Published on 02 June 2020. Downloaded on 7/29/2025 6:40:28 PM.

CHEMISTRY

FRONTIERS

’ '.) Check for updates ‘

Cite this: Mater. Chem. Front.,
2020, 4, 3505

Yujing Wang, Qi Gong

CES

PEILFR

ROYAL SOCIETY
PN OF CHEMISTRY

Structured and functionalized organic
semiconductors for chemical and biological
sensors based on organic field effect transistorsy

and Qian Miao 2 *

One of the most promising applications of organic field-effect transistors (OFETs) is chemical and

biological sensing. In order to achieve highly sensitive and selective detection of a broad array of
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analytes, the organic semiconductor layer in an OFET is tailored with rationally designed physical
structures and chemical functionalities. This article reviews representative studies on structured and
functionalized organic semiconductors after a brief introduction to OFET-based chemical and biological

sensors. Finally, we reach conclusions on the achievements and challenges in this research field and
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Introduction

This review aims to provide an overview of strategies to tailor
organic semiconductors with rationally designed physical
structures and chemical functionalities to develop chemical
and biological sensors based on organic field effect transistors
(OFETs). An OFET typically consists of a thin film of organic
semiconductors, three electrodes (gate, drain and source) and
a dielectric layer between the semiconductor and the gate
electrode as shown in Fig. 1a. An OFET essentially acts as an
on/off switch, where the electrical current flowing between the
drain and source electrodes (Ipg) is controlled by the voltage
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provide an outlook for the development in the near future.

between the gate and source electrodes (Vgs) under an imposed
bias between the drain and source electrodes (Vps). The velocity
of charge carriers (holes or electrons for p- or n-type organic
semiconductors, respectively) in OFETs is quantified by the
field effect mobility, which is the most important parameter to
characterize the performance of OFETs. OFETs are promising
platforms for various types of sensors'™* with a unique combi-
nation of advantages. First, the electronic input and output
characteristics of OFETs can be modulated by a variety of
physical and chemical stimuli through different mechanisms.
For example, light or heat can greatly affect the conductivity of
organic semiconductors by altering the density and mobility of
charge carriers, and mechanical work can influence the gate
voltage applied to the conduction channel. Second, OFET-based
sensors can be fabricated on flexible substrates over large
area at low cost because organic semiconductors, unlike
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Fig. 1 (a) Schematic structure of an OFET with the applied voltage (Vps
and Vgs) and source—drain current (Ips); and (b) schematic structure of an
EGOFET.

conventional inorganic semiconductors, are mechanically
flexible and can be processed with solution-based methods.
Third, organic semiconductors can be conveniently tailored
through organic synthesis or surface functionalization to provide
specific recognition sites or reactive groups for target analytes.
Fourth, compared with the sensors based on resistance change
in a two-terminal device, OFET-based sensors can have lower
detection limits and higher sensitivity due to the inherent signal
amplification function of transistors. As a result, OFET-based
sensors not only circumvent the need for bulky and expensive
equipment by combining sensory electrical output with easy
device fabrication, but also promise soft and biocompatible
electronics for wearable and implantable devices.”™

The above advantages of organic semiconductors for chemical
and biological sensors based on field effect transistors (FETSs)
are, to some degree, shared by carbon nanotubes and graphene,
which are graphitic nanocarbons and arguably ‘“organic”.
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However, organic semiconductors still exhibit their own
strengths and weaknesses in comparison to graphitic nano-
carbons. For example, organic semiconductors are more broadly
functional themselves and have largely variable morphologies,
but have lower charge carrier mobility than graphitic nano-
carbons. Organic semiconductors may be more convenient to
fabricate in printable form, while graphitic carbons can give
higher mechanical strength. An excellent summary comparison
of organic semiconductors with graphitic nanocarbons for
FET-based chemical and biological sensors is given by Katz
and coworkers in a recent review.'

For construction of chemical and biological sensors, two
device configurations of OFETs have been widely used. One
is the conventional OFET (Fig. 1a), where the organic semi-
conductor layer is exposed to the environment, and the other is
the electrolyte-gated OFET (EGOFET),"" where the gate dielectric
in the conventional OFET is replaced by an electrolyte and, as a
result, the organic semiconductor layer is in ionic contact with
a gate electrode via an electrolyte as shown in Fig. 1b. When a
conventional OFET is exposed to the environment, environ-
mental chemical and biological species (i.e. analytes) may
occur at the surface of organic semiconductors, or at the grain
boundaries between crystallites that make up a polycrystalline
semiconductor film, or at interfaces between organic semi-
conductors and dielectrics or electrodes. These analyte mole-
cules or ions can induce local electric fields, disrupt the
molecular packing of organic semiconductors, trap mobile
charge carriers by localizing them on the analyte molecules,
or cause doping by charge transfer. At the electrolyte-organic
semiconductor interface in an EGOFET, the applied gate
voltage induces formation of an electrical double layer, which
enables current modulation through electrostatic doping of
the conduction channel. For the purpose of chemical and
biological sensing, the most commonly used electrolyte is an
aqueous solution. If the organic semiconductors in the con-
duction channel are electrochemically active, the application of
a gate bias induces a reversible redistribution of ions within the
transistor channel and the electrolyte. As a result, the device
becomes an organic electrochemical transistor (OECT), which
has already been extensively reviewed in the literature'*** and
thus is not covered herein. In order to realize selective detection
of chemical and biological analytes, an EGOFET needs to be
functionalized with specific groups to recognize or react with
chosen analytes and the possible sites of functionalization
include the organic semiconductor, gate and electrolytes.'*
Chemical events at these sites are transduced to electrical
signals because molecular recognition or chemical reactions
can lead to changes in the surface potential or capacitance,
or induce charge redistribution. In order to avoid overlap
with the published reviews'®'>™° on OFET-based sensors, this
review focuses on representative strategies to tailor organic
semiconductors in conventional OFETs and EGOFETSs to detect
chemical and biological analytes sensitively and selectively. In
the following discussions, these studies are roughly classified
into two aspects. One is structured organic semiconductors,
which are designed to have nanometer or micrometer-sized
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structures to enhance effective interactions between organic
semiconductors and analytes. The other is functionalized
organic semiconductors, where molecular recognition units
or chemical reaction sites are introduced into semiconductors
through physical adsorption or chemical modification.

The key parameters that determine the performance of an
OFET-based chemical/biological sensor include the sensitivity,
detection limit and selectivity. The sensitivity can be repre-
sented as either the absolute sensitivity or relative sensitivity.
The absolute sensitivity is defined as Alp/Canaiyte, Wwhere Al
denotes the absolute value of the net change in the drain
current upon exposure to the analyte, and C,najyee denotes the
concentration of analyte that results in the change of the drain
current. The relative sensitivity is defined as (AIp/Ip,o)/Canalyte,
where I, , denotes the initial drain current. For the purpose of
comparison, the sensitivity in this review article is presented
uniformly as the relative sensitivity, which is either already
reported in the original literature or calculated by us from the
reported change of the drain current and concentration of the
analyte when the corresponding data are available. Typical
units of relative sensitivity for OFET-based chemical/biological
sensors include % ppm ™", % ppb™", % uM ' and % nM ..

