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UV-Ozone Interfacial Modification in Organic Transistors
for High-Sensitivity NO, Detection

Wei Huang, Xinming Zhuang, Ferdinand S. Melkonyan, Binghao Wang, Li Zeng,

Gang Wang, Shijiao Han, Michael J. Bedzyk,

and Antonio Facchetti*

A new type of nitrogen dioxide (NO,) gas sensor based on copper phthalo-
cyanine (CuPc) thin film transistors (TFTs) with a simple, low-cost UV—ozone
(UVO)-treated polymeric gate dielectric is reported here. The NO, sensitivity
of these TFTs with the dielectric surface UVO treatment is =~400% greater

for [NO,] = 30 ppm than for those without UVO treatment. Importantly, the
sensitivity is =50 greater for [NO,] = 1 ppm with the UVO-treated TFTs, and

a limit of detection of =400 ppb is achieved with this sensing platform. The
morphology, microstructure, and chemical composition of the gate dielectric
and CuPc films are analyzed by atomic force microscopy, grazing incident X-ray
diffraction, X-ray photoelectron spectroscopy, and Fourier transform infrared
spectroscopy, revealing that the enhanced sensing performance originates
from UVO-derived hydroxylated species on the dielectric surface and not from
chemical reactions between NO, and the dielectric/semiconductor components.
This work demonstrates that dielectric/semiconductor interface engineering is
essential for readily manufacturable high-performance TFT-based gas sensors.

Economic growth and quality-of-life improvement during the
past decades have dramatically increased worldwide energy
consumption. Most of the energy needs for transportation,
domestic, and industrial usage originate from combustion of
fossil fuels, which are not renewable and release toxic gases into

Dr. W. Huang, X. Zhuang, S. Han, Prof. J. Yu

State Key Laboratory of Electronic Thin Films and Integrated Devices
School of Optoelectronic Information

University of Electronic Science and Technology of China (UESTC)
Chengdu 610054, China

E-mail: jsyu@uestc.edu.cn

Dr. W. Huang, Prof. F. S. Melkonyan, Dr. B. Wang, Dr. G. Wang,

Prof. T. ). Marks, Prof. A. Facchetti

Department of Chemistry

Northwestern University

2145 Sheridan Road, Evanston, IL 60208, USA

E-mail: t-marks@northwestern.edu; a-facchetti@northwestern.edu
L. Zeng, Prof. M. ). Bedzyk

Department of Materials Science and Engineering and Applied Physics
Program

Northwestern University

2220 Campus Drive, Evanston, IL 60208, USA

Prof. A. Facchetti

Flexterra Inc.

8025 Lamon Avenue, Skokie, IL 60077, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.201701706.

DOI: 10.1002/adma.201701706

Adv. Mater. 2017, 29, 1701706 1701706

Junsheng Yu,* Tobin J. Marks,*

the atmosphere.l!l Especially in developing
countries, massive production of harmful
gases has become problematic to society.?
Therefore, accurate, cost-effective means
of monitoring and detecting air quality
is of paramount importance since these
gases do not only pose environmental con-
cerns but also endanger public health.?!

Among the harmful environmental
gases, nitrogen dioxide (NO,) is particu-
larly dangerous.™ Although short-term
exposure (1-3 h) of healthy individuals
to NO, at concentrations <1 ppm does
not typically induce adverse pulmonary
effects, long-term exposure to low NO,
concentrations (=1 ppm) can impair res-
piratory function and increase the risk
of emphysema and bronchitis.”! Indi-
viduals with asthma or allergies experi-
ence negative pulmonary function at NO,
concentration as low as 0.2-0.6 ppm.[®
Moreover, 210 ppm NO, concentration causes immediate
distress, including edema, nose and throat irritation, and
>100 ppm can cause death by asphyxiation.”] Furthermore,
NO, is a component of acid rain and accelerates the formation
of microscopic particles in the air.

Currently several technologies, including chemiluminescent,
electrochemical, resistive, and optical sensing are used for NO,
detection.®l Although some commercial sensors have low limits
of detection (LOD), usually below ppm, even ppt level, and
good selectively, they usually are limited by high cost and/or
high operating power consumption. In contrast, simple, readily
manufactured sensors based on organic thin-film transistors
(OTFTs) potentially offer low-cost, low power consumption, and
high performance, and are regarded as promising candidates
for next-generation gas sensors.’-12l Moreover, OTFT-based gas
sensors can be integrated with standard integrated circuit (IC)
technologies, making it possible to fabricate smart, portable
electronic noses integrable with cell-phones, laptops, and smart
appliances.[!3]

