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ABSTRACT Field-effect gas sensors, integrating the gas sensor and amplification transistor, exhibit ex-
cellent sensory performance. Here we report organic thin-film transistors (OTFTs) with nanofiber-textured
semiconductor films that exhibit superior ammonia response compared to conventional OTFTs with uni-
form/flat semiconductor films. The introduce of insulating polymer additives (IPAs) facilitates the formation
of semiconducting nanofiber during coating. The effects of IPAs, organic semiconductor/IPA blend ratios
and solvents on OTFT-based sensory performance are studied. The results show that the use of SUS as
IPA and chloroform as solvent form intertwined semiconductor nanofibers (~50 nm in diameter) at the
bottom. The resulting OTFTs exhibit extraordinarily high sensitivities to ammonia, which reach 13676%/ppm
(current) and 457%/ppm (turn-on voltage), respectively. Finite element analysis is conducted to simulate
the adsorption/desorption processes of gas molecules and the effect of specific surface area on sensory
performance.

INDEX TERMS Organic thin-film transistors, gas sensors, semiconducting nanofibers, finite element

analysis.

I. INTRODUCTION

Owing to the weak-signal amplification characteristics, or-
ganic thin-film transistors (OTFTs) outperform two-terminal
resistors in high-sensitivity sensors used for light, pressure,
chemical, and biochemical detections, etc. [1], [2], [3], [4].
Typically, OTFTs are built on uniform organic semiconductor
(OSC) films to yield good device performance and stability,
nevertheless, the continuous OSC film influences interactions
with analytes when using for sensors, thus the analytes cannot
effective diffuse into the charge accumulation region [5].

In the past decade, several strategies have been proposed to
facilitate the exposure of the charge transport layer to analytes,
such as, air-dielectric structure [6], ultrathin (<5 nm-thick)
OSC film [7], [8], porous OSC film [9]. For example, Qiu’s
and Marks’s group reported the formation of porous OSC
films by phase separation and breath-figure method, respec-
tively [9], [10], [11], [12]. Such films provide conductive

pathways at the OSC/dielectric interfaces, while the presence
of nanopores facilitate the diffusion of analytes throughout
the channels [13], [14]. Thus, the resulting OTFTs exhibit
significantly enhanced ammonia sensitivity and fast response
time [15], [16]. However, detailed investigations of porous
OTFTs-based gas sensors with different blend ratios, insu-
lating polymer additives (IPAs), and the solvents used are
missing. Also, theoretic simulation may help the understand-
ing the adsorption and desorption processes of gases [17],
[18], [19], [20], which have never been reported for these
porous OSC films [21], [22].

In previous work, we verified the vertical phase
separation between poly[25-bis (2-octyldodecyl) -36-
diketopyrrolopyrrole-alt-5,5’- (25-di (thien-2-yl) thieno[32-b]
thiophene)] (abbreviated as DPP) and insulating polymer
(SU-8 2000.5), where the OSC was formed in the
underlying layer [23]. Here, we achieve DPP films with
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FIGURE 1. (a) Chemical structure of DPP organic semiconductor. (b) Schematic structure of OTFT devices. (c) Transfer and output curves of DPP OTFT
processed from chloroform. (d) Transfer and output curves of 50%DPP/SU8 OTFT processed from chloroform.

nanofiber-textures by selectively removing the upper IPAs.
OTFTs based on such DPP films are more sensitive when
exposure to ammonia, with concentrations vary from 1 ppm
to 23 ppm. The effects of blend ratio, solvent and IPA on
the morphology, OTFTs’ and gas sensory performance are
systematically studied. Moreover, finite element simulation
was conducted to simulate the adsorption/desorption
processes of gas molecule and the roles of specific surface
area.

Il. EXPERIMENTAL SECTIONS

A. MATERIALS

Poly[25-bis (2-octyldodecyl) -36-diketopyrrolopyrrole-alt-
5,5’- (25-di (thien-2-yl) thieno[32-b] thiophene)] (abbreviated
as DPP) was purchased from 1-Material Inc. Its chemical
structure is given in Fig. 1(a). Trichloro(octyl)silane (OTS),
polymethyl methacrylate (PMMA, average M,, ~120 kg
mol 1), anhydrous chloroform and 1,2-dichlorobenzene (o-
DCB) were purchased from Sigma-Aldrich. SU-8 2000.5
photoresist and SU8 developer were purchased from Kayaku
Advanced Materials, Inc. The silicon substrates with 300 nm-
thick SiO, were purchased from Suzhou Resemi Co., Ltd.

