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ARTICLE INFO ABSTRACT

The control of the microstructure and patterning of 5,11-bis(triethylsilylethynyl)anthradithiophene (TES-ADT)
film is essential for high-performance TES-ADT field-effect transistors (FETs) as a NO, gas sensor. In this study, a
binary blend film based on TES-ADT and insulating polymer was annealed by solvent vapor with patterned PDMS
molds. The solvent-containing PDMS mold led to the TES-ADT crystallization under the phase-separation between
TES-ADT and PMMA. This resulted in highly crystalline micro-strip films where TES-ADT and the insulating poly-
mer were phase-separated on top and bottom, respectively. The micro-strip structures can have superior gas sen-
sor performance because they have additional gas diffusion paths compared to non-patterned structures. Initial
investigations to clarify morphology and microstructure of the films revealed that lateral phase separation got
dominant with increasing the portion of the insulating polymer. The blended films were then used as the ac-
tive layer in the FET-based gas sensors. The use of blended films instead of non-blended TES-ADT film in FETs
is advantageous in reducing both the threshold voltage and subthreshold slope while compromising the field-ef-
fect mobility. The sensing response as the gas sensors is slightly lower in the blended TES-ADT FET than in the
non-blended TES-ADT FET. However, the utilization of blended films significantly enhanced the bias-stress sta-
bility. Accordingly, a uniform baseline of the sensor performance was achieved in TES-ADT: insulating polymer
blended FETs. This trend was in contrast to an abrupt decrease in the sensing signals of the non-blended TES-ADT
FETs. The enhanced bias stability of the blended FETs was exhibited as a result of covering the silanol groups in
SiO, with a phase-separated insulating polymer. Our results provide a route for to the optimization of bias stabil-
ity and response in TES-ADT micro-strip gas sensors through the application of a one-step blend technology.
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1. Introduction

Gas sensors based on organic semiconductors have been studied ex-
tensively because the optical and electrical properties of organic semi-
conductors can be modulated by the adsorption or chemical reaction
of target gas molecules [1-3]. Selective and sensitive detection of tar-
get gas molecules is required for the commercialization of organic semi-
conductor-based gas sensors [1,4-11]. The control of the interaction
between organic semiconductors and gas molecules has been accom-

plished through molecular design, and several previous studies have
reported the selective detection of harmful gases, i.e., volatile organic
compounds (VOCs) through change in color in organic chromophore
[12-15]. Because these VOCs are harmful to the human body [12,16],
gas sensors with very high sensing response must be developed. In this
regard, amperometric sensors, which monitor the change in current un-
der gas exposure, are beneficial for quick detection. Typically, amper-
ometric gas sensors based on organic semiconductors are constructed
using an organic field-effect transistor (OFET) structure [1,7,17,18].
Because the intrinsic conductivity of organic semiconductors is lower
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than those of carbon or inorganic semiconductors, the current signal
must be amplified to obtain a significant change in current for gas sen-
sor applications [19]. Fortunately, in field-effect transistors (FETSs), gate
bias can amplify the source-drain current through the accumulation
of charge carriers under the gate-induced polarization of the dielectric
[20-22]. This approach is significantly different from gas sensors based
on inorganic semiconductors, where the change in current under gas ex-
posure is monitored without applying gate bias.

Although gate bias can modulate the level of source-drain current
in OFETs, continuous gate bias typically leads to instability in device
performance [23,24]. The most common phenomenon of bias instabil-
ity occurs as a decrease in the source-drain current induced by thresh-
old voltage shift [25]. Trapping of charge carriers at the semiconduc-
tor, semiconductor-dielectric interface, and dielectric screens the ap-
plied gate-bias, thereby leading to the shift in threshold voltage and
decrease in source-drain current. Thus, much higher gate-bias must be
loaded on FET to compensate for the decrease in current. In this regard,
a gate-bias must be applied in operating the OFET gas sensor. However,
a gate bias applied to the device is accompanied by a decrease in the
amount of current, causing a change in the base current of the sensor.
Therefore, it is vital to reduce the bias-stress instability in this gas sen-
sor type in developing a stable gas sensor without varying the base cur-
rent. We noticed that incorporating an insulating polymer into an or-
ganic semiconductor has been investigated to enhance gas-sensor per-
formance [26]. However, all the previous studies focused on the control
of morphologies and microstructures to increase the surface area for in-
creased gas adsorption [27-30]. Thus, it is meaningful to optimize the
bias stability and gas-sensing properties of OFET by applying one-step
blend technology.

