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Side-chain effect of organic semiconductors in OFET-

based chemical sensors

Dapeng Liu, Yingli Chu, Xiaohan Wu and Jia Huang"

ABSTRACT Organic field-effect transistors (OFETs) offer
great potential applications in chemical and biological sensing
for homeland security, environmental monitoring, industry
manufacturing, and medical/biological detection. Many stu-
dies concentrate on sensitivity and selectivity improvement of
OFET-based sensors. We report four organic semiconductors
with different alkyl side chain lengths but the same m-con-
jugated core structure for OFETs. Our work focuses on the
molecular structure of organic semiconductors (OSCs). Alkyl
side chains can hinder the diffusion of ammonia into the OSCs
layer, which blocks the interaction between ammonia and
conducting channel. The result also reveals the relationship
between the alky chain and the film thickness in sensitivity
control. These results are expected to be a guide to the mo-
lecular design of organic semiconductors and the choice of
OSCs.

Keywords: organic field-effect transistors, chemical sensor, side
alkyl chain

INTRODUCTION

Organic field-effect transistors (OFETs) have been in-
vestigated extensively for applications such as display
drivers, radio frequency identification tags, and circuits of
moderate complexity [1-6]. Another compelling appli-
cation of OFET is chemical and biological sensing [7-12].
Sensors based on OFETs can be low-weight, low-cost,
flexible, and miniaturized [13-18]. Analyte molecules can
have various effects on organic semiconductors (OSCs),
such as doping or quenching induced charge carrier
density variation and dipole-induced trapping and re-
tarding of charges [19-22]. These OSC/analyte interac-
tions alter the threshold voltages and the mobilities of
OFETs and lead to changes in the output source-drain
current. Compared to inorganic devices, OSCs provide
the possibility to operate sensors at room temperature

without the need of heating, and the great freedom to
tune charge carrier energies and analyte affinities through
synthetic chemistry [23-27].

In the past decade, various approaches have been de-
veloped to tailor the sensing performances of OFET-
based chemical sensors. Most of those approaches focused
on designing OSC molecules with specific m-conjugated
core structures [28,29], bonding or depositing receptors
on OSCs [30-32], modifying OSC film thickness [33,34],
modulating OSC microstructures and morphologies
[35,36]. However, the effect of OSC side chain length on
OFET chemical sensor performance has not been suffi-
ciently investigated.

For OSC molecules, the m-conjugated core structures
define the energy band structure of the materials, whereas
side chain of OSC also plays an important role. For ex-
ample, alkyl-chain can promote OSC molecules to align
in order, and improve the solubility of OSCs [37-39],
while fluorinated alkyl chain in #-type OSC can improve
the air stability of the compound [40]. Actually, the side
chain in OSC not only affects OFET electronic char-
acteristics, but can also impact to performance of che-
mical sensors based on OFETs. In this work, we
systematically studied four OSCs with different alkyl side
chain lengths but the same m-conjugated core structure.
OFET sensors fabricated with these four OSCs exhibited
distinguished sensitivity upon exposure to ammonium
vapor, in terms of normalized current change and abso-
lute current change. These results reveal the importance
of selecting appropriate side chain for OSCs to meet the
specific need of various chemical OFET sensors.

EXPERIMENTAL SECTION

Semiconductors synthesis
5,5'-bis(4-hexylphenyl)-2,2"-bithiophene (6PTTP6) was
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synthesized according to the previously reported process
[41]. The precursor with various alkyl lengths (0, 2 and
12) (bromide benzene, 4-bromo-ethylbenzene and 4-
bromo-dodecylbenzene) is used to synthesize 5,5'-diphe-
nyl-2,2"-bithiophene (PTTP), 5,5'-bis(4-ethylphenyl)-2,2'-
bithiophene (2PTTP2) and 5,5'-bis(4-dodecylphenyl)-
2,2'-bithiophene (12PTTP12).

OFETs fabrication and characterization

Heavily n-type doped silicon substrates with a 500 nm
thermally oxidized layer were successively cleaned by
sonication in acetone and isopropanol for 30 min. Then
they were rinsed with deionized water and ethanol, dried
by nitrogen flow. To optimize device performance, before
evaporation, the silicon substrate was modified with or-
thotrichlorosilane (OTS) to form a self-assembled
monolayer (SAM). Then the OSCs (PTTP, 2PTTP2,
6PTTP6 and 12PTTP12) layers were thermally evapo-
rated on the OTS-treated silicon wafers at a rate of
0.3As™ and a pressure of 1x107™* Pa. The substrate
temperature was held constantly at 55°C. The thickness of
the OSCs layers was controlled with a quartz crystal mi-
crobalance. Finally, 75 nm Au electrodes were thermally
evaporated on the OSCs layers to form a top-contact
structure through a shadow mask with a channel length
of 50 pym and a width of 15 mm.