B. PREPARATION OF PRECURSOR SOLUTIONS AND
SUBSTRATES

Exactly 8 mg of DPP and 8 mg of PMMA were separately
dissolved in 2 mL of chloroform or o-DCB for form 4 mg
mL~! solutions. Next, 50 nL SU-8 2000.5 photoresist was
diluted with 1.89 mL of chloroform or 0-DCB to form 4 mg
mL~! solutions. All the solutions were stirred for at least 2
hour at 45 °C in a glovebox.
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With regard to the preparation of OTS-treated SiO,/Si sub-
strates, the clean SiO,/Si substrates were first treated with
an O plasma for 5 min. Then, 20 uL of OTS solution was
drop on the center of petri dish, where have SiO,/Si substrates
around. After that, the petri dish was put in a vacuum oven and
heat it at 130 °C for 90 minutes. Finally, the oven is naturally
cooled down to room temperature.

C. FABRICATION OF DPP, DPP/SU8 AND DPP/PMMA
OTFTS

The DPP solution is separately blend with PMMA and SUS
solutions with a volume ratio of 1:2, 1:1, and 2:1, for fabri-
cating the 33%, 50%, and 66% DPP/SU8 and DPP/PMMA
blends. Identical solvents were used for each blend. Then the
mixed solutions were kept stirring at 45 °C for 1 h. After that,
the mixed solution was spin-coated on OTS-treated SiO,/Si
substrates at 2000 rpm for 30 s in the glove box. After prebak-
ing at 95 °C for 1 min, the films were sequentially rinsed in
SU8 developer and isopropyl alcohol for 10 s to selectively
remove upper SU8 and PMMA, followed by annealing at
150 °C for 30 min under ambient. Finally, gold source/drain
electrode was deposited through a metal mask to form bottom-
gate top-contact OTFTs with a channel size of W/L =
19500/100 pm (Fig. 1(b)).

D. FILM AND DEVICE CHARACTERIZATION

Film morphologies were measured with a Bruker Dimen-
sional Icon AFM system in the tapping mode. The electrical
measurements for the OTFTs were performed under am-
bient condition using a Keithley 4200-SCS semiconductor
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FIGURE 2. (a) Transfer curves (b) Current responsivity (R)-Vgs plots and (c) turn-on voltages (Von) of chloroform-processed DPP OTFTs exposed to
different NHs concentrations. (c) Transfer curves (d) R-Vgs plots and (e) Vo, of chloroform-processed 33%DPP/SU8 OTFTs exposed to different NH;

concentrations.

parameter analyzer. Electrical parameters were extracted us-
ing standard MOSFET equations and the carrier mobility (u)
was evaluated in the saturation region. The areal capacitance
for 300 nm SiO,/Si is 10.5 nF cm~2 here.

For gas sensor test, the devices were measured under
NH3/N, gas. 1-23 ppm NH3 was obtained by diluting 100
ppm NH3/N, (Linde Industrial Gases, Suzhou) with pure
N, with the aid of an automatic gas distribution system
(Beijing Kingsun Electronics Co., Ltd, China). The OTFT
devices underwent 10 minutes of Ny flushing before exposed
to NH3/N,. The purging time of NH3/N» and pure Ny, is set as
240 s and 600 s, respectively.

1Il. EXPERIMENT RESULTS AND DISCUSSION
First, we tested and compared the TFT-based ammonia sen-
sory performance for DPP and 50% DPP/SUS8 TFTs with the
OSC layers were processed from chloroform. Note that the
upper surface of 50% DPP/SUS8 was rinsed by SU8 developer
to form DPP nanofiber texture. This rinsing step is applicable
for all the following OTFT devices unless otherwise noted.
As shown in the transfer and output plots of Fig. 1(c) and
(d), the DPP-based OTFTs exhibit typical p-type behavior and
their electrical parameters are summarized in Table S1. The
average u and threshold voltage (V) for the DPP devices are
0.48cm? V~! s~! and —0.41 V, respectively, while the mobili-
ties (V1) of the 50% DPP/SU8 is 0.23 cm? V™! s71 (—=1.52 V),
indicating a certain degree of performance degradation during
blending and rinsing.