Structured organic semiconductors in
OFET-based sensors

OFETs are interface devices, where the first few molecular
layers of organic semiconductors at the semiconductor-dielec-
tric interface form the conduction channel responsible for
charge transport and current modulation by the gate voltage.
Early OFET-based sensors were fabricated on vacuum-
deposited films of organic semiconductors, which consisted
of micrometer or sub-micrometer sized crystallites.>>*" In these
sensing devices, the current modulation in response to the
target analytes largely relies on chemical events that occur at
the grain boundaries between the crystallites and are limited by
diffusion of analyte molecules to the conduction channel of the
OFET.*>*? In order to enhance the sensitivity of OFET-based
sensors, nanometer or micrometer-sized structures, such as
nanopores and monolayers, are introduced into the organic
semiconductors to enhance the capability of capturing analyte
molecules from the environment and to increase the opportu-
nities of analyte molecules to interact with the conduction
channel. It is worth noting that the structures designed to
enhance the capability of organic semiconductors to capture
analyte molecules may unfortunately compromise the pathways
of charge transport. High-performance OFET-based sensors
require a balance between efficient charge transport (reflected
by a reasonably high field effect mobility) and capability of
capturing analyte molecules.*® For easy reference, the perfor-
mances of OFET-based sensors discussed in this section are
summarized in Table 1. For OFET-based sensors that have
organic semiconductors lacking specific functional groups to
react or interact with analyte molecules, the most common
target analytes are NH; and NO,, which are an electron donor

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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and an electron acceptor, respectively, toward common organic
semiconductors.

Porous films

Vertically oriented pores of micrometer or nanometer scale in
films of organic semiconductors can not only enhance the
capability of capturing analyte molecules by increasing the
specific surface area but also allow more analyte molecules to
penetrate to the conduction channel with greater coupling to
the charge transport pathways. As a result, porous structures in
organic semiconductor films enable sensors with higher sensi-
tivity and faster response. Oh, Cho and coworkers fabricated
porous films of pentacene by vacuum-deposition of pentacene
(Fig. 2) on top of m-bis(triphenylsilyl)benzene (TSB3), which
was vacuum-deposited onto an octadecyltrimethoxy-silane
(OTS)-treated SiO, substrate (Fig. 3a).”> The pores in the
pentacene film ranged in size from 50 to 150 nm, and their
depth was found to be similar to the thickness of the organic
layers. The large number of nanopores in the pentacene film
was attributed to the dewetting of TSB3 and the preferential
growth of pentacene via diffusion onto TSB3 rather than OTS.
In comparison to pentacene films without nanopore structures,
these porous pentacene films exhibited significantly improved
sensitivity toward methanol gas, which, however, was not
reported in a quantitative manner. Huang and coworkers fabri-
cated microporous films of dinaphtho[2,3-b:2,3'-f]thieno[3,2-
blthiophene (DNTT as shown in Fig. 2) by using polystyrene
microspheres with a diameter of 10 um as templates, which were
deposited on plasma-treated SiO,/Si substrates by a vacuum
freeze-drying method (Fig. 3b).*® Upon exposure to 0.01 ppm
NH3;, the porous OFET of DNTT exhibited a decrease in the drain
current with a relative sensitivity as high as 340% ppm ™", which
is higher than that of the pristine OFET of DNTT (20% ppm ")
by an order of magnitude. The porous OFET also exhibited
decent selectivity for NH; (1 ppm) over a variety of chemical
vapors (500 ppm) that are shown in Table 1. Diao and coworkers
used a nanoporous insulating layer, which was prepared from a
solution of poly(4-vinylphenol) (PVP) in THF with 4,4’-(hexa-
fluoroisopropylidene)diphthalic anhydride (HDA) added as the
cross-linking agent for PVP, as a template to form porous films
of polymer and small molecule semiconductors with tunable
pore sizes (50-700 nm) as shown in Fig. 3¢.>” Upon exposure to
1 ppb NH;, the film of poly(diketopyrrolopyrrolethiophene-
thieno[3,2,b]thiophene-thiophene) (DPP2T-TT as shown in
Fig. 2) with 700 nm pores exhibited a relative sensitivity of
27.8% ppb ™', which is higher than that of the non-porous film
of DPP2T-TT by 1.5 times. Qiu and coworkers prepared porous
films of PBIBDF-BT (Fig. 2), an ambipolar polymer semi-
conductor, by spin coating a blend solution of PBIBDF-BT and
poly(1,4-butylene adipate) (PBA) and subsequently removing PBA
from the composite film with acetone.>® The pore size could
be tuned by varying the percentage of PBA in the blends.
The porous films of PBIBDF-BT with pore size ranging from
100 to 400 nm exhibited a relative sensitivity of greater than
80% ppm ' in response to 10 ppm NH; and decent selectivity
for NH; (10 ppm) over a variety of chemical vapors (500 ppm)
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Organic The way of Target Detection Relative Selectivity over
semiconductor Physical structure measuring I, analyte limit sensitivity® chemicals® Ref.
Pentacene Porous film with a pore Real time test with CH3;O0H N/A N/A N/A 25
size of 50-150 nm fixed Vs and Vp
DNTT Porous film with a pore Real time test with ~ NHj 10 ppb 340% ppm~* HCI, H,0,, H,0, DMMP, DMC, 26
size of 10 pm fixed Vg and Vp, hexane, CHCl;, EtOH, acetone
DPP2T-TT Porous film with a pore Real time test with NH; 1 ppb 27.8% ppb™' NH; 27
size of 700 nm fixed Vg and Vp
PBIBDF-BT Porous film with a pore Real time test with NH; 0.5 ppm  9.98% ppm~' i-PrOH, acetone, DE, EA, 28
size of 100-400 nm fixed V5 and Vp (10 ppm) CHCI;, hexane, toluene
CuPc Nanowire Real time test with SO, 0.5 ppm  238% ppm ' N/A 29
fixed Vs and Vp
ZnPc Single nanobelt Real time test with  NO, 50 ppb 22% ppm ' SO, 30
fixed Vi and Vp, (10 ppm)
H,S 50 ppb  91% ppm™' SO,
(10 ppm)
AmBuPc 7-Layer LB film Output curve NO, 10 ppm  N/A N/A 32
Pentacene Monolayer Transfer curve NO, 100 ppb  650% ppm~ ' CO, CO, N,O, NH; 33
(2 ppm)
CoPc 4 Molecular layers Real time test with  Organic ~ N/A N/A N/A 34
fixed Vs and Vp volatiles
CuPc Ultrathin film Transfer curve NO, 1 ppm 65.8% ppm ' SO,, NH3, H,S 35
C10-DNTT Monolayer crystals Real time test with  NH; 10 ppb 172% ppm~' Acetone, EtOH, H,, O,, NO 37
fixed Vs and Vp
DTBDT-C6 Microstripes of Real time test with NH;3 10 ppm 2% ppm ' EtOH, i-PrOH, acetone, EA, 38
6-11 nm thickness fixed Vi and Vp, (50 ppm) heptane
2R5T2R Monolayer Real time test with Melamine 0.01 ppm N/A N/A 39
fixed Vg and Vp solution
NDI3HU-DTYM2 Porous monolayer Real time test with  NH; 0.1ppb 720% ppb~'  i-PrOH, acetone, EtOH, THF, 40
crystals fixed Vg and Vp CHCl,
HBC-COCI Monolayer Output curve TCNQ 1 mM N/A N/A 41
(solution
in DCM)
PTCDI-Ph/p-6P Hetero-junction Real time test with  NO, 5 ppm 4.9% ppm~"  N/A 42
fixed voltage
PTCDI-Ph/p-6P/VOPc Double hetero- Real time test with  NO, 5 ppm 18% ppm ' N/A 42
junctions fixed voltage
TiOPc/F;6CuPc Hetero-junction Real time test with  NO, 250 ppb  478% ppm ' N/A 43

fixed voltage

(2 ppm)

Notes: * Relative sensitivity is measured at the detection limit if not otherwise noted. ? Abbreviations: EtOH: ethanol, i-PrOH: isopropanol, THF:
tetrahydrofuran, EA: ethyl acetate, DE: diethyl ether, DMMP: dimethyl methylphosphonate, DMC: dimethyl carbonate.

that are shown in Table 1. However, the relationship between
the pore size and the sensing performance of FETs was not
reported.