The structure and surface morphologies of OSCs films
were characterized by X-ray diffraction (XRD) (DX-
2700A, Dandong Haoyuan Instrument Com. Ltd.) and
atomic force microscopy (AFM) (Bruker Dimension
Icon, Bruker Corporation), respectively. The evaluations
of the OFETSs were carried out by using a Keithley 4200
semiconductor characterization system connected to a
homemade vapor test chamber. Devices were measured in
a test chamber filled with pure nitrogen. Then a certain
amount of ammonia was injected into the chamber, in
which the concentration of ammonia was fixed at 1 ppm.

RESULTS AND DISCUSSION

X-ray diffraction and atomic force microscope

Fig. 1a shows the chemical structures of PTTP, 2PTTP2,
6PTTP6 and 12PTTP12. The as-fabricated OFETs have
bottom-gate top-contact (BGTC) configuration.

The XRD characterization of four OSC films in Fig. 1b
proves that the packing modes of 2PTTP2, 6PTTP6 and
12PTTP12 on silicon oxide surface are all upright-
standing packing style. The first intense Bragg peaks of
2PTTP2 and 6PTTP6 correspond to an interlayer spacing
of 18.02 and 29.42 A, respectively. The first Bragg peak of
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Figure 1 (a) Chemical structure of NPTTPN (N =0, 2, 6, 12). (b) XRD
patterns of four OSC films. (c) The configuration of OFET device.

12PTTPI12 film is not observed because the angle refer-
ring to the peaks is beyond the measurement range. The
12PTTPI12 interlayer spacing of 43.32 A was obtained
from the 20 value of the (200) peak. XRD for PTTP film
shows that the (100) peak shifts to slightly higher value
than 2PTTP2 due to the longer molecular length of
2PTTP2 than that of PTTP. The low intensity of (100)
peak reveals low crystallinity of PTTP film.

In the first batch, four OSC films were prepared by
evaporating same amount of OSCs by mass on the wafer
with same sizes, which are called as equal-mass films. The
mass of OSCs deposited was controlled with a quartz
crystal microbalance. All four devices have the same
reading on the quartz crystal microbalance when the
evaporation was stopped. The second batch contains the
four OSC films that consist of same number of OSC
monolayers (19 monolayers), called as equal-layer films.
The number of the other three OSC monolayers was fixed
at 19. According to Table 1, the mass of PTTP and
2PTTP2 evaporated, controlled with a quartz crystal mi-
crobalance, was scaled down at the proportion the same
as the ratio of relative molecular weight of the OSC and
6PTTP6. The mass of 12PTTP12 molecules deposited was
increased at the same proportion as the ratio of relative
molecular weight of 12PTTP12 and 6PTTP6. To further
investigate the microstructure of OSC films, the equal-
mass films were characterized by AFM. Fig. 2b-d, f-h
show the morphologies of the 2PTTP2, 6PTTP6,
12PTTP12 film, which reveals they were consisting of
monolayer plates through a layer-by-layer growth by
thermal evaporation with the function of alkyl chain [42].
The morphology of PTTP film in Fig. 2a, e is different
from the morphology of the other three OSCs, which is
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Table 1 ~ The physical parameters of the equal-mass OSC films

o . . Relative molecular Film thickness ~Space of monolayer Number of Normalized Iy,  Absolute I,
rganic semiconductor - -1
weight (g mol ) (nm) monolayers change change (uA)
PTTP 318 84 nm 17.18 49 —46% -0.3
2PTTP2 376 51 nm 18.02 28 —24% -39
6PTTP6 488 55 nm 29.42 19 —33% -33
12PTTP12 656 32 nm 43.32 7.0 —4.0% —6.0

Figure 2 AFM images of thermally evaporated PTTP (a, e), 2PTTP2 (b, f), 6PTTP6 (c, g), and 12PTTP12 (d, h) films.

due to missing alkyl chain in PTTP molecules to induce
the layer-by-layer growth of OSC films. The thickness of
equal- weight films (PTTP, 2PTTP2, 6PTTP6 and
12PTTP12) were also measured by AFM (see in Table 1),
which reveals different thicknesses in four OSC films due
to different relative molecular masses, different molecular
lengths and different densities. The highest thickness of
the films refers to the lightest molecule PTTP. The
thickness of 2PTTP2 and 6PTTP6 film is comparable,
while the 12PTTP12 film only has 32 nm in thickness.
The number of monolayer is calculated through dividing
the film thickness by the space of monolayer, which is
taken into consideration including the film thickness and
the length of molecular side alkyl chain to investigate the
effects on sensing performance. Although the molecules
of different organic semiconductors stand upright on the
surface, the angles between the molecules and the sub-
strate surface can be much different, leading to that the
numbers of the molecules per unit area are different. This
explains that the films of different organic semi-
conductors seem to be not equal mass based on the values
shown in Table 1.

