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ABSTRACT: Self-assembled WO; thin film nanostructures
with 1-dimensional villi-like nanofingers (VLNF) have been
synthesized on the SiO,/Si substrate with Pt interdigitated
electrodes using glancing angle deposition (GAD). Room-
temperature deposition of WO; by GAD resulted in
anisotropic nanostructures with large aspect ratio and porosity
having a relative surface area, which is about 32 times larger
than that of a plain WO; film. A WO; VLNF sensor shows
extremely high response to nitric oxide (NO) at 200 °C in
80% of relative humidity atmosphere, while responses of the
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sensor to ethanol, acetone, ammonia, and carbon monoxide are negligible. Such high sensitivity and selectivity to NO are
attributed to the highly efficient modualtion of potential barriers at narrow necks between individual WO; VLNF and the
intrinsically high sensitivity of WO; to NO. The theoretical detection limit of the sensor for NO is expected to be as low as 88
parts per trillion (ppt). Since NO is an approved biomarker of chronic airway inflammation in asthma, unprecedentedly high
response and selectivity, and ppt-level detection limit to NO under highly humid environment demonstrate the great potential of

the WO; VLNF for use in high performance breath analyzers.

KEYWORDS: semiconducting metal oxide gas sensor, WO; nanostructures, glancing angle deposition, NO probe,
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B INTRODUCTION

Chemoreistive sensors based on semiconducting metal oxides
have attracted enormous attention for diverse applications such
as environmental monitoring, food processing, semiconductor
processing, agriculture, automotive and aerospace industries,
and medical diagnosis.'”” Among these applications, the
detection of human diseases such as lung cancer, asthma and
diabetes by analyzing exhaled breath is an emerging field of
medical diagnostic, which can be noninvasive and cost-effective
alternatives to conventional blood analysis methods.*™'° In
general, human breath is a mixture of nitrogen, carbon dioxide,
nitric oxide, ammonia, water vapor, and more than 1000 volatile
traces with concentrations ranging from several ppt to several
ppm.ll_13 Due to this complexity, the selective detection of a
target gas in human breath using metal oxide-based chemo-
resistive sensors is challenging because metal oxides have large
responses to both oxidizing and reducing gases such as NO,
NO,, CO, H,, NHj;, and volatile organic compounds including
ethanol and acetone. For high and rapid response, semi-
conductor chemoresistive sensors should be operated at
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elevated temperatures (> 200 °C) in which gas adsorption
and desorption on the surface become active.'*

Detecting a NO concentration higher than 30 parts per
billion (ppb) in exhaled breath indicates that the human may
suffer from asthma due to inflammatory response in the
5717 which is especially serious for young children. A
high performance chemoresistive sensor for breath analyzers to
diagnose asthma necessitates an extremely sensitive and
selective NO sensing material, which should have ppb-level
detection limits under a highly humid environment (relative
humidity (RH) > 80%)."® In general, NO detection limits of
conventional chemoresistive sensors based on SnO, nano-
particles under dry ambience are around 1 ppm or higher." To
achieve lower detection limits, chemoresistive sensors based on
1-dimensional (1D) metal oxide materials including nanowires,
nanorods, nanotubes, and nanobelts have been widely exploited
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Figure 2. (a) Plain-view and cross-sectional (inset) photographs of chicken intestine villi. (b) Plain-view and cross-sectional (inset) scanning
electron microscopy (SEM) images of a WOj thin film with 1D VLNF. (c) High resolution TEM image with a selected area diffraction pattern and a
lattice image. The area of the high-resolution image is highlighted in the inset. (d) N, adsorption isotherms of a 380 nm thick WO; film with VLNF

and a 380 nm thick plain WO, film at 200 °C.
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recently. Rout et al.”® and Li et al.** demonstrated the
ppb-level detection of NO using In,0;, WO; nanowires and
reduced graphene oxide (rGO) , respectively. However, the use
of 1D nanomaterials and rGO as chemoresistive sensors is still
in the beginning stage in how to integrate them with low-cost
and high-yield mass production process. As an alternative,
porous thin films based on 1D metal oxide nanostructures are
considered as more desirable configuration for chemoresistive
sensors due to their simplicity in synthesis, high reproducibility,
and excellent compatibility to the well-established semi-
conductor fabrication processes.”> Although highly sensitive
detection of various gases using porous thin film sensors based
on Zn0,***” $n0,,* Ti0,,* and WO,* 1D nanostructures
has been reported, as far as we know, the selective detection of
ppb-level NO using porous thin films based on metal oxide 1D
nanostructures has not been studied yet, in particular under a
highly humid environment similar to exhaled breath.