Up on exposure to ammonia, the on-current (/o,, drain cur-
rent measured at Vgs = Vg5 = —50 V) of DPP TFTs decrease
from 1.59 x 1073 A to 1.01 x 1073 A as the concentration of
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NH3 increases from O to 4 ppm (Fig. 2(a)). Current responsiv-
ity (Ry) is defined as (1), where, Rg, refers to the resistance
of the device at a specific analyte concentration and R refers
to the original resistance. [24], [25] According to Ohm’s law,
the (2) can be obtained where Iy and Iy refer to the device
current at initial status and exposed status with specific analyte
concentration, respectively.

0 % 100%

Reas — R
Ri (%) = ~ R (1

Tos — I
Ry (%) = 22— 100% )
gas

The R1% of DPP OTFTs to ammonia is the largest when
the Vg is around 0 V, and it reaches to 28200% at [NH3] =
4 ppm, much higher than that (Ri% = 50%) of Vg = —50
V. Meanwhile, a shift of the turn-on voltage (V,,) toward
negative values (AV,, = —5.6 V) is observed (Fig. 2(b)).
Regarding 33%DPP/SU8 OTFTs, significant higher response
is observed with largest AV, and Ry% reach to —14.3 V and
160000%, respectively (Fig. 2(e) and (f)).

Then we investigate the effect of solvent on the OTFT-
based sensory performance. Chloroform and o-DCB were
chosen as they have different boiling points (61.2 °C Vs
179 °C), which would greatly affect the evaporating time
during spin-coating. Thus, the morphology and microstruc-
ture of OSC films and device performance processed from
different solvents could vary dramatically. Fig. 3 compares
the 50%DPP/SU8 OTFTs-based sensory performance, which
were processed from chloroform and o-DCB, respectively.
The I,, and average u of chloroform-derived 50%DPP/SUS
OTFTs are 4.04x10™* A and 0.23 cm?V~!s™!, respectively,

VOLUME 3, 2022



et IEEE Open Journal of

@rNavo - Ngnotechnology

(b)

(c)

10° 15000 10 50% DPP/SU8S
4] 50% DPP/SUS 9 %
107 “sovent cHO ssoo:?e«?r:Pch,sc;J i ! g Sovencrc o
10° , 12000 i
= Oppm ; — A
.1 —-=1ppm ;
— 10% D apem | _9000{ —-=2ppm 4 2 6 -
< 107 + 3ppm | & "_ippm ri"ii >§ I~
- + 4ppm ] ——4ppm b1} i
10° < 5ppm 80001 —.— 5ppm r!!ﬂlﬂ = : )‘tf
10—9 » 10 ppm —-— 6ppm I| j
« 15ppm 3000{ -+ 7ppm i 21/
1010 + 20 ppm —-—8ppm IP”&J o
101 * 23 ppm —-—9ppm U 0 . . . .
20 10 0 -10 -20 -30 -40 -50 -50 -40 30 -20 -10 0 10 20 0 5 [N?—i]( 15 ) 20 25
Vv \/ V. _(V ppm
(d) o (V) (e) o) (f)
30 6
50% DPP/SUS 50% DPP/SUS 50% DPP/SUS s
Salvent 0-DCB 251 sowent cH,a N 5] Sowert:oDCB , "
fil -
—_ b — -
20 ___z:gm ]l'u“ 34 /J
© 45| 3T P, | s
—--—5ppm Ui !w,n ] e > #
Ok F N 22y
5 == % 1]¢
107104 — L 04 iSimimimins 3 0 : —
20 10 0 -10 -20 -30 -40 -50 -50 -40 -30 -20 -10 10 20 0 5 10 15 20 25
Ve (V) Ve (V) [NH,] (ppm)

FIGURE 3. (a) Transfer curves (b) R-Vgs plots and (c) Von shift of chloroform-processed 50%DPP/SU8 OTFTs exposed to different NH; concentrations.
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FIGURE 4. Transfer curves of chloroform-processed (a) 33%DPP/PMMA OTFTs and (b) 66%DPP/PMMA OTFTs exposed to different NHs concentrations.
(c) Current sensitivity (S;%) and (d) V,n sensitivity (Sy%) of indicated OTFTs, the calculation of S,% is based on the values through which the arrows pass

in the corresponding figures.

which are much higher than those (1.2x105A and 0.005
cm?V~!s71), of 0-DCB-derived 50%DPP/SU8 OTFTs. Their
gas sensory performance is also different. The maximum R;%
and |A V| for 0-DCB-derived 50%DPP/SU8 OTFTs when
exposed to 23 ppm NHj3 are 2400% and 5.41 V, respectively ,
while the improved R% (= 1282500%) and AV, (= 8.96 V)
are achieved for chloroform-derived 50%DPP/SU8 OTFTs.

