1) over 4 orders of
magnitude; the spectra with larger values of n; are brighter in
Figure 1.

The properties of transistors in the coplanar geometry and
with areal dielectric capacitance (C) values ranging from 1.4 to
370 nF/cm’” were calculated for each t-DOS spectrum, and the
results are shown in Figure 1b. A trap-free device provided a
baseline (white line/circles), and the programmed intrinsic
semiconductor mobility was g; 10 cm?/(V s) for all
calculations. The mobility in the devices consisting of a
hypothetical trap-free OSC was identical to the intrinsic OSC
mobility and exhibited no dependence on C, as expected from
the gradual channel approximation.”’”*”*® However, in the
presence of traps, our simulations predict that the OFET
device mobility y is inversely related to the t-DOS for a given
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C and increases drastically with C, up to the point that at large
values of C there is almost no discernible difference in
performance between the trap-free and realistic OSC t-DOS
for several t-DOS cases. There appears to be nuances in the
nature of the dependence of s on C based on the shape of the
profile: for devices with a slowly decaying t-DOS (red), the
major increase in mobility occurs in the lower regime of C (less
than 10 nF/cm?), with the exception of two types with a large
number of traps such that mobility near 10 cm?/(V s) is never
reached. On the contrary, for the devices with a faster decaying
t-DOS (blue), the mobility has a larger dependence on C in
the high-C range. The ability to minimize the effect of traps, as
predicted by these results, means that when impurities or other
defects are present in the semiconductor layer, OFET
performance should be able to be recovered to the level of a
device with a trap-free OSC in carefully controlled device
architectures.

3.2. Recovering Device Performance in Experimental
Transistors with Impurities. To test the predictions that
device performance can be recovered by increasing the
dielectric capacitance, we fabricated OFETs based on the
small-molecule diF-TES-ADT, where we purposefully intro-
duced known amounts of TIPS-pentacene impurity to
represent an unrefined semiconductor, at concentrations of 2
and 10% by weight. DiF-TES ADT has been studied
extensively in both single-crystal and thin-film configurations
and was shown to form p-type transistor channels with
mobilities up to 20 cm*/(V s) in highly optimized films and
device structures.”’™>" This molecule has excellent compati-
bility with solution casting, and high-quality films are
achievable with a wide variety of processing methods, including
those that are large-area compatible.”*>*~>” While the high-
mobility OFETs were demonstrated in a staggered geometry,
here we focused on OFETs in the coplanar BGBC geometry,
despite the fact that they yield a lower mobility due to higher
contact resistance (Figure 2).58 This geometry was chosen
since it provides a more facile fabrication of OFETs with a
wide range of dielectric capacitance values, thus allowing us to
screen a larger number of devices more efficiently.

We chose TIPS-pentacene as an impurity as it is similar in
size to the diF-TES ADT; thus, the incorporation of the
impurity should not introduce drastic strains in the diF-TES
ADT crystals that would be detrimental to electrical proper-
ties.”>*” The addition of TIPS-pentacene resulted in a
substantial change to the properties of the solution, as can
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Figure 2. Bottom-gate, bottom-contact coplanar device structure used
for the experimental OFETs. The small-molecule semiconductor diF-
TES ADT was used in pure form or with 2 and 10% TIPS-Pentacene
as an added impurity. The dielectric consisted of parylene on top of
SiO, for high capacitance devices and Cytop/parylene on top of SiO,
for low capacitance devices.

be observed by the considerable darkening in color, from a
bright red in the pure diF-TES ADT solution to an almost-
black crimson (Figure 3a—c); accordingly, there are differences
in the morphology of the semiconductor films obtained from
these solutions (Figure 3d—f). The thin films made from pure
diF-TES ADT show a weighted average grain size of 560 ym*
(95% CI: 485—632 um?; see Figure S1, Supporting

Information), which is comparable to other films of diF-TES
ADT deposited under similar conditions.”” % These films are
characterized by platelet-like crystallites that span the length of
the channel (a channel length maximum of 40 um); this
facilitates efficient charge transport, as it has been shown that
there is a sharp decrease in mobility when these crystallites no
longer span the channel. 60=62

The samples containing the added impurity exhibit smaller
grain sizes when compared to the pure film, with the 2 and
10% samples measuring 460 ym* (95% CI: 412—510 um?) and
425 um? (95% CI: 384—463 pum?), respectively. While the 2%
samples have a slightly higher average domain size, the two
spectra of domain size largely overlap. It should be noted that
the local concentration of impurities may differ from the
average composition in solution, for instance due to phase
separation, and it is possible that some majority TIPS-
pentacene domains are formed.”>*” Additionally, the impur-
ities can act as crystal seeding sites, which tends to decrease the
crystal size as they are more densel y seeded and start their
growth closer to adjacent crystallites.” This in turn leads to a
higher density of grain boundaries in the OFET channel that
will degrade charge transport, amplifying the detrimental
effects of impurities beyond creating discrete trapping
centers.”’