In this study, we report facile synthesis and superior
chemoresistive properties of porous thin films based on WO,
1D nanostructure with villi-like nanofinger (VLNF) structures
and high surface to volume ratios. The porous WOj thin films
show remarkably sensitive and selective sensing properties to
NO and NO, (oxidized state of NO in air atmosphere) at 150—
250 °C in 80% of RH. Especially, the theoretical detection limit

of NO in a thin film sensor based on the WO,; 1D
nanostructure is as low as 88 ppt, which is far below the NO
concentration (> 30 ppb) in exhaled breath of patients with
asthma.!' In addition, the response to NO is more than 150
times higher than those to ethanol, acetone, NH;, and CO at
200 °C in 80% of RH atmosphere

B EXPERIMENTAL SECTION

The fabrication process of the porous VLNF WO; thin films, which
were deposited onto the SiO,/Si substrate with Pt interdigitated
electrodes (IDEs) by glancing angle deposition (GAD)* via of
sputtering, is shown in Figure 1. Pt (150 nm thick) IDE patterns of §
um spacing were fabricated on a SiO,/Si substrate using photo-
lithography and dry etching. After patterning the Pt IDEs, a 380 nm
WO; thin film was deposited onto pre-specified regions (1 mm X1
mm) by a shadow mask on the Pt IDEs patterned SiO,/Si substrate
using rf sputtering at room temperature. A polycrystalline WOj; target
with 2 inch was utilized for the film deposition. To make the porous
film, the sputtering deposition was carried out at a glancing angle (5°).
The base pressure, working pressure, RF power, and gas flow rate were
2 X 107 mTorr, 3 mTorr, 350 W, and 30 sccm, respectively. The
deposition rate of the film was 9.2 nm/min. At this point, the size of
the initial nuclei and the deposition rate appear to be key parameters
in determining the highly porous nanostructure. The fabricated porous
WO,/Pt/SiO, sensor was annealed in air at 500 °C for 60 min to
crystallize the porous WO; film. For comparison with the porous film,
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a sensor based on dense WO, thin film (380 nm thick) was fabricated
using on-axis RF sputtering.

Morphologies of the fabricated sensors were characterized by FE-
SEM (SU-70, Hitachi) using 15 kV. TEM images were taken by a
JEOL JEM 2100F with a probe-Cs corrector. A cross-sectional TEM
specimen of a WOj thin film with villi-like nanostructure on a SiO,/Si
substrate was prepared by mechanical polishing and ion milling with
Ar ions. The crystallinity and phase of the WO; films were
characterized by glancing angle X-ray diffraction (D/Max-2500,
Rigaku), where Cu Ka radiation (wavelength = 1.5418 A) was used
for the X-ray source and the incident angle was fixed at a small angle
(2°). For the TEM and the X-ray analysis, a WO thin film with villi-
like nanostructure was grown on the large area of SiO,/ Si substrates
by the same deposition procedure for the sensor fabrication. The
diffraction peaks could be indexed with a pure monoclinic phase of
WO; with lattice constants a = 7.327 A b=7564A c=7727 A, and
B = 90.488° (JCPDS Card No. 89-4476). The Brunauer—Emmett—
Teller (BET) surface area of the films was measured by nitrogen
adsorption at 200 °C using a surface area analyzer (QUADRASORB
SI, Quantachrome Instruments).