In this work, we used binary blend films based on 5,11-bis(triethylsi-
lylethynyl)anthradithiophene (TES-ADT) and poly(methyl methacry-
late) (PMMA) for the sensitive detection of NO, gas. The TES-ADT:
PMMA blend films were patterned with engraved polydimethylsilox-
ane (PDMS) mold containing a solvent to increase the gas penetration
pathway of TES-ADT. PDMS mold is effective in obtaining highly crys-
talline TES-ADT patterns, and the same method was employed to fab-
ricate micro-strips of TES-ADT: PMMA blended films [31-33]. The mi-
cro-strip structures showed superior gas sensor performance because
they have additional gas diffusion paths compared to non-patterned
structures (Fig. S1 in Supplementary data). The PDMS mold led to the
TES-ADT crystallization under the phase-separation between TES-ADT
and PMMA. The morphological and microstructural characteristics of
TES-ADT: PMMA micro-strips are extensively studied, and these proper-
ties are correlated with the electrical properties (i.e., gas sensing prop-
erties and bias stabilities) of OFET-based gas sensors.

2. Experimental section
2.1. Fabrication of TES-ADT: PMMA patterns and FETs

TES-ADT was synthesized according to the synthetic route followed
by Anthony et al. [34], with support from the National Science Foun-
dation under Cooperative Agreement No. 1849213. PMMA (molecular
weight of 996 kDa) and all the solvents were purchased from Aldrich.
An 1 wt% of TES-ADT:PMMA blend dissolved in toluene with different
blend ratio (1:0, 1:0.2, 1:0.5, and 1:1) were spin-casted at ~1000 rpm
for 60 s onto the SiO, (300 nm)/Si substrates, which were earlier
cleaned with excess solvent and ultraviolet/ozone treatment for 30 min.
As-spun TES-ADT: PMMA films were transferred to a hot plate at 95 °C
and dried in a vacuum oven to remove excess residual solvent. A
solvent-soaked PDMS mold with a pre-designed groove pattern was
utilized to fabricate line patterns of the TES-ADT: PMMA films. The
TES-ADT: PMMA line patterns were fabricated during contact of the
solvent-soaked PDMS mold with the TES-ADT: PMMA films. The con-
tact process was carried out under a mild pressure of ~3.5 kPa and
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the contact time was controlled to obtain the TES-ADT: PMMA line pat-
terns with minimum residue at the contact region. Au source/drain elec-
trodes were thermally deposited on the patterned TES-ADT: PMMA to
fabricate bottom-gate/top contact FETs. The channel width was 455 pum,
whereas the channel length was fixed at 100 pm.

2.2. Characterization of the blended films, FETs, and gas sensors

The morphologies of the TES-ADT: PMMA patterns were character-
ized using a polarized optical microscope (POM, Nikon) and an atomic
force microscope (AFM, Park Scientific Instrument). The TES-ADT layer
was selectively etched with n-hexane to access the phase-separation in-
terface between TES-ADT and PMMA, and the interface was character-
ized using AFM. The electrical properties of the TES-ADT: PMMA FETs
were measured with a Keithley semiconductor parameter analyzer con-
nected with a vacuum probe station (MS TECH). Transfer curves were
obtained at a fixed source-drain voltage (Vpg = —80 V) by sweeping the
gate voltage (Vgs) from 40 to —80 V. Gas-sensing properties were mea-
sured by connecting the three FET electrodes to the sensor setup (PSS
Korea) with an ultrathin Ag wire. Dynamic gas-sensing properties of the
TES-ADT: PMMA FETs were monitored at a fixed Vgg of —20 V and Vpg
of —10 V. The target NO, gas (30 ppm) and the pursing N5 gas were pe-
riodically inserted into the gas chamber for 50 and 450 s, respectively.
Gas-bias stability of the TES-ADT: PMMA FETs were measured at fixed
Vgs = =20V and Vpg = —10 V, where the source-drain current (Ipg)
was recorded with time. The response rate and response were calculated
and defined by the following equation:

Response = (I, — 1) /1, 6
Response rate = (I, — 1)) /I, X % s @

where 1, is the source-drain current after NO, injection, ; is the
source-drain current before NO, injection, and ¢ is the NO, injection
time.