Representative I—V curves for transfer characteristics in the
saturation regime and output characteristics are shown in
Figure 4a,b (these are taken from a pure sample; -V curves
for the other samples are shown in Figures S2 and S3,
Supporting Information). Turn-on and threshold voltage are
less than 1 V, with a sharp subthreshold slope of 500 mV/dec,
and the transfer curve exhibits a reliability factor of r = 98%

Pure diF-TES ADT

+2% TIPS-Pn

+10% TIPS-Pn

Figure 3. Photographs of diF-TES ADT solution in its (a) pure state and with TIPS-pentacene impurity added at (b) 2 and (c) 10%. (d)
Corresponding film crystallization on OFETs for the pure solution and (e) 2% TIPS-pentacene and (f) 10% TIPS-pentacene.
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a function of C.

(note that the reliability factor was greater than 80% in all
tested devices and care was taken in extracting mobility to
avoid overestimation).”> OFETSs of each of the three types of
OSC purity levels were made with a high-capacitance dielectric
(Cugh = 7.9 £ 1.2 nF/cm?) and a low-capacitance dielectric
(Ciow = 1.8 £ 0.3 nF/cm?). Despite the smaller capacitance
range tested experimentally versus simulation, due to the
limitations in device fabrication, we still observed significant
changes in device mobility (Figure 4c). The “pure” diF-TES
ADT (as received, without additional purification) samples
exhibited similar mobilities independent of the capacitance of
the dielectric, namely, 0.2 + 0.03 and 0.2 + 0.02 cmz/(V s) for
the high- and low-capacitance devices, respectively, in
accordance with the simulation predictions. These exper-
imental mobility values are on par with values reported in the
literature for OFETs based on this semiconductor in the
coplanar configuration.””*>°* When TIPS-Pn impurities were
added at the 2% level, the mobility decreased by half to 0.09 +
0.03 cm*/(V s) (red). Utilizing a high-C device design,
however, we were able to completely recover the mobility to
that of the pure samples, 0.2 + 0.02 cm?/(V s). Nevertheless,
when increasing the level of impurities to an extremely high
value, namely 10%, we could not recover the performance in
the high-C samples, where we obtained a ¢ = 0.05 + 0.01 cm?*/
(V s). Even so, these devices still performed better than the
devices with the low-C dielectric, where the mobility averaged
0.01 + 0.01 cm?/(V s). The threshold voltage exhibited a
similar dependence, as shown in Table S1, Supporting
Information. These results confirm the phenomenon predicted
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by the simulations that high-C OFETs are more resilient to
trap states due to impurities.

GIWAXS measurements were performed on pure diF-TES
ADT and TIPS-Pn films as well as diF-TES ADT films with 2
and 10% TIPS-Pn impurities to probe their structure.
Interestingly, the diffractograms in Figure S4 (Supporting
Information) suggest that diF-TES ADT films with 2% and
10% impurities cocrystallize and are structurally more similar
to pure TIPS-Pn than they are to pure diF-TES ADT. As
evidence of this, prominent diF-TES ADT features can be
observed at g,, = 0.94 and 1.1 which are qualitatively different
than those in the 2% (0.80, 0.88, 1.1, and 1.3), 10% (0.80, 0.86,
1.1, and 1.3), and pure TIPS-Pn films (0.83, 0.85, 1.1, and 1.3).
The GIWAXS patterns thus do not suggest a structural origin
for the observed differences in mobility between the films
containing impurities but may partially explain the mobility
drop going from pure diF-TES ADT to impurity-containing
films.

3.3. Dynamics of Trap Filling: Simulation Results. In
order to understand the effect of the dielectric capacitance on
the device mobility, we evaluated the trap-DOS occupancy for
a given t-DOS spectra as a case study; here, C varied from 1.4
to 370 nF/cm® (Figure Sa—dashed line represents the
complete trap-DOS spectra, i, 100% occupancy). The
majority of the trap states from the midgap to roughly 0.25
eV above the HOMO level are occupied, i.e., neutralized,
meaning that they are no longer affecting the response of the
OFET to applied bias. When looking at the shallower trap
states (energy below 0.25 eV), the occupation increases with
increasing C, especially close to the HOMO level.
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Figure 6. (a) Trap occupancy of the t-DOS spectra for Cyg, = 37 nF/cm® (blue) and G, = 1.9 nF/em® (red). Vs = 0 to 60 V. (b) Trap
occupation at E = 0.1 eV, plotted vs V. (c) Trap occupation, integrated over energy and normalized to the hole concentration, plotted as a

function of V.