To enhance OTFT sensor performance, typical approaches
have focused on the organic semiconductor (OSCs) and gate
dielectric materials.'*17I Thus, Huang used naphthalene-tetra-
carboxylic diimide derivatives and copper phthalocyanine (CuPc)
to fabricate OTFT sensor arrays, showing the potential for rapid
and selective volatile analyte detection.'¥ Sensitive dielectric
and interface design was also adopted for realizing high-perfor-
mance TFT-based gas, light, and biosensors.'>2!] Shaymurat
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developed high-performance SO, sensors with a 0.5 ppm LOD
using an air gap as the dielectric layer.?2l Another strategy
focuses on creating highly sensitive organic semiconductors
via chemical modifications which combine charge-carrying
cores with peripheral analyte receptors. Implementing semi-
conductors with functional groups that strongly bind the target
analyte can enhance both sensitivity and selectivity.?3-?! Thus,
Katz increased OTFT ammonia response using strongly Lewis
acidic tris(pentafluorophenyl)borane as the receptor, affording
an LOD of 350 ppb.2¥ Utilizing optimized device geometries
is also effective in enhancing TFT gas sensor performance.
Thus, ultrathin and/or structured OSCs can enlarge the surface-
to-volume ratio, thereby enhancing sensitivity and lowering
the response time.?832 Mirza reported NO, gas sensing with
vapor-deposited ultrathin/sub-monolayer pentacene films which
exhibited high sensitivity, fast response/recovery time, an LOD
of 100 ppb, and excellent reproducibility.3*l Top-gate OTFTs with
sensitive gate dielectrics were also reported by Klug to detect
low-concentrations of NH;.34 From these results it can be sur-
mised that high-sensitivity OTFT gas sensors can require highly
sensitive OSCs and unconventional TFT structures, which
may introduce complexity and increase fabrication cost. Thus,
achieving high-performance devices while preserving straight-
forward, low-cost fabrication would be highly desirable.*’]

Here we realize ultrasensitive OTFT-based NO, sensors by
implementing a simple, low-cost UV-ozone (UVO) treatment of

www.advmat.de

the gate dielectric. We show that the dielectric surface chemistry,
and thus the interfacial trap density, can be controlled by simply
adjusting the UVO treatment time (tyyo). These trap sites
influence the OTFT performance for both unexposed and NO,
vapor exposed devices. Upon NO, exposure, the analyte mole-
cules strongly adsorb to the UVO-induced functional groups,
which is essential for achieving ultrasensitive devices. The
sensitivities at [NO,] = 1 and 30 ppm are enhanced by =50 and
=400 times, respectively, upon tyyo optimization. Furthermore,
the enhanced NO, adsorption on the UVO-treated dielectric sur-
face enables these devices to retain NO, at room temperature in
ambient, essential for cost-effective NO, sensor integration.
The present TFT configuration and device fabrication pro-
cess are shown in Figure 1a. Glass with patterned ITO sub-
strates as gate electrodes were cleaned by sonication in acetone,
deionized (DI) water, and isopropyl alcohol for 15 min, followed
by O, plasma treatment for 5 min (20 W). Poly(vinyl alcohol)
(PVA, M, = 146 000-186 000; 40 mg mL™' in high purity
water) was spin-coated onto the ITO substrates and annealed
at 70 °C for 1 h. Polystyrene (PS, M,, = 280 000; 30 mg mL"!
in o-xylene) was then spin-coated on top and baked at 120 °C
for 1.0 h to remove residual solvents. A double-layer dielectric
is used here to provide good adhesion to the gate electrode
and achieve excellent insulating properties. Prior to deposition
of the organic semiconductor, the dielectric film was exposed
to UV light at 185 and 253.7 nm (UVO-Cleaner 42, Jelight
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Figure 1. a) Bottom gate CuPc OTFT structure and UVO treatment of the gate dielectric surface. b) Transfer curves for different ¢, values. c) Transfer
curves for the indicated tyyo values and different NO, concentrations. d) Percentage V; and mobility variations as a function of tyyo and NO, concen-
trations. e) Sensitivity (S)-V plots for the indicated tyo values and NO, concentrations.
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Table 1. Summary of the CuPc TFT sensor performance parameters for different tyyo of the gate dielectric.

tuvo [s] 0 30 60 120 180 240 300 360

lon [10°6 A] 16403 19405 12402 0.92+0.15 0.52+0.09 0.41+0.11 0.32+0.07 0.29 +0.09
Von IV ~105+2.1 ~72+138 —47+25 —42+4 —45+36 51423 ~5.0+1.9 —47+26
L1073 em2 v s7] 31404 32405 1.6+0.2 13403 0.79 +0.08 0.56+0.4 0.49 +0.06 0.51+0.04
Vi V] 14242 123415 —9.1+23 —70+30 7142, —68+15 ~6.8+2.0 ~7.042.1

Company Inc.) for a time (tyyo) varying from 0 to 360 s. Next,
a 10 nm CuPc film was deposited by thermal evaporation. The
transistors were then completed by depositing 40 nm thick gold
source and drain electrodes via thermal evaporation using a
metal shadow mask to form a channel length of 100 um and
width of 1.0 cm. Before establishing the response of the plat-
form to NO,, the effect of tyyo on the CuPc TFT performance
was investigated, and data are summarized in Table 1.