Nanowires and nanofibers

Single crystalline nanowires or nanofibers of organic semi-
conductors in a gas dielectric OFET present a useful device
configuration for OFET-based sensors because they have
the conduction channel exposed to the environment. Liu and
coworkers in 2013 developed gas sensors for SO, on the basis of
a gas dielectric OFET, which had a single crystalline nanowire
of copper phthalocyanine (CuPc as shown in Fig. 2) as the
semiconductor (Fig. 4).>° This OFET-based sensor was able
to detect SO, at a sub-ppm level (0.5 ppm) with relative
sensitivity as high as 238% ppm ™. In contrast, the CuPc single
nanowire field effect transistors packaged with a poly(methyl
methacrylate) (PMMA) dielectric did not show an obvious response
toward SO, of a concentration lower than 5 ppm in gas. Four years
later, the same group reported similar gas dielectric OFETSs
containing a nanofiber of zinc phthalocyanine (ZnPc as shown
in Fig. 2) as the semiconductor.*® This OFET-based gas sensor

3508 | Mater. Chem. Front., 2020, 4, 3505-3520

was able to detect NO,, H,S and SO, with a lowest detectable
concentration down to 50 ppb. In response to 10 ppm NO,, H,S
and SO,, the relative sensitivity of this sensor is 22% ppm ™,
91% ppm™ " and 4% ppm ", respectively. Moreover, this sensor
can distinguish the above three gases when multiple field-effect
parameters (field effect mobility, threshold voltage, and sub-

threshold swing) of the OFET are taken into consideration.

Ultrathin films and monolayers

Reducing the thickness of the organic semiconductor layer in a
conventional OFET-based sensor can shorten the distance that
analyte molecules have to travel before they reach the effective
conduction channel at the semiconductor-dielectric interface.
Therefore, the conduction channel in an ultrathin OFET can
have a better chance than a thick device of the same organic
semiconductor to interact with analyte molecules, leading to
higher sensitivity as well as shorter response time. On the other
hand, ultrathin layers of organic semiconductors may suffer
from poor environmental stability because of undesired inter-
actions between organic semiconductors and environmental
molecules (e.g. water) and also inferior margins for degradation

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020


https://doi.org/10.1039/d0qm00202j

Published on 02 June 2020. Downloaded on 7/29/2025 6:40:28 PM.

Materials Chemistry Frontiers

200006 0y
0.,
R S

Pentacene
DNTT:R=H
CgHy7

S
CgH17 S O
N.° O s CgHi7

CeHis

NC S O‘ S CN C8-BTBT
NG S s’ N
CeHiz~S s
i / -\
s s” “CeHis
NDI3HU-DTYM2 DTBDT-C6

CeHiz™ "CgHy7

Pl
&G

CuPc: M =Cu
ZnPc: M =Zn
CoPc: M= Co
VOPc: M = VO C1oHas0
TiOPc: M = TiO

C‘|2H250

2R5T2R

C10-DNTT: R = C1oH23

59%

AmBuPc

View Article Online

Review

PBIBDF-BT
CioHaz4

CaoHa21

CioH21 DPP,T-TT

Cl Cl
HBC-COCI Crobn

«9 OO

OOOOOO

OC12H2s

A~ OO

OCr2Hzs 6PTTPG

Fig. 2 Structures of organic semiconductors that are tailored with designed physical structures.

over time. As a result, the optimized film thickness varies among
different organic semiconductors for OFET-based chemical sen-
sors to keep a good balance between sensitivity and stability.>?
The extreme case of ultrathin films is a monolayer, which may
suffer from low conductivity due to trapping and grain boundary
effects. From a systematical study on vacuum-deposited ultra-
thin films of 5,5'-bis(4-hexylphenyl)-2,2’-bithiophene (6PTTP6 as
shown in Fig. 2), Katz and coworkers demonstrated that the first
monolayer of 6PTTP6 alone could not serve as the conduction
channel, and the coverage of the second monolayer in the
semiconductor film dominates the formation of the conduction
channel.*’ As a result, the optimized thickness of organic
semiconductors in OFET-based sensors is not always a mono-
layer and, in fact, varies among different organic semiconduc-
tors. To the best of our knowledge, the strategy of using an
ultrathin film of an organic semiconductor for OFET-based
sensors was pioneered by Hu, Liu and coworkers, who used a
7-layer Langmuir-Blodgett film of amino-tri-tert-butyl-phthalo-
cyanine (AmBuPc in Fig. 2) as the semiconductor layer for
sensing NO,. This OFET responded to NO, (10 to 70 ppm) in
gas with a linearly increased drain current.*

Jiang and coworkers fabricated monolayer OFETs of penta-
cene by vacuum-deposition of pentacene on top of a layer of
polystyrene and contacting the monolayer with pre-fabricated
gold electrodes to avoid penetration of direct evaporation of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

gold into the monolayer (Fig. 5a).>* The drain current of this
OFET increased in response to 2 ppm NO, with a relative
sensitivity as high as 650% ppm™', which is higher than that
of the thick film of pentacene by three orders of magnitude.
Moreover, this sensor exhibited good selectivity for NO, over
CO, CO, and N,0O. Kummel and coworkers reported that the
sensitivity of vacuum-deposited OFETs of CoPc (Fig. 2) toward
different organic vapors (ethyl acetate, toluene, diisopropyl-
methylphosphonate, nitrobenzene, and methanol) was enhanced
by a factor of up to 20 by reducing the film thickness from
50 molecular layers to 4 molecular layers.>* Similarly, Yu and
coworkers reported that the relative sensitivity of vacuum-
deposited OFETs of CuPc toward NO, (30 ppm) was enhanced
from 0.4% ppm ' to 65.8% ppm ' by reducing the film
thickness from 40 nm to 10 nm.*

In comparison to vacuum deposition, solution-based pro-
cessing methods have been demonstrated to offer ultrathin
films of organic semiconductors with higher quality and better
control of micro- or nanostructures for chemical sensors.*® Chan
and coworkers developed a dual-solution-shearing method (Fig. 5b)
to fabricate monolayer crystals of 2,9-didecyldinaphtho[2,3-b:2/,3'-
flthieno[3,2-b]thiophene (C10-DNTT as shown in Fig. 2) with a
field effect mobility of up to 10.4 cm> V™" s~ *, which is favorable
for maximizing the current sensitivity caused by trace amounts
of analytes.”” As a result, this monolayer OFET of C10-DNTT

