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A B S T R A C T   

Conjugated polymers have strong potential as sensing materials because they are flexible, simple to fabricate, 
and lightweight. Organic gas sensors based on field-effect transistors have attracted interest because of their high 
resolution through signal amplification. The main charge transport in organic transistors occurs in the vicinity of 
the interface between the semiconductor and the gate dielectric. Thus, controlling this interface characteristic 
also offers an efficient approach to enhancing the current level and sensing properties of these devices. Herein, 
we fabricated a sensitive NO2 sensor based on an organic transistor by introducing various self-assembled 
monolayers (SAMs) as a gas-interactive modifier. SiO2 surfaces were modified using four different SAMs, and 
the effect of the surface characteristics on the performance of the transistor-based sensors was investigated under 
various NO2 concentrations. Molecular dynamics simulations revealed that the SAM with N-containing func-
tional groups strongly interacts with the target NO2 molecules, and the trend showed good agreement with NO2 
sensitivity results.   

1. Introduction 

The real-time monitoring of hazardous gas requires functional ma-
terials that are portable, easy to process, and robust and exhibit high 
sensitivity and a rapid response. Conjugated polymers are considered 
promising sensing materials because they are flexible, highly soluble, 
and lightweight. In particular, gas sensors based on an organic field- 
effect transistor (OFET) have attracted interest because of their high 
resolution through signal amplification [1–5]. The signal of 
sensor-based transistors usually arises from the interaction between gas 
molecules and charge carriers [6]. To interact with the gas analyte with 
the change carriers in the channel region, a gas molecule should pene-
trate the active layer from the top to the buried channel. Conjugated 
polymer films are commonly composed of amorphous regimes and 
nanosized crystalline grains; thus, a large free volume and abundant 
grain boundaries are inevitable in the active layers [7]. Such free volume 
and grain boundaries provide pathways for the diffusion of gas 

molecules into an active layer. By contrast, inorganic gate dielectrics, 
such as SiO2, are dense and have interatomic distances shorter than the 
size of a gas molecule; thus, gas molecules hardly penetrate into dense 
inorganic dielectric materials. Gas molecules diffusing into a semi-
conductor film can interact with polymer molecules, substantially 
altering the current even when the gas is present at parts-per-million 
concentrations [8]. 

In a gas sensor based on an OFET, the functional groups and polarity 
of the conjugated polymer can be tuned to control the interactions with 
gas molecules, thereby enhancing the gas molecules adsorbed into the 
bulk conjugated polymer or onto the surface [9,10]. The gas molecules 
adsorbed onto the conjugated polymer give rise to a dipole moment that 
strongly affects the charge carrier density in the OFET. The main charge 
transport in an OFET occurs in the vicinity of the interface between the 
semiconductor and gate dielectric; consequently, controlling these 
interface characteristics is also an efficient approach to enhancing the 
current and the sensing properties of OFETs [11–18]. The adsorption of 
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the gas molecules is mainly governed by the surface characteristics of 
the gate dielectrics in the channel regime. Recently, many research 
groups have studied the effects of surface modification on gas sensing 
properties of the inorganic materials [19–23]. However, the effects of 
gas adsorption on performance of organic gas sensors have not been 
extensively studied. 

Herein, we fabricated a sensitive NO2 sensor based on an OFET by 
introducing self-assembled monolayers (SAMs) with various functional 
groups as a gas-interactive modifier. The SiO2 surfaces of gate dielectrics 
were modified using a set of four SAMs, and the effect of the surface 
characteristics on the performance of OFET-based sensors was examined 
under various NO2 concentrations [8,24,25]. Nitrogen dioxide (NO2) is 
among the most dangerous gaseous pollutants because it can produce 
acid rain, induce the formation of fine dust, and cause cancer because of 
its high reactivity [26,27]. We used the conjugated polymer poly 
(3-hexylthiophene) (P3HT) as the charge-transporting host in the 
semiconductor layer in an OFET and investigated the sensing perfor-
mance according to the crystallinity of the P3HT film [11,28–32]. The 
SAM with an N-containing functional group strongly interacts with NO2 
gas molecules, resulting in a high sensitivity to NO2. To investigate the 
relationship between the sensing performance of the P3HT film and the 
SAM type, we calculated the interaction energy between the NO2 gas 
molecules and various functional groups of SAM molecules on the basis 
of their minimum binding structures. 