VOLUME 3, 2022

The types of IPAs also affect the TFT mobility and
sensory performance. When chloroform is used, but
SU8 is replaced by PMMA, much lower average p are
obtained, which are 0.005 cm? V! s7! and 0.05 cm?
V=1 s7! for 33% DPP/PMMA and 66%DPP/PMMA
OTFTs (Fig. 4(a) and (b)). Also, their electrical responses
when exposed to NH3 are much weaker with largest Ri%
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FIGURE 5. (a)-(f) AFM images of indicated semiconductor films. The top layers of blended films were rinsed away by SU8 developer before AFM

measurement.

and |AVyy| for 33% DPP/PMMA OTFTs are 49400%
and 4.41V, respectively (Fig. S1). Fig. 4(c) and (d)
summarize the current sensitivity (S1% = R;%/ppm)
and Von sensitivity (Sv%=AVon/Von@oppm%/ppm)  for
representative DPP-based OTFTs. The S1% and Sy % are the
slopes of the linear relationships of R;% vs NH3 concentration
and AVon/Vone@oppm% vs NHj3 concentration. Similar trends
are observed that CH3Cl-derived DPP/SU8 OTFTs exhibit
extraordinarily high S1% and Sy %, which reach 13676%/ppm
and 457%/ppm, respectively. The improvements of the
sensory performance of o0-DCB-derived OTFTs and
PMMA -processed DPP/SU8 OTFTs are limited. Seen from
their atomic force microscope (AFM) images (Fig. 5), the
DPP film processed from CH3Cl has a thickness of ~120 nm
and exhibits very smooth surface with a root-mean-square
(rms) roughness of 0.6 nm. The CH3Cl-derived 33%DPP/SUS8
films has a thickness of only ~8.0 nm after removing upper
layer (Fig. S6). Its surface exhibits nanofiber morphologies
with a fiber diameter ~50 nm. Such fiber network structure
with high surface specific ratio is very beneficial to interact
with the ammonia. The AFM images of DPP/PMMA film
also exhibit fiber texture but with much larger diameter
(~300 nm).

Real-time responses (reciprocal of the current) were next
measured for devices biased at Vgs = 1 V, responding to the
dynamic switching to ammonia exposures (5, 10, 15, 20 and
25 ppm, Fig. 6). The resistance increases dramatically with
increasing ammonia concentration, especially for nanofiber-
textured DPP/SU8 OTFTs. When the devices exposed to the
same NHj3 concentration, the responsivity decreases as the
increasing DPP concentration. For example, the resistance of
33% DPP/SU8 OTFTs dramatically increases from 1.4 GQ2
(0 ppm) to 124.5 G2 (15 ppm), while the resistance of 66%
DPP/SU8 OTFTs slightly increases from 0.17 G2 (0 ppm)
to 9.4 GQ2 (15 ppm). Also, rapid response and recovery time
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were observed, which are 118 s and 188 s for 33% DPP/SUS8
OTFTs, respectively, which are much faster than those (203 s
and 507 s) of DPP OTFTs.

IV. FINITE ELEMENT SIMULATION OF OTFT-BASED

GAS SENSOR

To further understanding the dynamic adsorption and des-
orption of gas molecules on nanofiber texture, finite element
analysis (FEA) was carried out. A three-dimensional model is
established to mimic actual test setup (Fig. 7(a)).

The model device consists of 1-mm thick silicon sub-
strate, 300 nm-thick SiO;, 20 nm-thick OSC layer and 40
nm-thick gold electrodes. The detailed geometric and phys-
ical/chemical parameters of the model, such as height, radius,
adsorption/desorption rates, are given in Table S3. Also, the
OSC surface are divided into super fine grids to accurate
simulation (Fig. S2). Compared to the dense and flat film, the
nanofiber morphology greatly improves the rate of adsorption
and desorption by increasing the effective contact volume with
analyte molecules. Here, we introduce specific surface area
(SSA) as a dimensionless parameter to explain the difference
between flat and nanofibrous films [26], [27].

Zrlmmber of pores ad - h )
total volume L?-h
S, x SSA =EV, 4)

pore surface area

SSA =

Where & refers to the reacting area thickness of the OSC
layer, S,[mol-mZ.s71] represents the surface reaction rate,
and E'V, represents effective volume reaction rate.