Mater. Chem. Front., 2020, 4, 3505-3520 | 3509
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Fig. 3 OFET-based sensors with porous films. (a) AFM images of penta-
cene (45 nm)/TSB3 (15 nm) and pentacene (45 nm) on OTS-treated SiO,,
and a schematic diagram of the charge transport inside pentacene layers
with and without TSB3. Scale bars, 200 nm. Reproduced with permission
from ref. 25. Copyright 2014 Nature Publishing Group. (b) Schematic
illustration of the fabrication procedure of the porous structure of DNTT.
Reproduced with permission from ref. 26. Copyright 2017 Wiley.
(c) Schematic of the nanoporous field-effect transistor device with
DPP2T-TT as the active layer, and atomic force microscopy (AFM) height
images of porous PVP:HDA templates, with pore diameters ranging from
0 to 640 nm. Scale bars, 1 um. Reproduced with permission from ref. 27.
Copyright 2017 Wiley.
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Fig. 4 The schematic (a) and SEM (b) images of gas dielectric FETs based
on CuPc nanowires. The channel length L = 3.3 pm, the width W = 210 nm
(width of the nanowire), and the thickness of the dielectric d = 200 nm.
Reproduced with permission from ref. 29. Copyright 2013 Wiley.

could sense ammonia in gas with a detection limit as low as
0.01 ppm, and exhibited a relative sensitivity of 850% ppm "
and 172% ppm ™" in response to 0.1 ppm and 0.01 ppm NH;,
respectively. This performance is comparable to that of the
vacuum-deposited porous films of DNTT.>* Using a dip-coating
method, Chi and coworkers grew dendritic microstripes of
dihexyltetrathiapentacene (DTBDT-C6 as shown in Fig. 2) of four
to six molecular layers thick and one-dimensional continuity
(Fig. 5¢).*® In the OFET-based sensors, these microstripes of
DTBDT-C6 provided a fast absorption/diffusion path for analyte
gas through the surface and intervals between microstripes

3510 | Mater. Chem. Front., 2020, 4, 3505-3520
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without compromising efficient charge transport. This sensor
exhibited good selectivity for NH; over a few organic vapors, a
detection limit of 10 ppm, a relative sensitivity of 2% ppm "
in response to 50 ppm NHj3, and a fast response/recovery rate.
Guo and coworkers fabricated monolayers of bis(3,5-didodecyloxy-
phenyl)pentathiophene (2R5T2R as shown in Fig. 2) by optimizing
the spin speed and concentration of the solution in a spin coating
process. The monolayer OFET of 2R5T2R, in combination with a
microfluidic channel, enabled a chemical sensor for melamine in
aqueous solution with a detection limit as low as 0.01 ppm
(Fig. 5d).>° Most recently, Jiang and coworkers fabricated porous
monolayer crystals (Fig. 5e) of NDI3HU-DTYM2 (Fig. 2), an n-type
organic semiconductor, by tuning the concentration of NDI3HU-
DTYM2 and varying the substrates in the drop-casting process.*°
These porous monolayer crystals enabled OFET-based sensors
for NH; in gas with a record low detection limit of 0.1 ppb
and relative sensitivity of 720% ppb~' owing to the unique
combination of nanopores and the monolayer structure. In
contrast, the non-porous monolayer OFETs exhibited a relative
sensitivity of 73% ppb ' in response to 1 ppb NHj;, and
the multilayer OFETs only exhibited a relative sensitivity of
0.18% ppm™' in response to 10 ppm NH;. Moreover, this
porous monolayer OFET was able to detect solid dopamine
(0.5 ppm) that was diluted with silica powders with a relative
sensitivity of 1516% ppm ™.

Monolayer OFET-based sensors can also be formed from
organic semiconductor molecules that are equipped with func-
tional groups to react with the dielectric surface. Nuckolls and
coworkers reported that acyl chloride-functionalized hexa-cata-
hexabenzocoronene (HBC-COCI as shown in Fig. 2) formed a
monolayer by forming covalent bonds with the SiO, surface.*’
The monolayer of HBC-COCI, when contacted with nanogap
single wall carbon nanotube electrodes, enabled OFET-based
sensors that can be immersed into a solution of analyte.
This sensor exhibited an increase of the drain current in the
output I-V curves by a factor of about 5 in response to 1 mM
tetracyanoquinodimethane (TCNQ), a typical electron acceptor,
in CH,Cl,.

Heterojunctions

Heterojunctions between different organic semiconductors
offer an alternative way to enhance the interactions between
analyte molecules in the gas phase and the organic semicon-
ductor layer in an OFET because charge transfer between
different organic semiconductors can induce formation of a
partially charged surface and accumulation of charge carriers.”'
Yan and coworkers fabricated a highly ordered ultrathin film
heterojunction by vacuum-deposition of 1 nm of N,N’-diphenyl-
perylene-tetracarboxylic-diimide (PTCDI-Ph as shown in Fig. 2),
an n-type semiconductor, on top of 5 nm of para-sexiphenyl
(p-6P as shown in Fig. 2), a p-type semiconductor.** The OFET
containing this heterojunction (Fig. 5f) as an active component
exhibited a relative sensitivity of 4.9% ppm ' in response
to 5 ppm NO,. In contrast, the single-component OFET of
either p-6P or PTCDI-Ph (5 nm thick) in the control experiments
was not sensitive to NO,, indicating the crucial role of the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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heterojunction. Therefore, the sensitivity of this heterojunction
device is attributed to charge transfer, which results in larger
electron density in the PTCDI-Ph layer, allowing NO,, a strong
oxidant, to easily capture electrons. On the other hand, control
experiments on a heterojunction with thicker semiconductor
layers were not reported in this study. Further deposition of
vanadyl phthalocyanine (VOPc), another p-type organic semi-
conductor, on top of PTCDI-Ph resulted in a double hetero-
junction, which exhibited a relative sensitivity of 18% ppm " in
response to 5 ppm NO, with a fast response and recovery. Using
the same strategy, Yan and coworkers also fabricated a hetero-
junction containing 1.8 nm of titanyl phthalocyanine (TiOPc
as shown in Fig. 2), a p-type semiconductor, as the bottom
layer and 1 nm of hexadecafluorinated copper phthalocyanine
(F16CuPc as shown in Fig. 2), an n-type semiconductor, as
the top layer.”® The OFET of this heterojunction exhibited a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

relative sensitivity of 478% ppm ™" in response to 2 ppm NO,
and a detection limit for NO, down to 250 ppb.

Functionalized organic
semiconductors

Although rationally designed physical structures in unfunction-
alized organic semiconductors, which lack particular func-
tional groups to interact with target analyte molecules, have
enabled highly sensitive detection of NH; and NO, in the gas
phase with a detection limit down to sub-ppb and sub-ppm
levels, respectively, analytes that can be selectively detected
by these unfunctionalized organic semiconductors are very
limited as shown in Table 1. Selective detection of a broader range
of analytes with OFET-based sensors requires functionalized
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organic semiconductors that are equipped with molecular
recognition units or chemical reaction sites to specifically
interact with target analytes through non-covalent forces or
chemical reactions, respectively. It is worth noting that some
organic semiconductors already contain functional groups,
such as carbonyl and pyrazine, as indispensable parts of their
conjugated backbones, and these functional groups can interact
with certain analyte molecules, for example, through hydrogen
bonds. However, these backbone functional groups typically
cannot enable highly selective recognition. As a result, OFET-
based sensors that rely on the backbone functional groups to
recognize analyte molecules have rarely been reported.** The
following section is organized according to the method of
functionalization of organic semiconductors, namely, physical
functionalization and chemical functionalization.