The gas sensing properties of the fabricated WO; thin film sensors
were measured using external heating by a box furnace. As the flow gas
was changed from ambient (nitrogen for NO and dry air for other
gases) to a calibrated test gas (balanced with nitrogen for NO and dry
air for other gases, Sinyang Gases) in 80% of relative humidity
atmosphere, the variation of the sensor resistance was monitored using
a source measurement unit (Keithley 236). A constant flow rate of S00
sccm was used during the change of atmosphere from ambient to test
gas. The sensor resistance was measured under a DC bias voltage of 1
V. The response of the sensors (Rgas/Rambient for NO and NO,, or
R mbient/ Rges for ethanol, acetone, NH;, and CO) was determined by
measuring the baseline resistances of the sensors in ambient
atmosphere and the fully saturated resistances after exposure to the
test gas in 80% of RH atmosphere. Gas flow was controlled using mass
flow controllers (MFC), and all measurements were recorded to a
computer through the use of LabVIEW over the GPIB interface.

B RESULTS AND DISCUSSION

Our key idea to obtain porous metal oxide thin films with large
specific surface area is mimicking intestinal villi. Villi are finger-
like protrusions covering the inner surface of small intestines of
mammals, greatly increasing the surface area for the effective
digestion of foods. Figure 2a shows optical images of chicken
intestinal villi. By glancing angle deposition (GAD) using an rf
sputter, we could achieve porous WOj; thin film nanostructures
that look similar to the chicken intestinal villi, as shown in
Figure 2b. Due to the self-shadowing effect, as illustrated in
Figure 1, the as-deposited films by GAD are porous with 1D
villi-like nanofingers (VLNF). With increasing the film
thickness, length to diameter aspect ratios of individual
VLNF increases, while the porosity of the films decreases, as
summarized in Table 1 (see Figure S1 in the Supporting
Information). According to the Table 1 and Figure S2 in the
Supporting Information, we could get maximum gas response

Table 1. Porosity and Length to Diameter Aspect Ratio of
the Porous VLNF WO; Thin Films as a Function of Film
Thickness

thickness of film (nm) porosity (%)

aspect ratio

70 21 LS
160 42 4.6
380 37 9.7
540 35 132
740 32 15.9
860 31 17.1

from the 380-nm-thick film, in which the porosity was about
37% and the diameters of VLNF were 40—50 nm. Therefore,
we could directly deposit the porous 380-nm-thick WO; film
on SiO,/Si substrates with Pt IDEs of S ym spacing (see Figure
S3 in the Supporting Information). We could use the films as
chemoresistive sensors. For structural characterizations and gas
sensing measurements, all the films were annealing at 500 °C
for crystallization.

Brunauer—Emmett—Teller (BET) measurements revealed
that the BET surface area of the WO, film with VLNF (~350
m?/g) is about 32 times larger than that of a plain (dense) WO,
film (~16 m?/g), as shown in Figure 2d. For each film, the
measured value is not absolute due to contributions from the
substrate. Nonetheless, this result shows clearly that the VLNF
WOj; thin films exhibit much larger surface areas than the
reference plain film.

To characterize the structure of the porous VLNF WOj; thin
film, the high-resolution transmission electron microscopy
(TEM) and the selected area electron diffraction (SAED)
patterns are shown in Figure 2c¢ with the inset image which
highlighted by a pink rectangle displaying a low-magnification
TEM image of the nanocolumn along the [002] growth
direction. Even though the WO; film with VLNF is
polycrystalline as indicated by X-ray diffraction (see Figure S4
in the Supporting Information), the high-resolution trans-
mission electron microscopy (TEM) images show that
individual VNLF are near single crystalline with smooth surface.