2. Experimental section 

2.1. Fabrication of the self-assembled monolayers and the gas sensors 

Gas sensors based on an OFET were fabricated as top-contact bottom- 
gate type on a highly doped Si wafer. Thermally grown 300 nm-thick 
SiO2 was used as the dielectric layer. To eliminate organic contaminants, 
the SiO2/Si wafers were washed in piranha solution (70 vol% H2SO4 and 
30 vol% H2O2) at 70 ◦C for 30 min and rinsed with deionized water. We 
used four coupling agents: N-[3-(trimethoxysilyl)propyl]ethylenedi-
amine (en-APTAS, N2), 4-aminobutyltriethoxysilane (ABTS, N1), tri-
chloro(octyl)silane (OTS, C), trichloro(1H,1H,2H,2H-perfluorooctyl) 
silane (FOTS, F). All coupling agents were applied using a dipping 

method. Reaction flasks were loaded with 200 mL of anhydrous toluene 
and the piranha-cleaned SiO2/Si substrates. The coupling agent solu-
tions (0.3 mL) were added, which led to self-assembly on the Si wafers; 
the treatment was conducted for 1 h. The SAM-treated wafers were then 
rinsed with toluene and ethanol and then heated in an oven at 130 ◦C for 
1 h. The baked SAM-treated wafers were cleaned by ultrasonication in 
toluene and ethanol, followed by vacuum drying prior to 
characterization. 

The regioregularity and molecular weight of the p-type semi-
conducting polymer P3HT (Rieke Metals) were 95% and 58 kDa, 
respectively. A P3HT solution (2 mg mL− 1 in chloroform (CF) and 4 mg 
mL− 1 in dichlorobenzene (DCB)) (Sigma-Aldrich) was stirred at 550 rpm 
for 1 h at 50 ◦C and then at 6 h at room temperature. The resultant P3HT 
solutions were spin-coated onto SiO2/Si substrates modified with 
various SAMs (2500 rpm, 60 s for CF and 1500 rpm, 60 s for DCB). For 
UV–Vis spectrophotometric analysis, P3HT thin films were coated onto a 
cleaned transparent substrate using a process identical to that previously 
described. 

2.2. Characterization 

The surface energy of the modified substrates was calculated from 
the contact angles of deionized water and diiodomethane (CH2I2) 
droplets on the surface of Si wafers. According to the Owens–Wendt 

method equation, γLV (1 + cos(θ)) = 2 
̅̅̅̅̅̅̅̅̅̅
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, where θ is the 
contact angle, γLV is the free energy of the water, and γS and γL are the 
surface energy of the solid and the wetting liquid, respectively. The 
superscripts D and P refer to the dispersion components and polar 
components, respectively. The surface morphologies of the P3HT thin 
films were observed by optical microscopy (OM, Olympus BX51) and 
atomic force microscopy (AFM) (Multimode 8, Bruker). A UV–Vis 
spectrophotometer (PerkinElmer, Lambda 365) was used to record the 
UV–Vis absorption spectra. Grazing-incidence X-ray diffraction (GIXD) 
patterns of the P3HT films were recorded using a high-resolution X-ray 
diffractometer (Rigaku, SmartLab). The charge transport characteristics 
of the P3HT films were characterized using a semiconductor analyzer 
(Keithley 4200-SCS) under vacuum at room temperature. The sensor 

Fig. 1. Contact angles of (a) deionized water and (b) diiodomethane droplets on five different substrates. Plots of the contact angle values of (c) deionized water and 
(d) diiodomethane and (e) the calculated surface energy. 
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responses of the OFETs to NO2 (10–50 ppm) were measured using a gas 
sensor (Precision Sensor System, GASENTEST) at a gate voltage (VG) of 
− 30 V and drain voltage (VD) of − 30 V. The gas sensing properties were 
characterized at room temperature under ambient condition (T = 20 ◦C, 
RH = 19%). 