Physically functionalized organic semiconductors

A physically functionalized organic semiconductor consists of a
semiconductor component and a receptor component, which
are not linked together through covalent bonds. The receptor
component here is any chemical species that has a recognition
unit or a reaction site to interact with the target analyte.
Two types of structures, namely, blend and bilayer films, are
commonly utilized to combine a receptor and an organic
semiconductor together.*

Blend films

Studies on a blend of an organic semiconductor and a receptor
for chemical sensing have been pioneered by the research
group of Katz, who fabricated a blend film by co-evaporating
a phthalocyanine semiconductor (CuPc or CoPc) and tris-(pen-
tafluorophenyl)borane (TPFB in Fig. 6b), a receptor that speci-
fically interacts with NH; through hydrogen bonds and B-N
interactions.*® The blend films of CuPc + TPFB and CoPc +
TPFB showed lower mobilities and required higher gate
voltages for turn-on than the OFETs of CuPc and CoPc, respec-
tively. Upon exposure to 4.5 ppm NH; for 30 minutes, the
drain current of the OFET of CoPc + TPFB decreased by 37%,
which is more than three times that of pure CoPc. The OFETSs of
CoPc + TPFB and CuPc + TPFB exhibited a relative sensitivity of
62% ppm ' and 58% ppm ', respectively, in response to
0.45 ppm NHj;, and good selectivity for NH; over methanol,
acetone, dichloromethane, ethyl acetate and H,, but poor selec-
tivity over primary amines and H,S. Using a similar strategy, Katz
and coworkers developed a sensor for 2,4,6-trinitrotoluene
(TNT), a typical explosive, based on the OFET of a solution-
processed blend film of poly(3,3’"'-didodecylquaterthiophene)
(PQT12 as shown in Fig. 6a) and tetrakis(pentylthio)-tetra-
thiafulvalene (TPT-TTF as shown in Fig. 6b).*” The PQT12:10%
TPT-TTF blend film responded to exposure to 10~ * mg mL ™"
TNT in isopropanol with the current increased by about a factor
of 8. The increase in current after interaction with TNT is likely
due to the formation of a type of complex between TNT and TPT-
TTF, which inhibits the trap-induced current decrease caused by
TPT-TTF, and dominates the general dipole-trapping caused by
TNT in pure PQT12. In contrast, the OFET of pure PQT12 showed
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a decrease in the drain current on exposure to TNT, probably
due to the local fields around analyte dipoles causing charge
trapping at grain boundaries. The receptors used in physically
functionalized organic semiconductors are not limited to organic
compounds but can also be inorganic nanoparticles. In order to
solve the highly challenging problem of ethylene (C,H,) sensing,
Katz and coworkers developed a sensor based on a blend film
consisting of poly(3-hexylthiophene-2,5-diyl) (P3HT as shown in
Fig. 6a) as a semiconductor, N-(tert-butoxycarbonyloxy)-phthalimide
as an additive to increase the porosity of the P3HT, and palladium
(<1 pm diameter) particles as receptors for ethylene molecules
because ethylene has an affinity to bind with transition metals.*®
With 50 wt% palladium particles, the sensor exhibited a relative
sensitivity of 1.2% ppm ™" in response to 25 ppm ethylene. This
sensitivity is about 2 times higher than that of the OFET of
pure P3HT.

Bilayer films

A disadvantage of blending semiconductor and receptor com-
ponents for OFET-based sensors is that the receptors usually
decrease the drain current by impairing charge transport path-
ways or behaving as traps for charge. To avoid this problem, an
alternative way is to deposit a layer of receptors on top of
organic semiconductors. As shown in Fig. 6b, classical mole-
cular hosts including calixarene, resorcinarene, cucurbituril
and cyclodextrin, which have well defined cavities to accom-
modate molecular guests, have been used in bilayer structures
to physically functionalize organic semiconductors. Bao and
coworkers first demonstrated that modification of the surface
of a 10 nm-thick film 5,5’-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2'-
bithiophene (DDFTTF as shown in Fig. 6a) with a 2 nm-thick
layer of calix[8]arene (C[8]A as shown in Fig. 6b) or C-methyl-
calix[4]-resorcinarene (CM[4]RA as shown in Fig. 6b) resulted in
an increase in sensitivity toward ethyl acetate or isopropanol,
respectively.” Kim, Oh and coworkers developed solvent-
resistant OFETs based on azide-functionalized P3HT co-polymers,
where the azide functional groups enabled photo-cross-linking for
stabilization without a loss of electrical performance, and modified
the surface of the cross-linked organic semiconductor with a
3 nm layer of C[8]A (Fig. 6b).>° This C[8]A-functionalized OFET
was able to detect methanol, ethanol, and n-hexane from
solution in toluene with a detection limit of about 1 vol%. In
contrast, the OFET without C[8]A showed a detection limit of
about 4 vol% with a lower signal intensity. In the same year,
Hwang, Kim, Oh and coworkers developed another OFET-based
sensor, which had a cucurbit[6]uril derivative, perallyloxyCB[6]
(AOCB][6] as shown in Fig. 6b), solution-deposited as a selective
sensing layer onto DDFTTF, a water-stable p-type organic
semiconductor.”” This sensor enabled detection of acetylcholine
(ACh"), a neurotransmitter, in aqueous solution with a detection
limit down to 1 x 10~ '2> M, which is six orders of magnitude
lower than that of ion-selective electrode-based sensors. This
sensor also showed high selectivity for ACh* over choline (Ch")
because AOCB[6] binds ACh" more strongly than Ch" with an
association energy of 86.5 kcal mol™' and 69.5 kcal mol
respectively. More recently, the same research group modified
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the surface of a layer of DDFTTF with a spin-coated layer of a
cucurbit[7]uril (CB[7] as shown in Fig. 6b) derivative, which
can selectively bind amphetamine type stimulants.’® This
sensor enabled detection of amphetamine hydrochloride and
methamphetamine hydrochloride in deionized water, buffer
solution and urine with a detection limit down to 1 x 10 ** M.
Wang, Xiao and coworkers developed an OFET-based sensor by
modifying the surface of a vacuum-deposited film of F;cCuPc
with a solution-processed layer of B-cyclodextrin (B-CD as shown
in Fig. 6b), which is a chiral molecular host.>® This sensor was