Figure 1b and Figure S1 (Supporting Information) indi-
cate that the [-V transfer characteristics are strongly affected
by tuvo. Thus, the on-current (Ioy, drain current measured
at Vp = Vg = =40 V) of the untreated device (=1.6 x 107 A)
first slightly increases to =1.9 x 107® A for tyyo = 30 s, next
decreases to =1.2 x 107 and =3.2 X 1077 A as tyyo is increased
from 60 to 300 s, respectively, and finally stabilizes at
=3.2 x 1077 A for tyyo > 300 s. Meanwhile, a shift of the turn-
on voltage (Voy, the gate voltage at which the current start
increasing sharply) toward positive values is observed [Voy
(tuvo) = —10.5 V (0 s); =7.2 V (30 s); —4.7 V (60 s)]. When tyyo
exceeds 60 s, Vpy stabilizes at =—4.5 V. Moreover, as tyyo
increases from 30 to 300 s, the on/off current ratio monotoni-
cally falls from =2 x 10® (tyyo = 30 s) to =4 x 10? (tyyo = 300 s).
To verify that the TFT performance variations are not due to
major changes in the gate insulator dielectric properties, the
leakage current and capacitance of the PVA/PS gate dielectric
for different UVO exposure times were measured in MIM
capacitors of the structure, ITO/dielectric/Au (Figure S2, Sup-
porting Information). The leakage current and capacitance
values of all samples exhibit small variations with tyyo, with
the current density remaining <=10~7 A cm™ (at 20 V) and the
capacitance slightly increasing from 10.2 nF cm™ (tyyo = 0 s)
to 11.9 nF cm™ (tyyo = 360 s). This reflects the mild etching
effects of UVO treatment on polymer films,1*% with the present
dielectric layer thickness contracting by =20 nm (from 530 to
510 nm) for tyyo = 360 s.

From the [-V characteristics, the FET performance param-
eters were extracted using standard MOSFET equations,*!?!
and mobility (1) and threshold voltage (V) data are summa-
rized in Table 1. The TFT data indicate that OTFT performance
of these devices stabilize when tyyo > 300 s. Thus, u decreases
from 3.1 x 103 cm? V' s7! (tyyo=05s) to 1.3 x 103 cm? V1 57!
(tuvo =1205) t0 4.9 x 10~ cm? V-1 571 (tyyo = 300 s). In parallel,
a consistent positive shift of Vi is observed [V (tyyo) = -14.2 V
(0s); =9.1 V (60 s); =7.1 V (120 s)], and stabilizes at =~7.0 V
(tuvo = 120 s). Variations of the electrical parameters with tyyq
in our OTFTs are in line with previous reports of pentacene
TFTs with UVO-treated polymeric dielectrics.?’-3%

The sensor performance of the present CuPc TFTs with/
without UVO-treated dielectric surfaces was characterized using
gaseous NO, as the analyte in the 5-30 ppm concentration
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range. The details of the -V parameters are summarized in
Table S1 (Supporting Information). In a typical experiment, the
OTFT sensor was placed in an airtight test chamber (=2.4 mL),
and a mixture of dry air and 50 ppm NO, gas mixed in appro-
priate concentrations was introduced into the test chamber
by mass flow controllers (see Figure S3, Supporting Informa-
tion). The flow rate in the experiment was fixed at 100 sccm
(standard ¢cm?® min™!), and OTFT [-V measurements were
carried out after 2 min of NO, exposure in the test chamber.
Figure 1c and Figure S4 (Supporting Information) show that
the NO, sensitivity of this platform strongly depends on UVO
processing and tyyo. The [-V characteristics clearly demon-
strate that after the dielectric surface is exposed to UVO, the
NO, sensitivity of the -V characteristics increase dramati-
cally. Thus, for TFTs with a pristine PS/PVA dielectric, as the
[NO,] increases, there is only a slightly increase of the Iny
[from 1.19 x 10 A ([NO,] = 0 ppm) to 1.27 x 10 A ([NO,] =
15 ppm) to 1.36 X 10°% A ([NO,] = 30 ppm)] and a small shift of
Von [from —12 V (0 ppm NO,) to -9 V (15 ppm NO;) to -8 V
(30 ppm NO,)]. No obvious off-current (Iop) variations were
observed, which remains at =10~ A. In marked contrast, for the
UVO-treated devices, the transfer curves exhibit considerable
variations upon gas exposure. For the device with w Iy increases
from 1.14 x 10 A ([NO,] = 0 ppm) to 1.77 x 10® A ([NO,] =
15 ppm) to 3.18 x 10° A ([NO,] = 30 ppm), Voy shifts from
—4 V (INO,] = 0 ppm) to 1 V ([NO,] = 15 ppm) to 8 V ([NO,] =
30 ppm), and Igp increases from 1.47 x 107 A ([NO,] = 0 ppm
to 1.3 x 10 A ([NO,] = 15 ppm) to 6.06 X 1078 A ([NO,] =
30 ppm). Furthermore, when exposed to NO,, the variations
of the transfer curves enlarge as tyyo increases up to 2300 s,
at which time they stabilize. Thus, as shown in Figure 1c and
Figure S4 (Supporting Information), for tyyo = 300 s, Ioy
increases from 2.89 x 107 A ([NO,] = 0 ppm) to 1.11 x 10 A
(INO,] = 15 ppm) to 4.75 x 107° A ([NO,] = 30 ppm) while Vpy
shifts considerably from -5 V ([NO,] = 0 ppm) to 13 V ([NO,]
=15 ppm) to >20 V ([NO,] = 30 ppm). At [NO,] = 30 ppm the
transfer curve becomes almost linear without a distinct off state
in the gate voltage (V) region of +20 to —40 V.