Electronic performances and sensing tests

On the basis of the morphology characterization of the
OSC films, to investigate the sensing performance of the
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equal-mass OFETs with various alkyl chains, the transfer
curves of the devices were cycling tested in a homemade
chamber before and after the injection of NH; vapors at a
concentration of 1 ppm (v/v). All devices work well be-
fore the NH; sensing tests (Fig. S1). The normalized
source-drain current (Isp/Isp,) was extracted from the
transfer characteristic curves and plotted as a function of
testing time in Fig. 3a (Vsp = —60 V, V5 = —60 V). The Ip
of all four devices decreased right after the device was
exposed to NH; vapor. The PTTP OFET exhibited the
highest response with 46% current decrease, because the
NH; molecules can directly interact with the charge car-
riers in the conduction channel without the block of the
alkyl chain. After the 1 ppm NH; vapor was injected, the
2PTTP2 and 6PTTP6 OFET exhibited 24% and 33%
current decrease, respectively, both of which are larger
than the 4% current reduction of the 12PTTP12 OFET.
The 12PTTP12 molecule has the longest alkyl chain.
When NH; molecules approach to the OSC film, the long
alkyl chain enlarges the path for the NH; to interact with
charges. Compared to the 12PTTP12 OFET, more NH,
molecules interact with the charges in 2PTTP2 and
6PTTP6 OFET with shorter alkyl chains. Fig. 3b, ¢ plot
the L and the absolute change of source-drain current
(Isp-Ispy) under Vo = =60V and Vgp = —60V as the
function of testing time. The Ip of 2PTTP2 OFET and
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Figure 3 Response of four OFETs on exposure to 1 ppm NH;: percentage I, change for the devices with equal mass (a) and equal layers (d).
Absolute I, change for the devices with equal mass (b, ¢) and equal layers (e, f). (Vs, = —60 V,V; = —60 V)

Table 2 The physical parameters of the equal-layer OSC films

Organic semiconductor Relqtive molecq}ar Film thickness Space of Number of Normalized Igp Absolute I,
weight (g mol ™) (nm) monolayer (A) monolayers change change (pA)
PTTP 318 33 nm 17.18 19 —81% —6.0
2PTTP2 376 35 nm 18.02 19 —54% -17
6PTTP6 488 55 nm 29.42 19 —-33% -33
12PTTP12 656 86 nm 43.32 19 —5.0% —4.0

6PTTP6 OFET were 160 pA and 100 pA, and they ex-
hibited obvious response with more than 33 pA current
decrease, while the response of the 12PTTP12 OFET was
negligible with only 6 pA current decrease. For the PTTP
OFET, although the device showed 46% current decrease,
the absolute current change was only —0.3 pA due to the
low output current of the device. The lowest intensity
(100) peak of PTTP reveals the lowest crystallinity in the
PTTP film. The large gaps between the crystal particles in
PTTP film can be observed in AFM images. The lowest
crystallinity and the large gaps determine the lowest
current in PTTP devices. When the absolute current
change is the most important parameter to measure the
device sensitivity, OFETs with relatively high output
current are appropriate, such as 2PTTP2 OFET and
6PTTP6 OFET. Their absolute current decrease was over
30 pA. However, OFETs with over long alkyl chains

980

(12PTTP12 OFET, —6 pA in absolute current change)
exhibit small change of the absolute current to analyte
even at high output current.

The equal-mass 6PTTP6 OFET has 19 monolayers,
while the 2PTTP2 OFET has 28 monolayers. In Fig. 3a,
the response of 6PTTP6 OFET to 1ppm NH; is 33%
current decrease, larger than the response of 2PTTP2
OFET at 24% current decrease, which indicates that the
amount of monolayer has a significant impact on the
interaction of NH; molecules with charges according to
the parameter of 2PTTP2 and 6PTTP6 film in Table 1.
With the comparison between the parameters of same
molecules in Table 1 and Table 2, the devices with less
monolayers (PTTP, 2PTTP2) show larger response than
the device with more monolayers. To further compare the
sensing performance of OFETSs with different side chains
but the same number of monolayers, the equal-layer OSC
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Figure 4 (a) Absolute I, change for the devices in equal layers at various V; from 0 to =60 V. (b) Normalized I, change as a function of the length
of alkyl side chains. (c) Mobility (i) of four equal-layer and equal-mass devices before and after exposure to 1 ppm NH;. (d) Change of threshold
voltages (Vy,) on exposure to 1 ppm NH; of equal-mass and equal-layer devices. (Vgp = -60 V)

