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ABSTRACT: It is a widely used strategy to enhance a gas sensor sensitivity by improving its
surface area, but this process, including bonding the sensing block into a device substrate, needs
complex manipulations. This work shows a concept of adsorption active site, by which an SnO»
layer (6.85 nm thin) is directly coated on a triangle array substrate to be of an ensemble of
triangular convex adsorption active sites (TCAASSs). The resultant SnO» gas sensors, with TCAAS
periods ranging from 289 to 1154 nm, exhibit an adsorption-active-site-dependent sensitivity and
present a low detection limit of around 6 ppm ethanol gas at room temperature. By
characterizations of Kelvin force microscopy, a large surface potential variation exists on these
adsorption active sites after introducing ethanol gas, distinctly showing a local adsorption
enhancement. These results confirm that the creation of adsorption active sites can efficiently

increase surface adsorption of a sensor to realize its sensitive gas-sensing.



1. INTRODUCTION

Sensing gaseous molecules is important to environmental monitoring, control of chemical process,
and agriculture applications.!® Among them, sensitive gas-sensing is always a constant pursuit.
To this end, improving the surface area of a gas sensor is a widely used strategy,'*** however, of
which process, including bonding the sensing block into a device substrate, needs complex
manipulations. It is worthy to explore an efficient approach to prepare a gas sensor with high

sensitivity.

Gas-sensing sensitivity is positively attributed to surface adsorption of the substrate. Tracing the
origin of the surface adsorption and exploiting it in gas-sensing provide a high possibility to
enhance the sensitivity of gas sensors. Thermodynamically, the surface adsorption is a spontaneous
process accompanying with decreasing of Gibbs free energy (AG < 0). In this decreasing of Gibbs

free energy, there is a correlation between the changes in Gibbs free energy, entropy (S), and

enthalpy (H):
AG = AH - TAS (1)

Adsorption confines a gaseous molecule to the substrate, which induces an unfavourable entropy
change, AS < 0. Thus, AH shall be negative (exothermic) for the gaseous molecules turned from
the gas phase to the adsorbed phase (Ha - H; < 0). A low enthalpy of the adsorbed phase (i.e., Ha)
exists when a gaseous molecule is adsorbed on the substrate area with a lot of stepped and kinked
crystal surfaces. Therefore, the substrate area rich of the stepped and kinked crystal surfaces should
tend to adsorb more gaseous molecules than those on the other area. For example, in a gas-sensing
work using three-dimensional (3D) pore arrays,’ the structure of the 3D pore is divided into two

adsorption areas: (i) pore wall and (ii) the convex along the surface pore. The pore convex is a



typical area with lots of stepped and kinked crystal surfaces.!®!® As a result, this pore convex
absorbs more gaseous molecules than those on the pore wall. Inspired by the high efficiency of the
convex related to surface adsorption, it is worthy to create a gas sensor with a convex-rich

morphology for realizing sensitive gas-sensing.

Triangle is of a convex-rich morphology and is already developed for sensing gaseous
molecules.!*!” By colloidal-monolayer-based method, triangles can be easily aligned into a regular
array and further adjusted to achieve an optimized performance in sensing applications.'*!#-2? This
adjustment includes changing the sensing volume by controlling the triangle nanoparticle size,
period, and shape, for which we just need to vary the deposition parameters during the sample
preparation: (i) the monolayer-nanosphere size and (ii) deposition time.?*?? Considering such easy
accessibility of the triangle array morphology related to the sensitive sensing, we herein coat a thin
layer of SnO> on the triangle array substrate for an ensemble of triangular convex adsorption active
sites (TCAASSs), by which a surface adsorption enhancement of the SnO; layer can be realized for

the sensitive gas-sensing.

As a proof of concept, by the colloidal-monolayer-based method, a series of triangle array
substrates are prepared with different periods, ranging from 289 to 1154 nm. After coating an SnO>
layer (6.85 nm thin), the resultant gas sensors are characterized by different sizes of the TCAASSs.
It is found that, these samples show a TCAAS-dependent sensitivity and present a low detection
limit of around 6 ppm ethanol gas at room temperature. Comparably, without adsorption active
sites, a flat SnO> layer has no gas-sensing responses even to a high concentration of ethanol gas
(25 ppm). In the investigation of the gas-sensing mechanism, by Kelvin force microscopy (KFM),
a local adsorption enhancement on the TCAAS is distinctly characterized by a large variation of

surface potential after introducing ethanol gas. These results confirm that the creation of the



adsorption active site can efficiently enhance the surface adsorption of the gas sensors for their

sensitive gas-sensing.

2. EXPERIMENTAL SECTION

2.1. Fabrication of a Colloidal Monolayer. Monodispersed polystyrene nanosphere suspensions
(2.5 wt% in water, surfactant free) were bought from Alfa Aesar Company. An ordinary glass
substrate (1.5 x 1.5 cm?) was ultrasonically cleaned in acetone and then in ethanol for 1 hour.
Subsequently, the substrate was mounted on a custom-built spin coater. An amount of 10 pL of
the nanosphere suspension was dropped onto the substrate. A large-area colloidal monolayer

(> 1 cm?) was fabricated by a spin-coating method at a speed of 800 rotations per minute.