2.3. Computational details 

All quantum mechanical (QM) calculations were conducted using the 
M06-2X functional [33] and the 6-31G** basis set. To find the initial 
NO2 binding structures, all possible binding structures were considered 
and compared on the basis of their relative energy values. The NO2 
binding structures were fully optimized and verified as a minimum 
structure having no imaginary frequency. The QM calculations were 
performed using Jaguar [34] implemented in Schrödinger Materials 
Science Suite 2021-1. In addition, molecular dynamics (MD) simulations 
were conducted to verify the binding affinity trend. To build the SiO2 
layer, the crystal SiO2 structure (CIF database code: 1010954) was used. 
The SiO2 unit-cell dimensions were 42.72 Å × 42.72 Å × 185.33 Å, 
including the 20 Å substrate thickness and 165 Å vacuum slab; the SiO2 
slab structure was relaxed from the Brownian minimization and 5.0 ns 
NVT (isochoric–isothermal) ensemble using the Nose–Hoover thermo-
stat at 300 K. The functional end groups were substituted for hydrogen 
atoms on the SiO2 (001) surface so that it could cover the surface fully. In 
addition, the structures were relaxed using the same procedure as that 
used for the SiO2 slab structure. Finally, NO2 molecules were placed on 
the surface and relaxed via a 2.0 ns NVT ensemble. An additional 5.0 ns 
NVT MD simulation was conducted to account for the binding energy 
between NO2 and the surface. All MD simulations were performed using 
Desmond [35] implemented in Schrödinger Materials Science Suite 
2021-1. 

3. Results and discussion 

The surface of the gate insulating layer, SiO2, was surface-modified 
using four different self-assembled monomolecules; OH substrates sub-
jected only to surface cleaning were prepared and analyzed for com-
parison of the surface modification characteristics [36–38]. Fig. 1 shows 
the measured contact angles for five substrates. We first observed the 
surface-modification-induced change of the water contact angle of the 
substrates. In the case of the OH substrate, the water contact angle was 

very small (4.95◦); however, it gradually increased from N2 to F, 
resulting in a maximum value of 110◦ for the fluorine-terminated SAM. 
These results confirm that the hydrophobicity increased as the end 
group of the self-assembled alkyl chain was varied from nitrogen to 
carbon to fluorine. The contact angle was again measured using CH2I2, 
which is a nonpolar solvent, and the surface energy was calculated using 
the Owens–Wendt method equation; the results are summarized in 
Fig. 1c–e for the water contact angle and CH2I2 contact angle results. The 
surface energy was confirmed to decrease more in the case of the sub-
strate surface modified with F or C than in the case of that modified with 
OH or N (see Fig. 2). 

As shown in Figs. 2 and S1, the P3HT films did not exhibit changes in 
morphology upon the introduction of functional groups onto the 
modified SiO2 substrate. The roughnesses and morphologies of the P3HT 
films on bare OH and SAM-treated SiO2 substrates were similar. The 
solvent, however, played a critical role in determining the surface 

Fig. 2. AFM phase images of the P3HT films prepared using (a) chloroform and (b) dichlorobenzene on five different substrates. Insets show AFM height images of 
the P3HT films. 

Fig. 3. UV–Vis absorption spectra of the P3HT films fabricated using (a) 
chloroform and (b) dichlorobenzene on five different substrates. The A0–0/A0–2 
peak ratio and the film thickness of the P3HT films fabricated using (c) chlo-
roform and (d) dichlorobenzene on five different substrates. 
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morphology of the P3HT films. The films prepared from a DCB solution 
exhibited a much rougher surface (3.1–3.7 nm) than those prepared 
from a CF solution; they were also apparently more crystalline and 
exhibited a granular surface morphology [39–41]. 