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

CB[6]:n=6
CB[7:n=7

AOCBI6]: R = CH,CH=CH;

able to differentiate two enantiomers of a few compounds
(phenylalanine, phenyllactic acid, 2-phenylpropanoic acid,
mandelic acid, tartaric acid, 2-chloromandelic acid, chiro
inositol, and 1,1,2-triphenyl-1,2-ethanediol) in aqueous solution
at a concentration of 10~° M. This capability of chiral differentia-
tion was attributed to different B-CD/enantiomer complex geome-
tries, which resulted in different induced surface polarizations.
Ammonia and ammines are also used to modify the surface
of organic semiconductors. Zhu and coworkers introduced a
receptor layer of absorbed NH; on the conductive channel of
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NDI(20D)(4¢tBuPh)-DTYM2 (Fig. 6a), an n-type organic semi-
conductor, by exposing the semiconductor film to 1000 ppm
NH; for a few seconds.’ This NH;-functionalized n-type semi-
conductor responded to 10 ppm HCI with a relative sensitivity
of 3.4% ppm ™' as a result of the reaction between HCI and the
absorbed NH; on the surface of NDI(20D)(4tBuPh)-DTYM2,
leading to the formation of NH,Cl nanoparticles and reduced
NH; doping of the semiconductor. This OFET-based sensor
exhibited very good reproducibility in 10 successive cycles of
exposure to high concentrations of NH; and HCl. Unsurpris-
ingly, this OFET-based sensor exhibited very good selectivity for
HCI over a variety of volatile organics (isopropanol, chloroform,
acetone, o-dichlorobenzene, and hexane), H,S, and SO,, which
don’t react with NH;. Interestingly, this sensor was also able to
easily differentiate HCl and HBr because no obvious changes in
current were observed when the device was exposed to 10 ppm
HBr. This difference was attributed to weaker chemical inter-
actions between the adsorbed NH; and HBr of low concen-
tration based on the fact that no NH,Br nanoparticles were
found by AFM when 10 ppm HBr was introduced onto the
surface of the NHj-functionalized NDI(20D)(4tBuPh)-DTYM2
film. Diao and coworkers modified the surface of a nanoporous
film of 2,7-dioctyl benzothieno[3,2-b]benzothiophene (C8-BTBT)
with a layer of polyethyleneimine, which is rich in primary amine
groups to react with formaldehyde. In response to 1 ppb for-
maldehyde in gas, this functionalized organic semiconductor in
OFETs exhibited a relative sensitivity of 5.8% ppb~", which is
higher than that of the device with a non-porous film of C8-BTBT
by one order of magnitude.>”

Biofunctionalization of semiconductors in an OFET can be
enabled by immobilizing biomolecules on the surface of the
organic semiconductor layer. Non-covalent biofunctionaliza-
tion, as discussed below, does not involve formation of covalent
bonds to organic semiconductor molecules directly, while
biofunctionalization of organic semiconductors through plasma-
enhanced chemical vapor deposition (PE-CVD) is discussed in the
next section. Gold nanoparticles are used as a medium for
biofunctionalization because thiolated biomolecules can be easily
immobilized on the gold surface through Au-S bonds. Bao and
coworkers modified the surface of a vacuum-deposited semicon-
ductor layer of DDFTTF (Fig. 6a) with an ordered array of gold
nanoparticles, which was cast from a self-assembled poly(styrene-
b-2-vinylpryidine) matrix, and functionalized the gold nano-
particles with a thiolated DNA aptamer that demonstrated high
affinity for thrombin (a protein).>> These biofunctionalized gold
nanoparticles enabled the OFET of DDTTTF to detect thrombin in
buffer solution with a detection limit of 1 x 10~'° M and high
selectivity over other protease proteins. Using essentially the
same fabrication methods, Bao and coworkers developed an
OFET-based sensor to detect Hg>" by modifying PII2T-Si (Fig. 6a),
a polyisoindigo-based p-type semiconductor containing siloxane-
containing solubilizing chains, with DNA-functionalized gold
nanoparticles.® Because this 33-base thiolated DNA probe
demonstrated selective binding with Hg>*, this sensor
responded to 1 mM Hg>" in sea water with a relative sensitivity
of about 300% mM '. Remarkably, the high background
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concentration of salt in seawater (~600 mM) had only a little
effect on the interaction between Hg>" and this OFET in
comparison with the interaction in deionized water. This
allowed a detection limit down to 10 pM, and good selectivity
for Hg”* against Zn** and Pb*>" in sea water.

Unlike a conventional OFET, an EGOFET has an electrolyte
as its gate dielectric and, as a result, the organic semiconductor
layer in an EGOFET is in ionic contact with a gate electrode via
an electrolyte. Therefore, receptors that are deposited on top of
the organic semiconductor layer in an EGOFET can enable
specific interactions with target analytes in the electrolyte,
leading to modulation of the drain current. Magliulo and
coworkers modified the surface of poly[2,5-bis(3-hexadecyllthio-
phen-2-yl)thieno[3,2-b]thiophene] (PBTTT-C16 as shown in Fig. 6a)
in an EGOFET with a layer of spin-coated UV-crosslinked
poly(acrylic acid) and then immobilized phospholipid vesicles
(prepared from lecithin and phosphatidyl-ethanolamine) on
the poly(acrylic acid) through a reaction between the surface
carboxylic acid and the amino-group of phosphatidyl-
ethanolamine.”” When the phospholipid vesicle was function-
alized with biotin, this EGOFET responded to 1.6 x 107'° M
streptavidin in aqueous buffer solution with an increase in the
drain current by about 10% and exhibited high selectivity
against bovine serum albumin (BSA) owing to the specific
interaction between biotin and streptavidin.

Chemically functionalized organic semiconductors

A unique advantage of OFET-based sensors is that reactive
groups or binding sites can be covalently attached to organic
semiconductors through organic synthesis to provide specific
interactions with chosen analytes. However, introduction of
functional groups, particularly those capable of strong supra-
molecular interactions (e.g. hydrogen bonds), usually changes
the arrangement of m-faces in the solid state, thus impairing
charge transport. It is important but difficult for covalently
tailored organic semiconductors to keep a balance between
reasonably high field effect mobility for sufficient current and a
variety of functional groups available to interact with target
analyte molecules. Instead of tailoring each semiconductor
molecule by organic synthesis, an alternative method of
chemical functionalization is surface reactions, which allow
formation of covalent bonds only to the surface of the organic
semiconductor layer in an OFET and keep the underneath
semiconductor molecules untouched. In other words, chemical
functionalization methods can be grouped depending on
whether the covalent modification occurs before or after
deposition of organic semiconductors to form OFETS.