2.2. Fabrication of SnO: layers on Triangle Arrays. A colloidal monolayer was used as a
deposition mask, through which a 10-nm-thick layer of titanium (Ti) was deposited by physical
vapour deposition. The deposition rate was maintained at 0.02 A/s, and the vacuum level was
lower than 10E-6 Pa. After the deposition process, the colloidal monolayer was immersed into
CH:Cl; within 10 minutes for its removing. The generated Ti triangle array was then coated with
a 6.85-nm-thick layer of SnO; by using a PicoSun SUNALE R-150 atomic layer deposition system
(PicoSun, Finland), according to the following procedure which is different to the normal process
of nanocomposite fabrications.?*** In this process, the reaction chamber was firstly heated to
250 °C, then SnCl4 and H>O were respectively chosen as the precursors of Sn and O. SnCls was
pulsed for 0.1 s and purged for 10 s, followed by a 0.1 s pulse and a 10 s purge of H>O. This
procedure was repeated 500 times, according to the growth rate of ~0.14 A per cycle to reach a
thickness of 6.85 nm. In this mean, colloidal monolayers with different diameters of nanospheres

were used as a template, and SnO; layers on different triangle arrays can be obtained.



2.3. Characterizations of KFM. The sample was placed on the sample stage and was grounded.
A platinum/silicon (Pt/Si) tip with 75 Hz of resonance was used. The scan rate was set at 1 Hz,
and the scan area was 3.5 um”. The measurement system was conducted in a sealed box, by which
different detected atmospheres were introduced and removed. The detected atmosphere was
changed prior to the KFM acquaintances: (i) in air and (ii) with 25 ppm ethanol gas. The KFM

measurement was performed by NTEGRA Spectra system.

2.4. Gas-Sensing Tests. The gas-sensing test were conducted in an air-tight chamber with
electrical feedthroughs. A voltage of 4 V was applied to the device, and the variation of the output
current was monitored and recorded with the changes in the gas environment using a Keithley
semiconducting testing system. The reducing gas, 25 ppm ethanol, was chosen as a target gas. The
gas-sensing measurement involves three sequential steps: (1) a base value of the output current
from the sensor in air was recorded; (2) a calculated volume of detected gas was introduced into
the chamber, and the signal on the variation of output current was simultaneously recorded; (3)
After the signal stabilized, the chamber was opened to remove the detected gas, and the signal of
the output current was simultaneously recorded until it reached a steady state. The I-V
measurements were also conducted by this sensing system. Hall effect characterizations of the

SnO; samples were conducted by Accent HL5500 measurement system.

2.5. Characterizations. The morphology of the samples on the device substrate were
examined by scanning electron microscopy (SEM, S4800 Hitachi and Quanta 250 FEG) and
atomic force microscopy (Dimension V Veeco-Bruker). The thickness of the SnO; layer was
measured by the ellipsometry (SENTECH SE500). The compositions were characterized by X-ray

diffraction (XRD, D/max2200, with Cu-Ka radiation) and X-ray photoelectron spectroscopy (XPS,



ESCALAB 250). Samples for the XRD and XPS measurements were prepared on the Si substrates

under the same conditions as those prepared on the device substrate.

3. RESULTS AND DISCUSSION
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Figure 1. (a) Schematic representations showing the KFM setup for measuring the adsorption
enhancement on the TCAAS, an SnO» layer on a substrate with the convex, from a tilted and a
cross-section view (the insets in a). The TCAAS can adsorb more ethanol gaseous molecules to
react with surficial oxygen ions than those of the flat area. (b-d) An Atomic force microscopy
(AFM) image (b) and KFM images (¢ and d) from a same area of the sample, and the sample Ols
XPS spectrum (the inset in b) showing surficial oxygen ions (O2” and O°) with binding energy of
532.4 and 531.6 eV. Successive changes in atmospheres are made prior to each KFM image
acquisition: (c) in air and (d) with 25 ppm ethanol. (e) Surface potentials of line-scans across the

TCAAS in air and with 25 ppm ethanol.

3.1. Adsorption Enhancement on the Triangular Convex. Considering that the triangular
convex is designed as an adsorption active site for enhancing surface adsorption, adsorption
enhancement on the triangular convex shall be proved before the further ensemble of the triangles.
To this end, we firstly investigate an adsorption behavior on the model material, i.e., SnO>. In air,
SnO; adsorbs atmospheric oxygen molecules (Oz), and a surficial reaction occurs, as shown by the

following Equation 2:2%%7

0,——0,—=—20" )

where adsorbed O traps electrons from SnO». The resulting oxygen ions (O2” and O°) with binding
energies of 532.4 and 531.6 eV are demonstrated to exist on the SnO> surface by XPS (the inset in
Figure 1b). These oxygen ions can carry negative surface potential on the SnO> surface.?® % We
introduce the ethanol gas to adjust the surface potential of the sample (see Supporting Information
S1 for the existence of ethanol gaseous molecules on the sample surface), where the previously

negative surface potential will turn positively via the following reaction, Equation 3:%



i 1 3
C,H,OH, +EO +ZOZ — CH,CHO, + H,O, +Ze 3)
Based on this potential adjustment, we can characterize adsorption quantity on the TCAAS by its

surface-potential variation.