UV–Vis absorption spectra were acquired to analyze the change in 
molecular order of the P3HT films spin-coated using CF and DCB on five 
different substrates with various surface characteristics. The UV–Vis 
spectra of the P3HT thin films (Fig. 3) show an A0–2 peak due to the 
intrachain π–π* transition at λ = 520 nm. A0–1 and A0–0 peaks corre-
sponding to the first and second transitions of the interchain π–π inter-
action appear at ~558 and ~605 nm, respectively. The UV–Vis 
absorbance intensity was proportional to the film thickness, as deter-
mined using the Beer–Lambert law [42–44]. The thicknesses of these 
thin films were similar and in the range from 18 to 21 nm irrespective of 
the characteristics of the substrate [45]. When thin films are fabricated 
using solutions with identical concentrations, a solvent with a high 
boiling point results in thinner film because of the slow solidification 

process. We therefore adjusted the concentration to make the thickness 
similar. The A0-0 peak intensities of the P3HT films spin-coated from a 
DCB solution were higher than those of P3HT films fabricated from a CF 
solution. This greater interchain interaction in the P3HT films processed 
from a DCB solution is due to the slow evaporation rate resulting from 
the use of a high-boiling-point main solvent. However, the surface 
characteristics did not affect the absorption peak of the thin films. 

The molecular ordering associated with five different surface char-
acteristics were examined using out-of-plane GIXD analysis of the P3HT 
films prepared from CF and DCB solutions (Fig. 4). The patterns show X- 
ray diffraction peaks of P3HT molecules in the out-of-plane orientation. 
The peaks correspond to a (100) intermolecular backbone stacking layer 
thickness of 16.9–17.5 Å and a π–π interconnect layer (010) thickness of 
~3.8 Å. As shown in Fig. 4c and d, the intensity of the (100) diffraction 
peak of the P3HT films prepared from a DCB solution was much stronger 
than that of the films prepared from a CF solution [46]. In addition, the 
scattering profiles show better-defined diffraction patterns, indicating 
that the P3HT films prepared from DCB exhibited a greater degree of 
molecular ordering. However, the functional group of the SAM did not 
affect the diffraction pattern of the P3HT film, consistent with the 
UV–Vis absorption spectra and the AFM analysis. 

The performance of the P3HT film in an NO2 sensor was investigated 
by fabricating an OFET. Fig. 5a and b shows the transfer characteristics 
of the OFET based on P3HT films prepared from CF and DCB solutions. 
The average field-effect mobility values of the OFETs are shown in 
Fig. 5c. The device performance is strongly influenced by the functional 
group of the SAMs on the SiO2 substrate: with increasing hydropho-
bicity, device performance improved [17]. The drain current value at 
VG = 0 V was enhanced by two orders of magnitude in the OFET treated 
with Fluorine-containing SAMs compared with that in the OFET treated 
with nitrogen-containing SAMs, indicating that the carrier density is 
strongly modulated by varying the SAM functional group. The drain 
current was also influenced by the solvent boiling point: the DCB devices 
exhibited enhanced electrical performance compared with the CF de-
vices irrespective of the SiO2 surface treatment conditions. These results 
are consistent with those of numerous previously reported studies [16, 
41,47–49]. The charge transport behavior in the P3HT films can vary 
depending upon the surface characteristics and the solvent boiling point. 

The NO2-gas-sensing properties of each organic thin film transistor 
device modified with various functional groups were evaluated under 
10 ppm NO2 at room temperature (Fig. 6). The P3HT gas sensors showed 
a change in current after NO2 gas was injected for 20 s and showed re-
covery when N2 gas was injected for 200 s. The charge carriers of the 
P3HT sensors accumulated in the channel region upon exposure to the 
gaseous NO2 with strong electron-withdrawing characteristics. The 
P3HT gas sensor modified with functional groups containing nitrogen 
(N1, N2) showed a greater increase of the current level (ID(t)/ID(0)), 

Fig. 4. GIXD patterns of the P3HT films fabricated using chloroform, as plotted 
on (a) linear and (b) logarithmic axes, and dichlorobenzene, as plotted on (c) 
linear and (d) logarithmic axes. 