3. Results and discussion

The fabrication procedure of the TES-ADT: PMMA micro-strip pat-
terns in contact with the solvent-soaked PDMS mold is presented in Fig.
1. Solvent and contact time are critical parameters in successfully ob-
taining crystalline TES-ADT: PMMA patterns. The solubility of the sol-
vent should match with TES-ADT and PMMA to obtain relief at the con-
tact region. However, the crystallization of TES-ADT must be activated
by solvent vapor annealing at the non-contact region. Solvent vapor pro-
vides enough mobility to the TES-ADT molecules and PMMA chains in
the spin-cast TES-ADT: PMMA blended films, and thus, surface segrega-
tion of the TES-ADT molecules occurs owing to the differences in sur-
face energy [35]. It must be noted that the water contact angle of a
TES-ADT film is 104°, which is significantly higher than 70° for a PMMA
film [36]. The crystallization of TES-ADT was then activated in a sol-
vent vapor environment. Finally, highly crystalline TES-ADT: PMMA mi-
cro-strips were fabricated, as shown from the POM images (Fig. 2).

For the successive patterning of TES-ADT: PMMA, we found that
1.2-dichloroethane was the highly relevant solvent soaked in PDMS
to minimize residue. The optimum contact time of the PDMS mold
was 5 min. The shorter contact time is not relevant to the sufficient
phase-separation and crystallization of the TES-ADT molecules. Con-
versely, longer contact times led to the dewetting of the TES-ADT crys-
tals owing to the adverse effect of solvent vapor annealing. Incorporat-
ing PMMA resulted in the formation of a small quantity of residue at the
removed area (Fig. 2b, ¢, and d), which is originated from the adhesive
properties of PMMA chains. The methacrylate groups in PMMA inter-
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Fig. 1. Schematic illustration of the device fabrication process of TES-ADT: PMMA micro-strip patterns. (a) TES-ADT: PMMA film spin-casted onto UV ozone treated Si/SiO substrate.
(b, ¢) The TES-ADT film in contact with the PDMS mold was removed, while the TES-ADT crystals were formed in the non-contacted region. (d) The Au source/drain electrodes were
thermally evaporated onto the TES-ADT: PMMA micro-strips, to fabricate the bottom-gate/top-contact FETS.

Fig. 2. POM images of the TES-ADT: PMMA blended films patterned from (a) pristine TES-ADT, (b) 1:0.2 TES-ADT: PMMA, (c) 1:0.5 TES-ADT: PMMA, and (d) 1:1 TES-ADT: PMMA.

act significantly with the hydroxyl groups in SiO,, thereby prohibiting
the detachment of the TES-ADT: PMMA film from the substrate.

Fig. 3 presents the surface and interface morphologies of the pat-
terned TES-ADT: PMMA micro-strip arrays. When the pristine TES-ADT
film was patterned with the PDMS mold, highly crystalline TES-ADT
crystals with terraces and steps were detected (Fig. 3a). The solvent
in the PDMS mold was vaporized, and these solvent molecules impart
mobility to the crystallization in the confined line zones. When a small
quantity of PMMA was added to the TES-ADT film, the TES-ADT mol-
ecules segregated at the air-film interface, as confirmed by the sur-
face morphology of the crystalline TES-ADT (Fig. 3b top). However,
PMMA was phase-separated at the bottom region of the blend film. The
top TES-ADT layer was selectively etched with the n-hexane to deter-
mine the formation of the TES-ADT-top/PMMA-bottom structure. Fig.
3b (bottom) displays the underlying PMMA image of the 1:0.2 TES-ADT:
PMMA blended film. A uniform PMMA layer was formed, except at
some regions, which corresponded to the uncovered SiO, surface with-