The corresponding TFT u and Vy parameters for different
tuvo and [NO,] values are summarized in Table 2. Untreated
devices exhibit minimal p (4.0 X 1073 to 4.4 X 1073 cm? V-1 s7})
and Vg (—14.8 to —13.3 V) changes upon NO, exposure. How-
ever, as the tyyo increases, U increases with increasing [NO,],
along with a large positive Vr shift. For example, u for the
transistor with a tyyo = 120 s monotonously increases from
1.8 x 1073 cm? V! 7! ([NO,] = 0 ppm) to 2.4 X 107 cm? V!
s7! (INO,] = 30 ppm) and the Vi shifts from —7.2 V ([NO,] =
0 ppm) to +17 V ([NO,] = 30 ppm). Furthermore, for the OTFT
with a tyyo = 300 s, u increases from 8.3 x 107* cm? V! 57!
(INO,] = 0 ppm) to 1.5 X 10 cm? V7! s ([NO,] = 30 ppm)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Summary of mobility and threshold voltage variations for different t,yo-treated devices as a function of NO, concentration.

tuvo [s]
NO; con. [ppm] 0 30 60 120 180 240 300 360
0 w (10 cm? v s7) 4.0 35 2.8 1.8 1.6 1.4 0.8 0.8
5 4.0 3.5 2.7 1.9 1.6 1.5 0.9 0.9
10 4.1 3.6 29 2.0 1.7 1.7 1.1 1.1
15 4.2 3.6 3.0 2.0 1.8 1.8 1.2 1.2
20 4.2 3.6 3.0 2.1 1.9 1.9 1.4 1.4
25 43 3.7 3.1 2.3 2.1 2.0 1.5 1.5
30 4.4 3.8 33 2.4 2.1 2.1 1.5 1.5
0 Vi [V] -14.8 -12.7 -8.8 -7.2 -7.0 -7.6 -7.5 =7.1
5 —14.7 -12.7 -7.7 —6.1 -5.9 -3.5 -2.6 =2.1
10 -14.4 -12.1 —4.0 -2.5 -2.1 2.2 3.0 3.6
15 -14.2 -11.3 -1.4 1.1 2.5 7.2 8.5 12.4
20 -13.9 -10.1 3.1 6.6 9.3 171 17.2 21.9
25 -13.6 -9.0 5.6 13.7 18.2 255 29.3 349
30 -13.3 -7.8 9.8 17.0 28.2 393 43.9 52.3

while Vr shifts from -7.5 V ([NO,] = 0 ppm) to +43.9 V
(INO,] = 30 ppm). The relative variations of both y and Vy are
summarized in Figure 1d, which also indicates that the TFT
parameter shifts tend to saturate when tyyo = 300 s, in agree-
ment with the [-V characteristics.

An important sensor performance parameter is the sen-
sitivity (S) to the given analyte. As is standard for TFT sen-
sors,[22829] the sensitivity (S) here for gas analyte is given
by using Equation (1), where I, is the drain current of the
transistor

Sz(IG“I—_IO)XIOO% 1)
0

when exposed to gas analyte and I, is the drain current of the
unexposed transistor. As shown in Figure le and Figure S5
(Supporting Information), the sensitivity to NO, increases as
tyvo increases, and since the transfer curve is V dependent,
the sensitivity also depends on V¢ with the highest sensitivity
lying in the —15 to 0 V Vj region. Upon NO, exposure, the
transfer curve shifts toward the upper-left corner of the transfer
plot (Figure S4, Supporting Information), along with an
enlarged Iogg. Clearly, the highest sensitivity will not be in the
region where the transistors are in the on-state, but close to the
region where the original turn-on voltages are.

As shown in Figure le and Figure S5 (Supporting Informa-
tion), for Vg = —40 V, the sensitivity at [NO,] = 30 ppm is the
largest and increases from =400% (tyyo = 0 s) to =35 000%
(tuvo = 120 s) to =90 000% (tyyo = 240 s), and saturates at
tyvo = =300 s with a sensitivity as high as =160 000%. Even for
a low [NO,] of 5 ppm, high sensitivity of =500% is achieved for
the device with tyyo = 360 s. In contrast, although the sensitivity
at Vp = Vg =—40V is relatively low, =1600% for [NO,] = 30 ppm,
it is equally important since the saturation region usually has
a much higher signal-to-noise ratio, the reliability of the data
is enhanced. From Figure S5 (Supporting Information), the
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sensitivity in saturation (Vp = Vi =—-40 V) for a [NO,] = 30 ppm
increases from =15% (tyyo = 0 s) to =300% (tyyo = 120 s) to
=1000% (tyyo = 240 s), and reaches maximum of =1600% at
tUVO =360s.