Fig. 5. Plots of the ID as a function of VG at a fixed drain voltage (VD = − 60V) for P3HT films fabricated using (a) chloroform and (b) dichlorobenzene on five 
different substrates. (c) Average field-effect mobility of the P3HT films fabricated using chloroform and dichlorobenzene on five different substrates. 
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resulting in a high responsivity and a high response rate (Fig. 6a–c). In 
particular, the P3HT sensor modified with en-APTAS (N2) exhibited the 
best sensing performance, with a two-fold improvement over the sensing 
performance of the P3HT sensor fabricated using a bare OH substrate. 
This result is due to the strong interaction between the NO2 gas mole-
cules and the electron-donating NH2 end group of the en-APTAS. Fig. 6d 
and f shows the lower responsivity of the gas sensors with the highly 
crystalline P3HT film fabricated using DCB solution. This result in-
dicates that the NO2 gas molecules penetrated more easily into the 
amorphous P3HT film due to the large free volume between its polymer 
chains. The N-containing functional group and low crystallinity of the 
film led to an enhancement of its sensing performance. 

We further monitored the dynamic response of the P3HT sensors 
modified with N2 or OH as a function of the NO2 concentration from 10 
to 50 ppm (Fig. 7). The sensor modified with N2 also showed a greater 
degree of dynamic response in response to variations in the NO2 con-
centration. Importantly, in the case of the P3HT film fabricated with a 
CF solution, the sensor modified with N2 exhibited at least four times 
greater sensitivity than the sensors with bare OH, as calculated from the 
slope of the responsivity as a function of the NO2 concentration. 

These results suggest that functional groups containing nitrogen can 
greatly enhance the NO2 gas sensing ability because of strong in-
teractions between the NO2 gas molecules and the amine groups (Fig. 8). 
In contrast to the superior NO2 responsivity of the P3HT gas sensor, the 
P3HT film showed no discernible sensing response to NH3 gas mole-
cules, irrespective of the film’s crystallinity and surface properties 
(Fig. S2) [50–52]. 

To explain the relationship between the response performance of the 
P3HT sensors and the SAM type, we calculated the interaction energy 
between the NO2 gas molecules and various functional groups of SAM 
coupling agent molecules on the basis of the minimum binding struc-
tures (Figs. 9 and S3). 

Fig. 6. Repetitive gas sensing curves for P3HT films fabricated using (a) chloroform and (d) dichlorobenzene, as characterized upon exposure of the films to suc-
cessive pulses of NO2 (10 ppm). Magnified first gas sensing cycle of the P3HT films fabricated using (b) chloroform and (e) dichlorobenzene. The sensing parameters 
of gas sensors based on P3HT films fabricated using (c) chloroform and (f) dichlorobenzene. 

Fig. 7. Changes in the drain current (ID) of the gas sensors fabricated using (a) 
chloroform and (c) dichlorobenzene upon exposure to NO2 at various concen-
trations from 50 to 10 ppm. Linear fit showing the relative responsivity of the 
sensors fabricated using (b) chloroform (d) dichlorobenzene as a function of the 
NO2 concentration. Insets show the sensitivity calculated from the slope of the 
linear fitted graphs. 
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The binding energies obtained from the QM calculations are sum-
marized in Tables 1 and S1. Among the investigated functional groups, 
the N2 functional group of the en-APTAS exhibits the greatest binding 
energy (− 7.18 kcal mol− 1), which means that the NO2 gas most tightly 
binds to the N2 functional group, whereas the F functional group of 
FOTS shows loose binding affinity (− 2.24 kcal mol− 1) among the five 
different functional-group systems. The binding energies between SiO2 
surfaces modified with SAMs and NO2 gas molecules were also calcu-
lated at the most stable binding configuration (Fig. 9). The MD simu-
lation results show that NO2 molecules were available to adsorb onto the 
surface modified with OTS (C functional group) or FOTS (F functional 
group). The NO2 molecules only adsorbed onto bare-OH and surface- 