OFETs were fabricated and tested in the same condition.
All OSC films have 19 monolayers. Fig. 3d plots the
normalized Iy of the transfer curves as the function of
testing time. Fig. 3e, f were the absolute variation of Isp of
four OFETs as the function of testing time. The film
thickness of PTTP and 2PTTP2 were decreased by eva-
porating fewer OSC molecules on the wafer, which im-
proves their sensitivity to the 1 ppm NH; [33]. The PTTP
OFET was largely quenched, with the I, decreased to less
than 20% of its original value (81% current decrease), but
the reduction of Iy, in PTTP was as low as —6 pA, which
is due to the low initial Isp of PTTP OFET. The response
of 2PTTP2 OFET to 1 ppm NHj is 54% current decrease,
larger than the response of the 2PTTP2 OFET in the first
batch. More 12PTTP12 molecules were deposited on the
wafer, which increased the film thickness and decreased
its initial Iyp in N, from 130 to 90 pA. The 12PTTP12
OFET still showed negligible response with Is, decreased
by 4 pA upon exposure to 1 ppm NH,.

The changes of I of four OFETs with equal layer at
various Vi were summarized in Fig. 4a. The 6PTTP6

October 2017 | Vol.60 No. 10

OFET showed higher response than the other three
OFETs when the Vg was increased to —20 V. The I, of
PTTP OFET was the lowest due to its poor ordered ar-
rangement of PTTP molecules, which limited its output
current. As the alkyl chain length increased, more OSC
molecules arranged in a fixed direction on the OTS-
modified silicon wafer, resulting in better n-mt stacking,
higher degree of crystallinity and the increase of output
current. However, the longest alkyl chain of 12PTTP12
obstructed the interaction of NH; with charges, which led
to the lowest sensitivity of 12PTTP12 OFET to 1 ppm
NH;. Fig. 4b plots the normalized Is, change of OFETs
with equal mass (red line) and equal layer (blue line) as
the function of alkyl chain length under Vop = =60 V. The
charge mobility (4) and the change of threshold voltage
(Vi) of the four devices with equal mass and equal layer
were extracted from the transfer characteristic curves and
plotted in Fig. 4c, d under Vgp = —60 V. The change of
OFET mobility after the injection of 1 ppm NHj is neg-
ligible, but the change of threshold voltage is significant.
The 6PTTP6 molecules with appropriative alkyl chain
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length forms the film with high order of molecular ar-
rangement and effective response to 1 ppm NHj.

CONCLUSIONS

The OSC films with varying alkyl chain length were
prepared and characterized. The electronic performance
and sensitivity to NH; of OFET's prepared with the four
OSC molecules were tested. It was found that alkyl chain
induced layer-by-layer growth of OSC films. The ex-
istence of alkyl chains hindered the interaction of NH,
molecules with charges in the conduction channel of OSC
film (Fig. S2). OSC molecules without alkyl side chains
and OSC molecules with short alkyl chains stacked in
poor order during the growth of OSC films, which de-
creased the output current and the change of absolute Ip.
However, higher normalized current response in these
OFETs can be observed, because NH; molecules can ea-
sily interact with the charges in the conduction channel of
these OFETs. Long alkyl chains contributed to good ar-
rangement of OSC molecules which increase the I, but
hindered the interaction of gas molecules with charges,
resulting in the reduction of sensitivity. In conclusion, we
showed the differences in molecular structure can lead to
significant effects during the growth of OSC by thermal
evaporation and the sensitivity test of the OSC film to gas
molecules. It was confirmed that the optimized alkyl
chain with appropriate length enhanced the molecular
stacking and increased the output current, which results
in more charge carriers to interact with analyte. The de-
sired length of alkyl chains in OSC molecules depends on
the requirement of OFET-based sensors of different ap-
plications. When the normalized response is considered
as a key parameter, OSCs with short chain are preferred
materials of choices. When the absolute current change is
required, the devices with high output current are pre-
ferred, and OSCs with long side chain length would be
better choices. When the OSC side chains are too long,
the side chain might hinder the interaction of analyte
molecules with charges in the conduction channel, re-
sulting in both low absolute current change and low
normalized response, although the device exhibits high
output current. Our work is expected to be the guidance
for molecular design and choosing for preparing high-
performance OFET-based chemical sensors.
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