out PMMA. The thickness of the underlying PMMA layer was approxi-
mately 40 nm. When the mixing ratio of PMMA in the TES-ADT: PMMA
blend was increased to 1:0.5, the intermixing of TES-ADT and PMMA
prohibited the vertical phase separation between TES-ADT and PMMA
(Fig. 3c top). In addition, the interface morphology of the TES-ADT:
PMMA blend exhibited a bicontinuous morphology of PMMA (Fig. 3c
bottom), which indicated that lateral phase separation also occurred
during the phase separation and crystallization with the PDMS mold.
When a 1:1 wt ratio of TES-ADT: PMMA blend was crystallized with
the solvent-soaked PDMS mold, the phase-separation time was insuf-
ficient to enable the full segregation of TES-ADT at the top (Fig. 3d
top). Accordingly, the morphology of the interface between TES-ADT
and PMMA was rough, as confirmed by the bumpy image in the etched
1:1 TES-ADT: PMMA blended film (Fig. 3d bottom).

The electrical properties of FETs were measured after depositing
Au source/drain electrodes onto the TES-ADT: PMMA micro-strips. Fig.
4 depicts the transfer characteristics of the TES-ADT: PMMA micro-
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Fig. 3. AFM topographies of the patterned TES-ADT and TES-ADT: PMMA blended films: a) pristine TES-ADT (top: height image; bottom: phase image), b top) 1:0.2 TES-ADT: PMMA,
c top) 1:0.5 TES-ADT: PMMA, d top) 1:1 TES-ADT: PMMA. The bottom images in b, ¢, and d show the interface morphologies after the TES-ADT layers were selectively etched with
n-hexane. The red lines indicate the section profile for the height images. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 4. Transfer characteristics of pristine TES-ADT and TES-ADT: PMMA blended FETs: (a) drain current versus Vgs and (b) square root of the drain current versus Vgg. Vpg was fixed at

-80 V.

strip FETs with different blending ratios of PMMA. The device para-
meters including field-effect mobility (pggr), threshold voltage (Vry),
turn-on voltage (Voy), on/off current ratio (Ion/Iopr), and subthresh-
old slope (SS), extracted from the transfer characteristics are summa-
rized in Table 1. Note that the extracted field-effect mobilities did
not include the effects of the underlying PMMA layer at the bottom,
which provided an additional dielectric layer with a 300 nm-thick SiO,
layer. Consequently, the calculated value might underestimate the pggr
of FETs based on the TES-ADT: PMMA blends. Nonetheless, FETs with
pristine TES-ADT micro-strips exhibited the highest on-current ratio
and pppr. As the mixing ratio of PMMA in TES-ADT: PMMA micro-

Table 1

strips increased, the ppgr decreased. It can be rationalized by the dilution
effect of the incomplete vertical phase separation (Figs. 2 and 3). How-
ever, the incorporation of PMMA resulted in an abrupt decrease in the
turn-on voltage Voy (from 10 to 5 V) and off-state current, indicating
that the addition of the insulating component into the organic semicon-
ductor was beneficial in reducing the unintentional doping from atmos-
pheric water and oxygen molecules. In addition, the subthreshold slope
also decreased with the addition of insulating polymer (Table 1). Low
subthreshold slope is advantageous in enhancing the switching speed of
FETs. The addition of PMMA resulted in a low level of unintentional
p-doping, which facilitated the rapid turn-on of the FETs. Fig. 5 pre-

Electrical characteristics of OFETs based on pristine TES-ADT and TES-ADT: PMMA blended FETs.

OFET ppgr [cm 2/Vs] Vg [V] Vox [V] Ton/Tokr SS [V/dec]

Pristine (TES-ADT 1 wt%) 0.340 = 0.067 -5+ 0.25 10 = 0.23 1.0 x 10° 2.22 + 0.071
TES-ADT: PMMA = 1.0:0.2 0.086 = 0.013 0+ 0.07 5 + 0.08 1.0 x 10°© 1.78 = 0.034
TES-ADT: PMMA = 1.0:0.5 0.058 = 0.011 0 = 0.04 5+ 0.05 1.0 x 10° 1.73 = 0.036
TES-ADT: PMMA = 1.0:1.0 0.009 = 0.002 0 + 0.05 5 + 0.04 1.0 x 105 1.74 = 0.042
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Fig. 5. Output characteristics of the pristine TES-ADT and TES-ADT: PMMA blended FETs: (a) pristine TES-ADT, (b) 1:0.2 TES-ADT: PMMA, (c) 1:0.5 TES-ADT: PMMA, and (d) 1:1

TES-ADT: PMMA.

sents the output characteristics of the FETs based on the TES-ADT and
TES-ADT: PMMA blended micro-strips. All curves exhibit well-defined
linear and saturation regions, demonstrating that the incorporation of
PMMA in TES-ADT does not trigger any contact-related injection prob-
lems.