modified SiO2 with an en-APTAS (N2) or ABTS (N1) surface (Fig. S4). 
The interaction energies obtained from the MD simulation are 

summarized in Table 2, where ETotal refers to the interaction energy of 
NO2 with the surface and ECoulomb and EvdW correspond to the Coulomb 
and van der Waals energy terms, respectively (see Table 1). The smaller 
ETotal value means tight binding between NO2 molecules and the surface. 
Hence, our MD simulation reveals that the NO2 molecules are tightly 
adsorbed onto the N2 surface; in addition, the trend shows good 
agreement with the QM results. 

4. Conclusion 

We introduced various SAMs as a gas-interactive modifier at the 
channel region and examined their potential as analyte channel mate-
rials. We found that nitrogen-containing functional groups (N1, N2) 
enable the SAMs to function as gas-adsorbing sites in the channel region, 
resulting in a high responsivity and ultrafast response rate toward NO2 
molecules. The organic sensor modified with en-APTAS (N2) exhibited 
the highest sensing performance, with a twofold enhancement in sensing 
performance compared with that of a P3HT sensor fabricated with a bare 
OH substrate. In addition, to investigate the relationship between the 
response sensing performance and SAM type, we calculated the inter-
action energy between the NO2 gas molecules and various functional 
groups of SAM molecules from the minimum binding structure. Our MD 
simulations revealed that the NO2 molecules are tightly adsorbed onto 
the N2 surface, and the trend showed good agreement with the QM 
results. The approach presented here provides a guideline for using 
surface modification to attain gas sensors with both high sensitivity and 
high selectivity. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Fig. 8. Schematics of NO2 adsorption in P3HT films spin-coated onto (a) bare OH and (b) N2 substrates.  

Fig. 9. Optimized geometry of NO2 binding structures.  

Table 1 
Binding energy values of NO2 gas on various functional group systems.  

System EComplex
a Efunctional group

a ENO2
a ΔEb,c 

C − 886.40466 − 681.41650 − 204.98328 − 3.06 
N1 − 784.55312 − 579.56031 − 204.98325 − 6.00 
N2 − 879.16836 − 674.17367 − 204.98325 − 7.18 
OH − 572.05831 − 367.06673 − 204.98328 − 5.21 
F − 2651.52677 − 2446.53991 − 204.98328 − 2.24  

a Values are in Hartrees. 
b Values are in kcal⋅mol− 1. 
c ΔE = EComplex –(Efunctional group + ENO2). 

Table 2 
Binding energy values of NO2 gas on SiO2 surfaces modified by SAMs.  

System ECoulomb
a EvdW

a ETotal
a,b 

N1 163.366 ± 6.391 − 1.565 ± 1.606 161.801 ± 6.069 
N2 70.233 ± 5.524 − 0.238 ± 1.814 69.995 ± 5.109 
OH 350.396 ± 8.395 2.195 ± 2.334 352.591 ± 7.470  

a Values are in kcal/mol. 
b ETotal = Ecoulomb + EvdW. 

Y.E. Hahm et al.                                                                                                                                                                                                                                



Organic Electronics 104 (2022) 106493

7

Acknowledgement 

This research was supported by the Incheon National University 
grant in 2019. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.orgel.2022.106493. 

References 

[1] L. Torsi, M. Magliulo, K. Manoli, G. Palazzo, Organic field-effect transistor sensors: 
a tutorial review, Chem. Soc. Rev. 42 (2013) 8612–8628, https://doi.org/10.1039/ 
c3cs60127g. 

[2] A. Nag, S.C. Mukhopadhyay, J. Kosel, Wearable flexible sensors: a review, IEEE 
Sensor. J. 17 (2017) 3949–3960, https://doi.org/10.1109/JSEN.2017.2705700. 
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