To illuminate the origin of the increased detection perfor-
mance, the film morphologies of the gate dielectric (on top
of ITO) and of the organic semiconductor (on top of the die-
lectric) were first probed by atomic force microscopy (AFM).
Such film morphologies are known to affect the sensing per-
formance of OTFT-based gas sensors.[***!l AFM images of the
dielectric films with various tyyo treatments indicate negligible
topological variations (Figure 2a and Figure S6, Supporting
Information), with all films remaining very smooth with an
RMS roughness of 0.24-0.29 nm. More interestingly, the CuPc
films grown on the dielectric treated for different tyyo's also
exhibit similar morphologies, which are characterized by small
grains with =25 nm dimensions and a considerable density
of grain boundaries (Figure 2b). The phase images of these
films (see Figure 2c) further confirm that the semiconductor
grain topology/mechanical properties and density remain
unchanged with various tyyg’s. A large density of grain bound-
aries will facilitate analyte diffusion to the dielectric/semicon-
ductor interface, which can enhance the sensing performance
of OTFTs.[*2l However, since the quality of the grain bounda-
ries does not change with tyyo, these data demonstrate that
this semiconductor morphology simply creates the condition
for large sensitivity but it cannot underlie the detection mech-
anism in the present sensors. Moreover, grazing incidence
X-ray diffraction (GIXRD) measurements (Figure 2d) indicate
that all CuPc films exhibit the same strong (200) diffraction at
20 = 6.9°.14%] By fitting the diffraction peaks to a Gaussian func-
tion, a full width at the half maximum (FWHM) of 0.55° £ 0.1°
is obtained for all the (200) diffraction peaks, indicating that
UVO treatment does not significantly affect CuPc crystallite
dimensions (=14.5 nm) or orientation on the dielectric film.
Thus, semiconductor and dielectric film morphologies are

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. AFM images for the indicated tyo values of a) the PVA/PS gate dielectric films; b) CuPc (height image) and c) corresponding phase image
films; d) GIXRD spectra of CuPc films grown on the PVA/PS gate dielectric as a function of tyo.

irrelevant to the enhanced sensitivities, which must therefore
be chemical in nature.

X-ray photoelectron spectroscopy (XPS) was next utilized to
analyze the surface chemical changes of the dielectric upon
UVO treatment. As shown in Figure 3a and Figure S7 (Sup-
porting Information), UVO introduces large densities of oxygen-
containing species on the PS surface. In pristine PS/PVA
films, there is no oxygen on the surface and carbon 1s peak fits
well with only C—C/C—H components at 285.0 + 0.1 eV and
a C=C n—r* satellites at =292.5 eV. After UVO treatment, fea-
tures corresponding to C—0, C=0, and O—C=0 at 286.5 +
0.1, 288.0 £ 0.1, and 289.5 *+ 0.1 eV, respectively, can be iden-
tified.***] Moreover, the density of the newly generated func-
tional groups can be controlled by adjusting tyyo, as shown in
Table S2 (Supporting Information). To monitor the stability of
the surface functional groups, the tyyo = 360 s dielectric sample
was aged in air for one month, and then analyzed by XPS. As
shown in Figure S8 (Supporting Information), similar carbon
content is obtained for the pristine and aged PS surfaces, with
only a slightly decrease in C content (from 65.1% to 64.5%)
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and a small increase of O content (from 34.9% to 35.5%), indi-
cating that UVO-generated functional groups on the surface
are stable in air. The existence of new carbon-oxygen groups
was also confirmed by Fourier transform infrared spectros-
copy (FT-IR) on pristine and UVO-treated PS/PVA films. In
Figure 3b and Figure S9 (Supporting Information), the vibra-
tional peaks at =1452, =1492, and =~1600 cm™!, and multipeaks
in the 2800-3110 cm™ range from all dielectric films indi-
cate the existence of the principle chemical bonds (C—C and
C—H) revealing that UVO treatment only changes the surface
chemical environment of the top PS film.**8 However, a new
peak at =1728 cm™! intensifies as the tyyo increases, indicating
the generation of C=0 and/or O—C=0 groups.*’] Moreover,
the weak broad band at =3500 cm™ for treated films implies
that hydroxyl groups are produced, possibly originating from
C—OH, and COOH functional groups as well as physisorbed
water molecules.

PS is known to be an excellent gate dielectric material for
both n-type and p-type organic semiconductor TFT5.°% How-
ever, PS surface treatment with UVO is known to affect OSC

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) C 1s XPS and b) FT-IR of PVA/PS dielectric films as a function of tyo.

transport characteristics.’] For the present PVA/PS-CuPc
devices, the slightly reduced Iy (=1.6 X 107® — =3.2 x 107 A)
and u (=3 x 107 — =5 x 10* cm? V! s71) upon UVO treat-
ment (tyyo = 0 — 360 s) reveal that shallow traps are created
by the UVO processing (Figure S1, Supporting Information,
and Table 1). Furthermore, a slight shift of Vy in the positive
direction is observed, however considering the nonlinearity of
(Ion)'? versus Vg, an accurate estimation of the trap density
variation from Vr variation is not possible. When the devices
are exposed to the analyte, the NO, molecules freely diffuse
through the semiconductor grain boundaries and reach the
PS/CuPc interface.’>>4 As described previously, these devices
exhibit significant changes in I-V characteristics, with substan-
tial increases of both Iy and u as well as a dramatic negative
shift of Vr to positive values. The shifts in all of these param-
eters increase as [NO,] increases (Table 2). Furthermore, plots
of (Ion)Y/? versus Vi show excellent linearity (Figure 4a and
Figure S10, Supporting Information), enabling calculation
of the trap density variation from AVry utilizing the equation