Figure 3a show responses of a chemoresistive sensor based
on the 380-nm-thick WO, film with VLNF (VLNF sensor) to 1
ppm NO, NO, and S ppm ethanol as a function of operating
temperature in 80% of RH atmosphere. The response, S, is
defined as R,/ Ryppien: for the oxidizing gas NO, (NO, NO,)
and Rippient/Rees for the reducing gases (ethanol) where Res
and R, pene denote the sensors’ resistances in the presence and
absence of a test gas, respectively. Highly sensitive and selective
NO and NO, sensing properties of the VLNF sensor is clearly
observed. The responses to 1 ppm NO and NO, reach 278 and
300 at 200 °C, respectively. Under a dry atmosphere, the
response of VLNF sensor to 1 ppm NO is 450 (see Figure SS
in the Supporting Information), which is dramatically higher
and considered to be the highest value compared with the
response values of previous reported sensors based on WO,
nanoparticles (1.6 to 1 ppm NO at 400 °C),>* metal (Ag, Pd,
and Pt) decorated WO; nanoparticles (less than 5 to 2 ppm
NO at 220 °C)*? and WO, nanowires (10 to 1 ppm NO at 250
°C).>> When the temperature increases over 250 °C, the
response to NO, decreases, while the responses to ethanol
slightly increase. This indicates that the optimum temperature
for the detection of NO, is 200 °C, which is consistent with
previous studies on chemoresistive NO and NO, sensors.>*
The fact that the responses change according to the operating
temperature show the amount of chemisorbed oxygen play an
important role in the mechanism of NO and NO, detection.
Generally, the operating temperature affects the kinetics of the
adsorption on the active surface and leads to the change of gas
response.’*® At less than 200 °C, oxygen adsorption and
surface reaction are generated by sufficient thermal energy,
which is effective to overcome the activation energy barrier.
Thus, the response of VLNF sensor increases to 200 °C.
However, when the operating temperature increases (> 200
°C), the desorption process on the active surface is dominant.*®
Consequently, the responses tend to decrease as the increases
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Figure 3. (a) Responses of the VLNF sensor to 1 ppm NO, NO, and S ppm ethanol in 80% of relative humidity atmosphere as a function of
temperature. (b) Response and response curves (inset) of the VLNF sensor to 1 ppm NO,, S ppm ethanol, acetone, NH;, and CO at 200 °C in 80%

of RH atmosphere.
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Figure 4. (a) Dynamic sensing transients of the VLNF sensor and a sensor based on a dense plain WO film (plain sensor) to 0.2—1 ppm NO at 200
°C in 80% of relative humidity atmosphere. (b) Response of the VLNF and plain sensors as a function of NO concentration at 200 °C. Theoretical

detection limits (DL) of both sensors are presented.

of operating temperature due to the thinner depletion layer at
high temperature.>’

For S ppm ethanol, acetone, NH;, and CO, the VLNF sensor
showed responses less than 2 at 200 °C, as shown in Figure 3b
and inset. Thus the response ratios, Syo./Sgases are higher than
150 (see Figure S6 in the Supporting Information). Because
NO molecules have the better activity than oxygen for
adsorption on the oxide surface, NO is not separated easily
from the surface in the off state of the gas. In this reason, the
recovery to the original baseline resistance by the adsorption of
oxygen molecules on the surface is relatively lower than the
response. In general, the operating temperature is a critical
factor to improve the gas sensing performance of a metal oxide
chemoresistive sensor because the amount of ionized oxygen
species (07, 0,7, O*7) on the surface of the metal oxide
changes with the operating temperature, leading to changes in
both sensor resistance and response.>* For relatively low
temperatures, there are much less ionized oxygen species on the
surface of the metal oxide. Therefore, reducing gases such as
ethanol, acetone, NH;, and CO have a poor sensitivity at high
temperature. On the other hand, oxidizing gases such as NO,,
have a high sensitivity at relatively low temperatures ranging
from 150—250 °C due to the electron-traped force of the NO,,
molecules. An extremely selective NO,-sensing mechanism at
low temperature can be explained as the following. The
molecular NO, has an unpaired electron and is known as a
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strong oxidizer than other gases.® Upon NO, adsorption,
electron transport is likely to occur from nanostructure WOj; to
NO, because of the electron-traped force of the NO, molecules
at low temperature. Consequently, the vividly high selectivity of
the VLNF sensor to NO, with negligibly low cross-response to
ethanol, acetone, NH;, and CO, which are well-known reactive
gases that might be included in human breath with
concentrations ranging from several ppb to several ppm
demonstrates a strong potential for detecting NO in human
breath. A closer look reveals that the maximum responses to
ethanol at 450 °C are much lower than the response to NO,, at
200 °C, reflecting that WOj itself has a high selectivity to NO,,
relative to other metal oxide semiconductors including Sn0O,,
the most common material for chemoresistive sensors.”*