Before establishing the mathematical model of this paper,
we make the following assumptions: 1) The heat released
and absorbed during the adsorption and desorption of gas
molecules is small enough to not affect the operating temper-
ature of the entire device. 2) The thickness of the OSC layer

VOLUME 3, 2022
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FIGURE 6. (a)-(d) Dynamic Real-time responses of indicated OTFTs (Vg4s = 1 V) responding to dynamic switching between NH; concentrations.
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FIGURE 7. (a) 3D model of test chamber with OTFT inside. (b) The distributions of NH; concentration around the OTFTs during purging (b) NHs/N, and (c)
N, respectively. (d) The simulated distribution of active sites for (d) flat and (e) nanofibrous films. The nanofibrous morphology is simplified as squares
with length of d. (f) The dynamic adsorption of NH; for OSC film with N; = 50 and 5000, respectively.

is thin enough so that the distance from the gas molecules
to be adsorbed to the active sites is the same, and there is
no difference between these active sites. Permeability is not
considered. 3) A single gas molecule can only be adsorbed on
one active site. 4) Adsorption and desorption occur at the same
time without any molecular interference. 5) The increased
active sites originated from the nanofiber texture would not
affect original active sites from the membrane surface. 6) both
the flat and nanofiber-textured films are uniform that homog-
enization method can be used [17], [18], [19].
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As the interaction between gas analyte and OTFTs can be
regarded as isothermal to avoid the calculation complexity.
Langmuir isotherm adsorption model was applied and the gas
molecules adsorbed on the surface of the sensing layer are in
a dynamic equilibrium [28], [29], [30].

dcy

ot

Equation 5 describes the material conservation of ammo-
nia analyte molecules on the sensing surface. rags NH; and

+ V- (=DsV¢s) = Fads NHy — Tdes NHs o)
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Tads_NH; represent the adsorption rate and desorption rate,
respectively. ¢, is the total concentration of adsorbate (mol
m~2) and D is the surface diffusion coefficient.

There are several relationships are shown in Equations

(6)-09):

C
0= ﬁt (6)
Fads_NH; = a’pa'(l —-0) @)
Tdes_NH; = k-6 (®)
pa = CRT ©)

Where 6 refers to the proportion of the active sites oc-
cupied by the adsorbate. N; is total surface concentration of
active sites (mol m~2).p, refers to the gas pressure. C is the
environmental gas analyte concentration (mol m~3). R and
Trefer to gas constants (= 8.314 J-mol~!-K~!) and Kelvin
temperature, respectively. &, is the adsorption constant and k-
is the desorption constant.

Thus, we have the following Equations (10)—(12):

T'des_NH3 = kdestH3 *Cs (10)
Fads_NH; = kads NH;C (N — ¢5) (11)
ac

e li=0 = max rags_NmH, (12)

Equation (12) can be used to calculate the initial rate value
of gas adsorption, which typically exhibit strong and rapid gas
response.

First, we simulate the dynamic change of ammonia con-
centration, which are identical to the actual test environment
(Fig. 7(a) and Fig. S3). From the isosurface of NH3 concen-
tration around the OTFTs (Fig. 7(b) and (c)), we observe an
increased NH3 concentration around the channel when NHj3
is introduced. From the experimental results, the resistance
of OTFTs increases significantly upon expose to ammonia,
then the increasing rate slow down until reach a plateau. In
such process, the competition between gas adsorption and
desorption plays a major role in electrical response [22], [31].
By intercepting gas response of the devices’ geometric center
point using the above equations (Fig. S4), we obtained the
Fig. 7(f), showing that different N; do greatly affect the gas
response of the simulated device. As N; is increasing, the
initial absorption rate is faster and the the final equilibrium
height is higher. The gas absorption at the devices’ center line
is given in Fig. SS.

VI. CONCLUSION

We demonstrate a strategy for forming nanofiber texture of
OSCs and its advantages in OTFT-based ammonia sensor.
Through detailed studies on the effects of IPAs, solvent and
blend ratio, we found the use of SU8 and chloroform yields
ideal intertwined nanofiber (~50 nm) morphology and good
superior OTFT and sensory performance. To reflect the ad-
vantages of OTFT devices in gas sensor, two quantization
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parameters (current sensitivity and Vi, sensitivity) were in-
troduced and compared simultaneously. The FEA simulation
also verified the increased active sites are beneficial for faster
response and higher sensitivity.
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