AN, _ GAVr 55 Note, close inspection of the I-V character-
e

istics points to a positively shifted V; and an enlarged sub-
threshold slope (SS), which is due to a simultaneous detrapping
and doping processes. This result is in agreement with charge
transport studies on doped CuPc based OTFT.®l Here, the
approximate energy of the donor states, deduced from the TFT
characteristics, results from a shallow and narrow doping state
shifting the Vi but not affecting SS, and a second doping
state which is distributed from the band edge to a binding
energy of about 0.3 eV, leading to a broadened subthreshold
region.’’l Thus, SS variation will not only be dominated by the
detrapping process, which would decrease SS. However, both
detrapping and/or hole doping processes will always shift Vr
to the positive direction, thus it can be utilized to simulate the
overall trap state variations.’® Details of the state density vari-
ations are summarized in Table S3 (Supporting Information)
and Figure 4b. As an example, the state density of the devices
with tyyo = 0 s varies by =15.3 x 10'® cm™ on going from the
unexposed to the 30 ppm NO, exposed device, while those with
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tyvo = 360 s exhibit a substantial density variations of 689.0 x
10'° cm™ over the same analyte concentration range. Clearly,
the higher the [NO;], the more mobile holes are generated in
the semiconductor channel.

A key question is how combined UVO surface activation and
NO, chemistry enable the present sensing mechanism. As dis-
cussed above, the pristine PVA/PS dielectric has a low polarity
surface covered with carbon-hydrogen bonds and should have
negligible binding affinity for NO, molecules. As shown in
Figure 1c and Figure S4 (Supporting Information), the devices
without UVO treatment of the dielectric layer exhibit minimal
changes in the [-V characteristics on NO, exposures as high
as 30 ppm. This result indicates that although NO, is a strong
oxidizing agentl®® and can efficiently penetrate the organic
semiconductor, it is apparently unable to chemically oxidize
(p-dope) the bulk of CuPc and when no NO, adsorption on the
dielectric surface occurs, since this process alone would greatly
enhance CuPc bulk conductivity and therefore gy of all of the
present OTFTs, including those without or with brief dielectric
UVO exposure. On the other hand, upon UVO treatment, large
densities of oxygenated polar functionalities are produced on
the dielectric surface (Figure 3), which should efficiently adsorb
polar molecules such as NO, via hydrogen bonding or van der
Waals interactions.””! Polarization effects would then induce
positive charges in the semiconductors (Figure 4c). Further-
more, the polar UVO exposed surfaces may also have signifi-
cant quantities of adsorbed water molecules, which would react
with NO, + O, to produce nitric acid.l®¥ Highly acidic, strongly
adsorbed HNO; can protonate/dope the first semiconductor
monolayer yet is volatile enough to evaporate under low pres-
sures to recover sensor function (vide infra).

To demonstrate the interfacial origin of sensing mechanism
and corroborate that it is due to the UVO of the PS surface, we
carried FT-IR experiments. Initial experiments, performed on
the exact CuPc(semiconductor)/PS/PVA(dielectric) layers used
in the TFT measurements (Figure S11, Supporting Informa-
tion), were inconclusive since the IR peaks of the thick dielec-
tric (C—C and C—H PS stretching modes)®! overlap and are
stronger than that possibly ascribable to NO, (=1600 cm™).16%
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Figure 4. a) Square root of drain current versus gate voltage plots for different ¢y values at the indicated NO, concentrations. b) Trap density as a
function of NO, concentration for different ty0. ¢) Schematic representations of the NO, diffusion process through the semiconductor grain bounda-
ries and mobile positive charge carrier formation by NO, adsorption to the UVO-treated PS surface (black positive charges) and field-effect (white

positive charges). d) FT-IR of the indicated samples with tyyo =0 or 360 s and [NO,] = 0 or 30 ppm (5 min).

However, these data support that no bulk penetration/adsorp-  As shown in Figure 4d, PS on NaCl shows distinct vibrational

tion of NO, into the dielectric nor chemical reactions with
CuPc/PS/PVA occur. Thus, we utilized an alternative platform
consisting of a thin PS film (=10 nm) on IR-transparent NaCl to
minimize noise and retain the dielectric surface characteristics.
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peaks at =1452, =1492, =1600, and =2800-3110 cm™!, in agree-
ment with the literature.¥ After sample expose to 30 ppm NO,
for 5 min, no newly generated peaks are detected. UVO-exposed
PS samples (tyyo = 360 s) reveal the formation of an intense
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peak at =1728 cm™™, assigned to C=0 functional groups,* as
well as increased/broadening of the IR hydroxyl region (3000—
3500 cm™!). Importantly, the IR spectrum of the UVO-treated
PS films exposed to 30 ppm NO, for 5 min exhibits a new
strong peak at =1630 cm™!, assignable to adsorbed NO,. Note
for PS films, the peak at =1650 cm™ is expected for monosub-
stituted aromatic rings.*®! Thus, the combined IR experiments
demonstrate that UVO generates new polar groups on the PS
surface, NO, does not chemically react with the dielectric bulk/
surface, and that our UVO-treated dielectric platform has the
ability to physically adsorb NO,.