Functionalization of individual semiconductor molecules
through synthesis

Katz and coworkers synthesized 5,5’-bis(4-hydroxyhexyl-oxyphenyl)-
2,2'-bithiophene (HO60PT as shown in Fig. 6a), which is a
p-type semiconductor functionalized with hydroxyl groups to
interact with dimethyl methylphosphonate (DMMP), a nerve
gas stimulant, through hydrogen bonds.”® In comparison to the
film of 6PTTP6 (Fig. 2), an unfunctionalized semiconductor
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with the same conjugated backbone as HO6OPT, the co-
evaporated blend film (50 nm thick) of HO60PT and 6PTTP6
exhibited a one order of magnitude lower drain current. As a
result, the best sensing performance was achieved by a two-
layer OFET, which contained a 35 nm film of 6PTTP6 at the
bottom and a 15 nm mixed film of HO60PT and 6PTTP6 at
the top. This two-layer OFET was able to detect DMMP of a
concentration as low as 20 ppm in the gas phase with good
selectivity over other organic volatiles that can form hydrogen
bonds with hydroxyl groups (2-octanone, butyl butyrate, and
acetic acid). This selectivity was attributed to the dipole of
DMMP, which can trap mobile charges and significantly diminish
the drain current by changing both the threshold voltage and the
field effect mobility. As reported by the same research group, the
ultrathin (4 nm thick) mixed film of HO60PT and 6PTTP6
exhibited much higher sensitivity responding to 5 ppm DMMP
with a decrease in the field effect mobility by 70%.>" Torsi and
coworkers developed OFET-based sensors that can discriminate
two enantiomers in the gas phase by introducing chiral
recognition sites into organic semiconductors.>® Attachment
of L-phenylalanine and per-acetylated B-p-glucose groups to a
phenylene-thiophene oligomer through covalent bonds resulted
in PTA and PTG (Fig. 7a), respectively, and the OFET consisted of
a top layer of PTA or PTG and a bottom layer of unfunctionalized
phenylene-thiophene oligomer (PTO) to keep a reasonably high
field effect mobility. As shown in Fig. 7b, the PTA-PTO OFET was
able to differentiate the two enantiomers and a racemic mixture
of B-citronellol with a concentration of about 10 ppm, and
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Fig. 7 (a) Scheme of the bilayer OFET chiral sensor and the molecular
structures of the involved achiral (PTO) and chiral (PTA and PTG) oligo-
mers; (b) the response of the chiral bilayer transistor towards (S)-(-)-B-
citronellol, (R)-(+)-B-citronellol, and their racemic mixture as a function of
analyte concentration; and (c) the response of the chiral bilayer transistor
towards (S)-(+)-carvone and (R)-(—)-carvone. Reproduced with permis-
sion from ref. 59. Copyright 2008 Nature Publishing Group.
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exhibited sensitivity of —0.08 + 0.01 nA ppm™" for (S)-(—)-B-
citronellol and —0.04 + 0.01 nA ppm ™" for (R)-(+)-B-citronellol.
As shown in Fig. 7c, the PTG-PTO OFET was able to differentiate
two enantiomers of carvone, and exhibited a sensitivity of
—0.16 £+ 0.01 nA ppm ' for (S)-(+)-carvone and —0.21 =+
0.01 nA ppm™* for (R)-(—)-carvone.

Functional groups are also attached to conjugated polymers
to interact with target analytes. Zhang and coworkers designed
and synthesized conjugate polymer PDPP3T1 (Fig. 6a), which
has tetraethylene glycol (TEG) chains attached to the poly(diketo-
pyrrolopyrrole-terthiophene) backbone. It was demonstrated
that the TEG chain not only facilitated formation of a monolayer
at the air-water interface, but also enabled selective detection of
alcohol vapors.®® The OFET based on a monolayer of PDPP3T1
responded to 10 ppb alcohols (isopropanol, ethanol or methanol)
in the gas phase with a relative sensitivity over 2% ppb ™", and was
able to detect ethanol of concentration down to 1 ppb with good
selectivity for alcohols over other gas molecules (CO,, hexane,
CH,Cl,, acetone, and ethyl acetate), presumably due to the
stronger interactions between TEG and alcohols through hydro-
gen bonds. Attachment of thermally reactive tert-butoxycarboxyl
groups to the same poly(diketopyrrolopyrrole-terthiophene)
backbone results in pDPPBu-BT (Fig. 8a), which was synthe-
sized by Zhang and coworkers.®' Thermal annealing of a spin-
coated film of pDPPBu-BT at 240 °C resulted in a porous film of
pDPPCOOH-BT (Fig. 8a) because thermal cleavage of the tert-
butoxycarboxyl groups resulted in carboxylic acid groups and
release of isobutene as a gas, which created nanopores in the
film. The porous film of pDPPCOOH-BT enabled OFET-based
sensors for NH; and ammines (triethylamine, piperidine, and
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Fig. 8 (a) Thermal cleavage of pDPPBu-BT to form pDPPCOOH-BT;
(b) AFM image of a thin film of pDPPBu-BT before heating; and (c) AFM
image of the same film of pDPPBu-BT after thermal annealing at 240 °C.
Reproduced with permission from ref. 61. Copyright 2015 American
Chemical Society.
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1,4-diaminobutane) in the gas phase with high sensitivity and
good selectivity over other organic volatiles (CH,Cl,, EtOH,
ethyl acetate, hexane, and acetone) and HCl. This sensor
responded to 0.1 ppm NH; with a relative sensitivity of
81% ppm ', and exhibited a detection limit of 10 ppb for
NH;. The high sensitivity and selectivity of this sensor can be
attributed to the porous nature of the film and the acid-base
reactions between the carboxylic acid groups in the film and
NH; and ammines as found from IR spectra.

The above functionalized organic semiconductors typically
suffer from inefficient charge transport as indicated by the
relatively low field effect mobility and even a lack of apparent
field effect, presumably because the functional groups impair
n-n interactions. How the functional groups affect the n-n
interactions of these organic semiconductors remains unclear
because the exact molecular packing of the above functionalized
organic semiconductors has not been reported. To address this
problem, Miao and coworkers recently demonstrated that a
series of functional hexabenzoperylenes (HBPs) including
HBP-CH3, HBP-COOCH3, HBP-OH and HBP-CI (Fig. 9a) in
the crystal structures exhibit an unusual type of n-stacking,®*
which allows a variety of functional groups to be grafted onto
organic semiconductors without sacrificing n-r interactions in
the solid state.®® As a double [5]helicene, HBP adopts a twisted

(a) HBP-CH3: X = Y = (CH,),CH;

HBP-COOCHS3: X = Y = -(CH,);CO,CHs

HBP-OH: X = Y = -(CH,),OH

HBP-CI: X = Y = -(CH,),Cl

HBP-TMS: X = (CH2)sCH, Y = (CH,)s0Si(CHs)s

HBP-COONP: X = -(CH,);CH3, Y =“(\/\n/°\©\
o
NO

HBP-Biotin: X = -(CH,)sCHs SN
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Fig. 9 (a) Structure of functionalized HBPs; (b) a nanosheet of HBP-OH in
crystals; (c) schematic drawing of the sensor combining a microchannel
and a transistor channel of functionalized HBPs; and (d) change of the
drain current in the OTFT of HBP-biotin versus the concentration of
streptavidin. Reproduced with modification from ref. 63. Copyright 2018
Elsevier.
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geometry as the most stable structure, and the brickwork
arrangement of twisted n-faces of HBP in the crystals leads to
a nanosheet structure. For example, Fig. 9b shows a nanosheet
of HBP-OH in crystals, where hydroxyl groups are placed at the
exterior of the nanosheet without changing the n-stacking. As a
result, the self-assembly of functionalized HBPs provides a
general sensing platform in an OFET-based sensor, which
combines an OFET channel and a microfluidic channel as
shown in Fig. 9c. When HBP was functionalized with silyl ether
(HBP-TMS), this sensor responded to 1 uM KF in water with a
relative sensitivity of 8% uM ™" and exhibited very good selec-
tivity for fluoride over a range of anions (hydrogen phosphate,
nitrate, sulfate, iodide, bromide and chloride) owing to the
highly selective cleavage of Si-O bonds by fluoride anions.
When HBP was functionalized with biotin (HBP-biotin), this
sensor enabled quantitative detection of streptavidin at a
concentration as low as 0.036 nM (3.6 x 10~ "" M) in phosphate
buffer solution with a relative sensitivity of 1055% nM ™"
as shown in Fig. 9d. The sensor exhibited good selectivity for
streptavidin against BSA, a protein that non-specifically adheres
to surfaces with a strong tendency, owing to the specific and
strong interactions between biotin and streptavidin. In compar-
ison to HBP-biotin, biotin-functionalized semiconducting poly-
mers were reported to exhibit much lower field effect mobility
and to respond to streptavidin or avidin at much higher concen-
tration (107 M),**® likely as a result of poor n-r interactions.
When HBP was functionalized with an active ester (HBP-COONP),
this sensor enabled differentiation of tertiary amines from
primary and secondary amines because tertiary amines, unlike
primary and secondary amines, don’t react with the active ester
to give the corresponding amides.®¢