The gas sensing properties were measured using 30 ppm NO, as a
target gas. NO, is a toxic gas, which is produced from the combustion of
fossil fuels, such as petroleum and coal. A small amount of NOy within
the range of a few tens of ppm causes harmful effects on the human
respiratory system [37]. Thus, sensitive detection of NOj is essential in
a public healthcare system. Fig. 6a presents the variations in the nor-
malized Ipg on periodic exposure to NO, target gas and Ny pursing gas
with time. A Vgg of —20 V was applied to amplify the Ipg, while the
current change was monitored at a Vpg of —10 V. The pristine TES-ADT
gas sensor exhibited the highest increase in current on exposure
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to NO,. An increase in current is directly related to the accumula-
tion of hole carriers by NO, with electron-withdrawing characteris-
tics. The extracted response rate and response are presented in Fig.
6b and arranged as follows: Pristine TES-ADT > TES-ADT: PMMA
(1.0:0.2) > TES-ADT: PMMA (1.0:0.5) > TES-ADT: PMMA (1.0:1.0).
This trend is explained by the combined effects of pppy (saturation re-
gion) and subthreshold slope (turn-on region). The detection speed of
the sensor is directly related with ppgpr [38]. Therefore, the high ppgr
of 0.34 cm?/V from the pristine TES-ADT FETs, which was four times
higher than that of TES-ADT: PMMA (1.0:0.2), must be reflected in the
response rate and response. However, all the sensors were measured
at Vgs = —20 V and Vpg = —10 V, which was the intermediate region
before the saturation of the current. Hence, the subthreshold slope re-
lating to the switching speed for turning on/off must also be consid-

Response
rates

Recovery
Response
rates =

Fig. 6. Dynamic gas-sensing properties of an FET-based gas sensor with pristine TES-ADT and TES-ADT: PMMA blended films: (a) Ip(t)/Ip(0) versus time curves for periodic exposure
to 30 ppm NO,. (b) Extracted sensing parameters of the pristine TES-ADT and TES-ADT: PMMA gas sensors. Left axis: Response/recovery rates; Right axis: Response. During the entire

experimental tests, Vgs and Vpg were fixed at —20 and —10 V, respectively.
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ered. The addition of PMMA resulted in a low subthreshold slope, which
made up for the decrease in ppgr. Fig. 6b presents the extracted sensing
parameters of the TES-ADT and TES-ADT: PMMA blended FETs, which
are summarized in Table 2.

The response rate and response of the TES-ADT: PMMA (1:0.2)
blended FETs were only 26.5% lower than those of other TES-ADT FETs.
We can ignore any morphological effects of the TES-ADT: PMMA (1:0.2)
blended film on the sensor performance because TES-ADT was fully seg-
regated at the surface for this mix ratio (Fig. 3b top). A further de-
crease in response with the addition of PMMA was related to the de-
crease in ppgr due to the incomplete vertical phase separation between
TES-ADT and PMMA. However, the recovery rates of the TES-ADT:
PMMA blended FETs were approximately three times lower than those
of TES-ADT FETs. The high recovery rate of TES-ADT FETs was caused
by the high current decay (i.e., bias instability) under the sensor op-
eration condition (Vgg = —20 V and Vpg = —10 V); therefore, the ex-
tracted recovery rate in the pristine TES-ADT sensor was overestimated.