The number of occupied states plotted as a fraction of the
total number of trap states shows that there is an order of
magnitude difference in the trap occupancy upon going from C
= 1.4 to 370 nF/cm® (Figure Sb, black). This means that the
charge carriers in the low-C devices “see” a much larger
number of unoccupied traps. As a result, the drain current
normalized for capacitance (Ip/C) is reduced in the low-C
devices compared to high-C (Figure Sb, blue). This hypothesis
is supported by the results in Figure Sc, which shows that the
total fraction of charge carriers that are trapped is smaller in
high-C devices, indicating that there is a greater percentage of
free vs trapped charges, which leads to the improved charge
transport efficiency and, by extension, better device mobility.

Because mobility is a rate-of-change parameter, proportional
to the change in drain current with respect to applied bias, we
also examined the filling of t-DOS as a function of Vg We
choose two representative values of C, with Cyg, = 37 nF/ cm?
and G, = 1.9 nF/cm? and compared the trap occupation
during a sweep of Vi (Figure 6a). Figure 6b shows a vertical
slice of Figure 6a, the trap occupancy at 0.1 eV, as a function of
Vis: in the Gy, device, more trap states are filled at each bias
step. Even so, the fraction of trapped charge carriers is lower
(more favorable) in the Chign device (Figure 6c), which
contributes to greater device mobility.

Raising the value of C has other benefits beyond the trap-
neutralizing effects discussed above. Because drain current is
proportional to both C and Vg, increasing C implies a lower
operating voltage range, which is critical for OFETs to be
integrated into portable consumer electronics. Additionally, the
switching speed of field-effect transistors is directly propor-
tional to the value of C.°° There are two basic means of
increasing the capacitance of the dielectric layer: raising the
dielectric constant or decreasing the layer thickness. High-k
dielectrics have been investigated to reduce the operating
voltages of OFETs; however, the mismatch of k at the
semiconductor/dielectric interface may lead to Frohlich
polaron formation and dynamic disorder, which can counteract
the desired effect.’® It is also theorized that a high-k dielectric
will increase the contact resistance in coplanar OFETSs.%”
Decreasing the dielectric thickness avoids these issues, but it is
limited by an increase in gate leakage, especially through pin-
holes, and even shorting can occur; even so progress has
occurred, and single-layer dielectrics with capacitances in the
10 nF/cm? range have been demonstrated.®®

A solution to the issues encountered with both high-k and
thin dielectrics is to use a bilayer dielectric. The dielectric
interfacing with the gate electrode can be high-k, thin and have
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a high breakdown voltage. Then, only a thin second dielectric
layer is necessary to interface with the semiconductor, and it
can be selected for the desired surface properties, such as
surface roughness, hydrophobicity, trap density, and dielectric
constant. For instance, oxides of hafnium or aluminum have
been combined with a polymer dielectric to achieve values of C
above 20 nF/cm2%*~"" Multiple layers of polymers have also
achieved the same effect.”” Exposing a polymer dielectric to
plasma to form a thin oxide layer resulted in values of C = 160
nF/cm? with the dielectric layer only 15 nm thick.”> Pushing
the boundaries even further, a layer of oxide on Al or Ti was
created through oxygen plasma exposure and then function-
alized with densely packed self-assembled monolayers to form
a dielectric thickness in the sub-10 nm range, with an
incredible capacitance on the order of 1000 nF/ cm? and
minimal gate leakage.”*”"

4. CONCLUSIONS

In summary, we investigated the impact of impurities and the
trap density of states on organic field-effect transistor
performance using a combined experimental/theoretical
approach and detailed a device design route in OFETs with
impurities to recover the performance to the level of a pure
sample. TCAD simulations, wherein the programmed trap
density was varied along with the dielectric capacitance,
revealed that if the capacitance of the dielectric layer is
sufficiently high, the detriments of the charge carrier traps are
effectively neutralized. We attribute this phenomenon to the
differences in the dynamics of trap-filling with respect to C: in
OFETs based on low-C dielectrics, trap states are filled
gradually with respect to applied bias. Each state that is filled
(i.e., occupied) is neutralized and no longer contributes to
device operation, but unoccupied traps can still be activated
and scatter charges. Thus, with a low value of C, there is a
greater density of unoccupied states in which active charge
carriers become trapped, which decreases the drain current and
device mobility. On the contrary, when C is high, the trap
states fill rapidly, and so additional charges accumulated
through applied bias will experience a lower density of
unoccupied states; consequently, a smaller fraction of
accumulated charges become trapped, and the trap spectrum
has a weaker effect on device mobility. Our results promote a
widely applicable strategy to address impurity-related perform-
ance losses with no alterations to the semiconductor layer.
Nevertheless, we expect that the quantitative details will be
dependent on the chemical nature of the impurity.
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