Real-time sensitivities were next measured for devices biased
at Vp = Vg = —40 V, responding to the dynamic switching to
low NO, exposures (1, 2, 4, 6, 8, and 10 ppm, Figure 5a). The
sensitivity at all the concentrations increases dramatically for
devices with longer tyyqo’s. For example, the sensitivity at 6 ppm
NO, increases from 10% (tyyo = 0 s) to =700% (tyyo = 120 s),
~1800% (tuvo = 240 s), and =3200% (tyyo = 360 s). In fact,
the sensitivity enhancement is so large that the response in
devices without UVO-treated dielectric cannot be displayed
(Figure 5a), and a separate plot with a much smaller Y-axis is
required (inset of Figure 5a). Furthermore, for a low 1 ppm
NO, concentration, the sensitivity for tyyo = 0 s devices is
only =4%, which can barely be integrated for practical applica-
tions. However, for devices with tyyo = 360 s, the sensitivity for
1 ppm NO, increases to a remarkable =200%, which is distin-
guishable with any sample analyzer. Due to the limitation of

www.advmat.de

the test equipment, 1 ppm is the lowest concentration of NO,
that can be reliably utilized in these experiments. However,
the estimated LOD for this platform can be calculated using
Equation (2),**%3 where n = 1.645 corresponds to the 90%
confidence

—a><b+\/a2 xb” (b’ -0’ x Ab*)(a” -1 x Aa?)
b* —n* x Ab*

(2)

LoD =

level, a, b, Aa, and Ab are the parameters extracted from the
linear fit of Figure S12 (Supporting Information), based on sen-
sitivities of the device with tyyo = 120 s This yields a LOD of
415 ppb. These sensitivities are among the highest reported to
date for NO, sensors based on either resistor (S as high as 900%
for 20 ppm NO,, and 300% for 5 ppm NO,) or TFT (S as high
as 120% for 30 ppm NO,, and 80% for 5 ppm NO,) architec-
tures.[306467] Note that earlier studies demonstrated LOD for
NO, lower than =53 ppb, the concentration which is considered
safe by the U.S. Environmental Control Agency.l®®7% However,
our current sensor platform can detect concentrations much
lower than those which are of concern for “long-term expo-
sure” (=1 ppm).P! Thus, our very simple TFT structure with a
sensitivity of =400 ppb is more than sufficient to immediately
alert that the environment is becoming unsafe and precau-
tions should be taken. Furthermore, even lower LODs could
be possible by, for instance, optimizing the dielectric surface

10 '14"~(b) °09
£
g & 1125 500+
6 o =
4 5 =l10% 400+ mmi,,=0s
o =
2 60sl, S _ 300} W, = 360s
3 %, 60 120 ° 8% ¢
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%) S »
2k i
I 4 2 100+
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Before expose \ Expose to ~10°
10} toNO, i & | Torrvacuum
Exposed to —1 day
<107} . 30 ppm NO, . after expose A
“’Q —2days
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Figure 5. a) Real-time sensitivity (Vp = Vs = —40 V) responding to dynamic switching between NO, concentrations. b) Sensitivities of sensors with

both tyyo = 0 and 360 s for 20 ppm NO,, SO,, NH;, H,S, and 700 ppm CO,. c) Transfer curves of a transistor with 360 s UVO-treated dielectric when

tested under different environments.
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chemistry using other polymers, vary the TFT channel lengths,
and the organic semiconductor type/film morphology,*?! all
approaches that will not enhances device complexity or costs.

For practical applications, selectivity is another important
parameter, which was tested for the devices with both tyyo =0
and 360 s at concentrations of 20 ppm for NO,, SO,, NH;, and
H,S and at a concentration of 700 ppm for CO, (since dry air is
utilized as the carrier gas which itself contains =400 ppm CO,,
thus more CO, is mixed into dry air to have a higher concen-
tration of CO,). As shown in Figure 5b. it is clear that for the
optimized platform (tyyo = 360 s) all of the other gases are at
least 6x less sensitive than NO,. Thus, for NO, the sensitivity
increased from 10% (tyyo = 0 s) to almost 600% (tyyo = 360 s)
at a concentration of 20 ppm whereas for SO, (the most sensi-
tive of the other gases) sensitivity increased from 3% (tyyo =0 s)
to 110% (tyyo = 360 s) for the same concentration. The TFT
sensitivity for the other gases at the same concentration is far
less and, equally important, the current variation is opposite
compared to those of NO, and SO,. Thus, the sensitivity for
NH; increased from —17% (tyyo = 0 s) to —84% (tyyo = 360 s),
while for H,S, the sensitivity decreased from —66% (tyyo = 0 s)
to —16% (tyyo = 360 s). For the apolar CO,, even at the high
concentration of 700 ppm, the sensor with/without UVO treat-
ment both revealed a relatively low sensitivity of <38%. From
Figure 5b, it can be concluded that our sensors are extremely
sensitive to NO, compared to other four kinds of common gas
pollutants. Moreover, this platform can distinguish between
strongly oxidizing/polar (NO,, SO,) versus reducing/polar
gases (NHj; and H,S) and weekly acidic/apolar (CO;) one.
These differences could be further optimized by properly opti-
mizing tyyo, fabricating platforms with TFT arrays with dielec-
tric surfaces with different tyyo (currently under investigation),
and using other semiconducting materials.