Bias stabilities of the FETs were evaluated as a time-dependent pa-
rameter at the bias stress condition corresponding to the sensor opera-
tion condition to analyze the current decay behaviors of the TES-ADT
and TES-ADT: PMMA micro-strip FETs (Fig. 7a). Fig. 7b presents the
normalized current-decay curves of the FETs. TES-ADT FETs exhibited
the worst bias-stress stability; only 40% of the current survived un-
der continuous bias for 1 h. The resultant bias instability generally oc-
curred owing to the charge trapping at the semiconductor (TES-ADT
film), semiconductor/dielectric interface (TES-ADT/SiO, interface), and
gate-dielectric (SiO,), and source-drain contacts [39-43]. Table 3 pre-
sents the extracted characteristic time (t) and dispersion parameter (f3)
by fitting the curves with the stretched exponential equation [24]. The
characteristic time, which corresponded to the number of charge carri-
ers in a mobile state, increased with the PMMA mixing ratio. Accord-
ingly, the addition of PMMA significantly enhanced the bias-stress sta-
bility, which was beneficial for the accurate measurement of the gas
molecules. It must be noted that the uniform baseline in sensor per-
formance is essential for the commercialization of amperometric gas
sensors. It was reported that the grain boundaries of TES-ADT films
provide charge trapping sites for bias instability [44]. In this study,

Table 2
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the density of the grain boundaries in the TES-ADT: PMMA blended
films were not smaller than that of the pristine TES-ADT film (Fig. 2).
Hence, there must be other reasons responsible for such enhancement
of the bias stabilities. We noticed that the phase-separated PMMA layer
at the bottom provides a surface modification layer of the SiO, dielec-
tric. Thus, silanol groups at the SiO, surface were covered by the PMMA
layer, preventing charge-trapping at the semiconductor/dielectric inter-
face. We are unsure about the role of polar methacrylate groups in
PMMA, which is useful in improving bias stability under the OFF-state
bias (i.e., positive gate bias). We speculate that this effect was restricted
in our ON-state bias experiments. Further studies are in progress to
examine the effects of insulating polymers on the bias stabilities and
gas-sensing properties of TES-ADT: insulating polymer FETs.

4. Conclusions

In this study, we optimized the gas-sensing properties of TES-ADT
micro-strip FETs by incorporating PMMA. Solvent vapor annealing with
PDMS molds enabled the fabrication of highly crystalline TES-ADT:
PMMA micro-strip arrays. AFM analyses confirmed the vertical
phase-separated structure, consisting of TES-ADT-top and PMMA-bot-
tom layers. However, lateral phase separation also occurred, especially
when the mix ratio of PMMA in the blended solution was high. There-
fore, the increase in the PMMA mix ratio decreased the field-effect mo-
bility of the TES-ADT: PMMA micro-strip FETs. The PMMA component,
conversely, reduced both the turn-on voltage and the subthreshold slope
by decreasing the unintentional doping from atmospheric water and
oxygen molecules. The response rate and response of the TES-ADT mi-
cro-strip gas sensors were better than those of the TES-ADT: PMMA mi-
cro-strip gas sensors. The gate-bias stress during the sensor operation
led to abrupt decrease in the current signal in the TES-ADT gas sensors.
The TES-ADT: PMMA gas sensors, however, exhibited high gate-bias sta-
bility because the phase-separated PMMA layer at the bottom covered
the hydroxyl groups in the SiO, dielectric. In our study, we proposed a
method of optimizing the gate-bias stability and gas-sensing properties
of TES-ADT FETs by adopting a polymer blend technology.

Dynamic sensing properties of gas sensors based on the pristine TES-ADT and TES-ADT: PMMA blended FETs.

OFET-based gas sensor Response rate [s ']

Recovery rate [s '] Response

0.00335 + 0.00011
0.00265 + 0.00014
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Fig. 7. Bias-stress stability curves of the pristine TES-ADT and TES-ADT: PMMA blended FETs: (a) drain current versus time, (b) Ip(t)/Ip(0) versus time. Vgs = —20 V and Vpg = —10 V

were continuously applied to the FETs.
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Table 3
Extracted characteristic time (t) and dispersion parameter (f) by fitting curves in Fig. 7b
with the stretched exponential equation.

OFET-based gas sensor [ x105s] p

Pristine (TES-ADT 1 wt%) 0.40 0.48
TES-ADT: PMMA = 1.0:0.2 1.51 0.31
TES-ADT: PMMA = 1.0:0.5 2.00 0.31
TES-ADT: PMMA = 1.0:1.0 6.85 0.31
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