Postdeposition functionalization through surface chemical
reactions

Unlike the strategy of functionalizing individual organic semi-
conductor molecules as discussed in the above section, the
functionalization methods to be discussed in this section
involve formation of covalent bonds only to the surface of a
deposited organic semiconductor film. As a result, the proce-
dures of surface modification should avoid using solvents that
can dissolve the organic semiconductors and harsh conditions
that damage the underlying conduction channel. The most
widely used method for this purpose is plasma-enhanced
chemical vapor deposition (PE-CVD), which is a dry deposition
method involving polymerization of organic compounds typi-
cally through a free radical mechanism and resulting in covalent
bonds between the polymer and the substrate surface.®”

Bao and coworkers developed an OFET-based sensor by
modifying a semiconductor layer of DDFTTF (Fig. 6a) with
the following series of surface reactions: (1) deposition of
a 5 nm-thick layer of poly(maleic anhydride) by PE-CVD;
(2) hydrolysis of the anhydride groups on the polymer surface
to carboxylic acid groups in aqueous buffer solution; and
(3) attachment of amine-terminated peptide nucleic acid (PNA)
strands to the surface by formation of an amide bond with
the surface carboxylic acid groups.®® In this process, the 5 nm
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poly(maleic anhydride) layer provided a contiguous functional
layer for further reactions while maintaining a minimal dis-
tance between the receptor and the underlying charge transport
region. As a result, this sensor was able to detect 100 nM target
DNA, which complemented the PNA, with excellent discrimina-
tion against single or double base mismatches. In a similar
way, Khan et al. used PE-CVD to modify the surface of penta-
cene with a perfluorinated polymer film for surface passivation
and 5 nm thick poly(maleic anhydride) for immobilization of
proteins through formation of amide bonds.®® When bovine
serum albumin (BSA) was covalently attached to a modified
pentacene surface, this sensor was able to selectively detect the
corresponding antibody, antiBSA, through the specific antigen/
antibody interactions with a detection limit of 10 nM. Torsi
and coworkers applied a similar strategy to functionalize
the organic semiconductors in EGOFETs with phospholipid
vesicles or bilayers, which were covalently linked to PE-CVD
deposited polymers on the surface of organic semiconductors.
When biotin was covalently linked to the phospholipid vesicles,
the EGOFET responded to 1.6 puM streptavidin in buffer
solution with a relative sensitivity of 37.5% puM ™", and exhibited
a linear relationship between Al/l, and the logarithm of the
streptavidin concentration in the range of 10 nM to 1 uM, as a
result of the specific biotin/streptavin interaction.”® Treatment
of the biotinated phospholipid bilayers with streptavidin and
biotinated antibody (anti-CRP) subsequently allowed immobi-
lization of anti-CRP on the surface of organic semiconductors
in the EGOFET because streptavidin has four binding sites for
biotin. As a result, this EGOFET was able to detect 1 ug mL™"
C-reactive protein (CRP) in serum through the specific antigen/
antibody interactions.””

Garrido and coworkers reported an alternative way to modify
organic semiconductors in an EGOFET-based sensor including
the following series of surface reactions: (1) oxidation of the
surface of a layer of a-sexithiophene (x6T as shown in Fig. 6a)
by oxygen gas in the presence of UV irradiation to introduce
oxygen-related species at the surface; (2) exposure of the
oxidized surface to fumes of (3-aminopropyl)triethoxysilane
(APTES) to allow formation of Si-O bonds between APTES
and oxidized o6T; (3) reaction of the surface amino groups
with succinic anhydride to change the surface functionality to
carboxylic acid groups; and (4) attachment of penicillinase, an
enzyme, to the surface through formation of amide bonds with
the carboxylic acids.”> This EGOFET-based sensor was able to
detect penicillin in aqueous buffer solution with a detection
limit of about 5 pM.

A unique example of postdeposition functionalization of
organic semiconductors was reported by Pham and coworkers,
who combined postdeposition modification with individually
functionalized semiconductor molecules.” This strategy involved
P3PT-COOH (Fig. 6a), a carboxylic acid-functionalized polythio-
phene, as the organic semiconductor. Oligodeoxynucleotides,
as a DNA probe, were grafted to the surface of a spin-coated
film of P3PT-COOH through formation of amide bonds
between the carboxylic acid group and the amino group in
the oligodeoxynucleotide. The EGOFET containing this DNA
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probe-functionalized semiconductor film responded to hybri-
dization with the complementary target DNA in pure water (not
phosphate buffer solution) with a decrease in the off current.

Summary and outlook

As discussed above, structured and functionalized organic
semiconductors have enabled OFET-based chemical/biological
sensors with high sensitivity and selectivity. Submicrometer-
sized pores and ultrathin films have been demonstrated as the
most effective physical structures for organic semiconductors
to enhance the sensitivity of OFET-based sensors by providing
efficient ways to capture analyte molecules from the environ-
ment into the conduction channel. Introduction of molecular
recognition units or chemical reaction sites into organic semi-
conductors allows detection of a much broader range of analytes in
a more selective manner. However, it has been rarely demonstrated
that the sensitivity of functionalized organic semiconductors can be
further enhanced by introduction of rationally designed micro-
meter or nanometer-sized structures in thin films.

Nanostructures or functional groups that are designed to
facilitate capture or recognition of target analytes often impair
charge transport pathways and thus lead to lower electrical
current. Therefore, it is key in the development of OFET-based
chemical/biological sensors to keep a good balance between
efficient charge transport (reflected by a reasonably high field
effect mobility) and capability of capturing analyte molecules.
Although HBPs (Fig. 9) were recently demonstrated to be
equipped with recognition units and reaction sites without
sacrificing m-m interactions in the solid state, the general
design principles for such a type of organic semiconductors
remain unknown. In order to apply OFET-based sensors to
detect a broader range of analytes for more practical and
valuable applications, we envision opportunities existing
in efforts of exploring new n-stacking motifs for organic semi-
conductors and new surface chemistry for post-deposition
modification of organic semiconductors. In particular, combi-
nation of a simply functionalized semiconductor molecule and
postdeposition reactions with the simple functional group (e.g.
carboxylic acid and amino groups) may allow immobilization of
more complicated recognition sites on the surface of organic
semiconductors through covalent bonds.

As already discussed above, OFET-based biological sensors
usually rely on specific interactions of biomolecules, such
as antigen-antibody pairs and complementary DNA strands.
However, it is not always necessary or practical to design a
specific receptor for every target analyte. Instead, a sensor array
consisting of a few OFETs that are functionalized with different
receptors can be used as a general sensing platform, which is
able to provide a specific response pattern of electrical signals
as a fingerprint for each analyte. This concept has already
been proved by pioneer studies, which mainly used different
unfunctionalized organic semiconductors to form an array of
OFETs.”*”” We envision that OFET arrays that integrate
organic semiconductors functionalized with different receptors
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will enable highly sensitive electronic noses and electronic tongues
that are integrated with wearable electronics in the near future.
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