Finally, note that after TFT exposure to NO,, the recovery
times of the [-V characteristics for the UVO-treated devices are
relatively long. As shown in Figure 5c, when the UVO-treated
TFT (tyyo = 360 s) is exposed to 30 ppm NO, for 5 min, the
subsequent transfer curve remains flat, not recovering the orig-
inal shape after storage in air for 3 d. However, by placing the
NO, exposed device in =107% Torr vacuum, the transfer curve
quickly recovers to its original shape (Figure 5c), corroborating
that NO, is likely physisorbed on the dielectric/semiconductor
interface rather than irreversibly reacting. Moreover, when
the device characteristics are recovered in vacuum, they can
be reused (Figure S13, Supporting Information). Although the
recovery of the UVO-treated transistors is not fast and complete
(Figure 5c¢), it is possible to accelerate recovery by increasing
the working temperature, typical of other OTFT gas sensors./%l
That physisorption is stable under the present conditions indi-
cates that the current platform can be utilized as an integrator
to record maximum NO, exposure.?* Coupled with a proper
alarm, such a device could be used to signal when dangerous
NO, levels are reached.

In summary, OTFT-based NO, sensors with ultrahigh sen-
sitivities and good selectivities have been realized via UVO
treatment of the gate dielectric surface. UVO generates oxygen-
containing functional groups capable of strongly interacting
with NO,, which underlies the sensing mechanism. The NO,
device sensitivity approaches =200% and =160 000% for NO,
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concentrations of 1 and 30 ppm, respectively. This simple pro-
cessing addresses the low sensitivity and high LOD of conven-
tional gas sensors based on OTFTs. Thus, we believe that the
present strategy, together with the advantages of simple OTFT
fabrication, opens new opportunities to realize high-perfor-
mance, low-cost, portable electronic noses.

Experimental Section

Transistor Fabrication: PVA (M,, = 146 000-186 000, 99+% hydrolyzed,
Sigma-Aldrich) was dissolved in DI water with a concentration of 4 wt%.
PS (average M,, = 280 000, Sigma-Aldrich) was dissolved in xylene
with a concentration of 3 wt%. Indium tin oxidel*®l glass substrate was
cleaned sequentially in an ultrasonic bath with acetone, deionized water,
and isopropyl alcohol for 15 min each. PVA was then spin-coated at
3000 rpm for 1 min, and annealed at 70 °C for 1 h on a hot plate. PS was
then spin-coated at 3000 rpm for 1 min. After dielectric layer coating,
the substrates were baked at 120 °C for 1 h to completely remove
residual solvents. Prior to the deposition of organic semiconductors,
the dielectrics were exposed to UV light of 185 and 253.7 nm (UVO-
Cleaner 42, Jelight Company Inc.) for 0-360 s. 10 nm CuPc was then
evaporated under 4 x 107 Torr at a rate of 0.2-0.3 A s™'. The transistors
were completed by depositing the source and drain electrodes of 40 nm
gold via thermal evaporation using a metal shadow mask under 4 x 107
Torr at a rate of 0.5-1 A s7.

Device Characterization and Sensor Evaluation: TFT characterization
was performed in air on a custom probe station using an Agilent 1500
semiconductor parameter analyzer. The electron mobility (u) was
calculated in the saturation region using Equation (3)

WC;
ID:T‘.u(VG_VT)Z (3)

where G, is the capacitance per unit area of dielectric layer, and W and L
are channel width and length, respectively. For sensing tests, the OTFT
sensor was stored in an airtight test chamber (=2.4 mL). A mixture of
dry air and certain gas analyte (50 ppm standard NO, gas, 50 ppm
standard SO, gas, 50 ppm standard NHj3; gas, 50 ppm standard H,S gas,
or 1000 ppm standard CO, gas) in appropriate concentrations was
introduced into the test chamber by mass flow controllers. The flow rate
in the test was fixed at 100 sccm (standard cm?® min").

Film Characterization: AFM film topographies were imaged with
a Veeco Dimension lcon scanning Probe Microscope using tapping
mode. GIXRD measurements were carried out on a Rigaku SmartLab
workstation (CuKey, A = 1.542 A) with an incident angle (o = 0.5°). XPS
was performed on Thermo Scientific ESCALAB 250Xi at a base pressure
of 4.5 x 107'° mbar (UHV). FT-IR spectra were collected by Nexus 870
spectrometer (Thermo Nicolet) with a single reflection horizontal ATR
accessory having a diamond ATR crystal fixed at incident angle of 45°.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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