A typical response curve of the VLNF sensor to 0.2—1 ppm
NO at 200 °C in 80% of RH is shown in Figure 4a. For
comparison, the response of a dense plain sensor fabricated by
rf-sputtering is also plotted. Upon exposure to oxidizing NO,
the VLNF sensor quickly responds with increase in the
resistance, which indicates that the WO; film is an n-type
semiconductor. Compared with the reference sensor based on a
dense plain WO; film (plain sensor), the VLNF sensor exhibits
about 200 times higher responses to 1 ppm NO. Even at an
extremely low concentration of 200 ppb, the VLNF sensor
shows clear response, which is the first experimental
demonstration on detecting ppb-level NO in highly RH
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atmosphere using a chemoresisitive sensor in our best
knowledge. In addition, for dynamic sensing transients and
response to 5 consecutive pulses at NO concentration ranging
from 0.2—1 ppm and S ppm, the resistances are completely
recovered after reacting test gas, as shown in Figure 4a and
Figure S7 in the Supporting Information. Therefore, the VLNF
is possible for reusable sensor with very stable operation.

In order to estimate the NO detection limit of the VLNF and
plain sensors, the response values, S — 1, are plotted as a
function of NO concentration in a linear scale in Figure 4b. The
linear relationship between the response value and the
concentration for the VLNF sensor demonstrates the feasibility
and the operation capabilities of the sensor for real applications.
By applying linear least-square fits to the data, the theoretical
detection limit of the VLNF sensor (signal-to-noise ratio > 3)*
is estimated to be as low as 88 ppt, whereas that of the plain
sensor is only 450 ppb. The NO detection limit of the VLNF
sensor is much lower than the asthma diagnostic standard levels
for NO (30—50 ppb).***!

This result strongly suggests that a main factor for the
ultrahigh response of the VLNF sensor is indubitably the
porous nanostructure with narrow necks between intergrain
boundaries of the WO; formed by annealing at 500 °C for 1 h,
as shown in Figure S a and b with 40°-tilted SEM images of the
VLNF WO; film between Pt electrodes. In general, semi-
conductor gas sensor utilizes the change of electrical resistance
by gas absorption in potential barrier height between grain
boundaries (transducer function), and it is well known that the
response increases with decreasing the particle size.* It is also
noted that previous study by Xu et al. suggested that the
response can be controlled by a grain size effect for WO,
crystallites smaller than 33 nm.*’ Based on these fundamental
mechanisms, as shown in Figure Sc with the nano-sized narrow
necks of WO; (10—30 nm in width), a whole region of the
narrow necks are change to the full depletion area (space-
charge layer) by NO adsorption. This phenomenon signifi-
cantly increases the double Schottky barrier heights** in the
intergrain boundaries of the WO; aggregates, which results in a
large increase of the conductance for the nanocrystalline
material upon exposure to NO.** Therefore, we believe that the
narrow necks with high chemoresistive variation as well as the
gas accessible nanostructures with high surface area play a
critical role in the remarkably enhanced sensing properties.*

B CONCLUSION

We have synthesized porous WO, thin films with 1D VLNF
using GAD, which were inspired by intestinal villi. Compared
with the plain sensor, the VLNF sensor showed ultrahigh
response to NO, which is attributed to the large specific surface
area and the porous structure with narrow necks. The NO
detection limit down to 88 ppt and the extremely high
selectivity to NO relative to ethanol, acetone, NH; and CO
under a highly humid environment suggest that the WO; thin
film nanostructures mimicking intestinal villi using GAD are
very promising for use in high quality sensor elements for
breath analyzers to diagnose asthma. We also expect that the
porous WO; thin film is potentially applicable to the detection
of NO in aqueous solution. The additional virtue, the simplicity
in the synthesis method, would broaden the applications of the
porous VLNF WOj; thin films to various devices including
sensors, water splitting cells, batteries and photochromic
glasses.**

Narrow neck
(10 —30 nm)

Schottky
barrier
eight

Figure S. (a) 40°-tilted SEM images of the 380-nm-thick porous WO,
film between Pt electrodes. (b) The enlarged images highlight the
meander of the nanostructures and the presence of narrow necks,
indicated with arrows. (c) The magnified images highlight the narrow
necks between grain boundaries. At the narrow necks, Schottky barrier
heights for electron transfer are enhanced due to the size effect.
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