It is anticipated that, a large surface-potential increase would occur on the TCAAS where more
ethanol gaseous molecules were adsorbed than those on the flat area. In this regard, we use KFM,
a well-accepted characterization for the surface potential,’’* to estimate a surface-potential
increase on the TCAAS. Figure 1a schematically presents a KFM setup for measuring a surface-
adsorption behavior on the TCAAS from a tilted and a cross-section view (the insets in Figure 1a),
and the AFM image in Figure 1b shows that the TCAAS is formed by an SnO- layer coated on a

convex substrate.

In a KFM scan, an alternating current (AC) voltage (Vac) at frequency o is added to the direct
current (DC) voltage (Vpc) applied to the probe, and the voltage difference (AVop) between the

probe and the sample is presented by the following equation, Equation 4:
AVo = Vpc - Vep + Vacsin(wt) 4)

where Vpp is a potential difference between the sample surface and the tip. The electrostatic force

(Fes) between the tip and sample can thus be formulated as follow, Equation 5:

_1ac(z)
2 0z

Fos = [Vbc — Vpp + Vac sin(wt)]? Q)

where 0C(z)/0z is the gradient of the capacitance between the tip and the sample surface. From

Equation 5, we can gain the following equation, Equation 6:**



aC(z)

F,=-
w 0z

(Vbe — Vep)Vac sin(wt) (6)

where F, with frequency o is used to measure the Vpp. A lock-in amplifier is utilized to extract
Fo. As the output signal of the lock-in-amplifier is nullified and F, equals zero, the Vpp value can
be measured by applying Vpc to the tip. Considering the sample is grounded, the value of Vpp is

thus equal to the surface potential of the sample aroused by the adsorbed oxygen ions.

Based on the above mechanism of KFM, successive changes in atmospheres are made prior to
each KFM image acquisition: (i) in air and (ii) with 25 ppm ethanol gas. Figure 1c and d
respectively show surface potentials in air (Figure 1c¢) and with 25 ppm ethanol gas (Figure 1d).
The corresponding potential profiles across a same selected area (Figure 1e) show that a distinct
surface potential increase (AV = 2 mV) occurs on the TCAAS rather than the flat area, after
introducing the ethanol gas. This comparison of surface-potential variations demonstrates a fact
that the TCAAS can adsorb more ethanol gaseous molecules to react with the surficial oxygen

ions, proving an adsorption enhancement on the TCAAS.
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Figure 2. (a) Schematic representation of procedures for fabricating the sample: (a1) transferring
a colloidal monolayer to water; (a2) the colloidal monolayer floated on the water; (a3) picking up

the colloidal monolayer with a device substrate; (as) the colloidal monolayer covering on the
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device substrate (the inset in a4 showing the magnified image of the colloidal monolayer); (as) a
triangle array obtained by physical vapour deposition method after the removal of the colloidal
monolayer (the inset in as showing the magnified image of the array); (as) the SnO» layer on the
array obtained after coating SnO; (the inset in as showing the magnified image of the SnO, layer).
(b-d) The SEM images showing plane views of the SnO; layer on the triangle array (b), the triangle
array (c), and the colloidal monolayer (d, 1um of the nanosphere diameter) between two contact
electrodes. The insets in b and ¢ showing the magnified images of the SnO> layer and the triangle
array base. The inset in d showing a tilted view of the colloidal monolayer. (e-1) AFM images and
their profiles across selected areas showing SnO; layers on triangle arrays with different values of
d, such as 289 nm (e and f), 433 nm (g and h), 577 nm (i and j), and 1154 nm (k and 1). D and d
are the template nanosphere diameter and the inter-TCAAS spacing (i.e., the array period),

respectively.

3.2. Gas Sensors Formed by Coating an SnO: Layer on Triangle Arrays. Inspired by the
adsorption enhancement on the TCAAS, we coat a thin layer of SnO: on a triangle array for an
ensemble of TCAASs. Fabrication process of the sample is described in Figure 2a. Firstly, a
colloidal monolayer was transferred to water (Figure 2a) and floated on the gas-liquid interface
(Figure 2a,).> Next this floated colloidal monolayer was picked up with a device substrate (Figure
2a3). For the configuration of the device substrate, interdigitated Pt/Ti electrodes were seated on a
substrate, a p-type Si substrate capped with a 300-nm-thick oxide layer. After being dried up at
room temperature for a day, the colloidal monolayer covered on the device substrate surface
(Figure 2a4). This colloidal monolayer contains triangular voice spaces created by three
neighboring nanospheres (the magnified image in Figure 2a4). A 10-nm-thick layer of Ti was then

deposited over the colloidal-monolayer-coated substrate. In a lift-off step, the colloidal monolayer
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was removed in CH>Cly, leaving behind a Ti triangle array (Figure 2as). Each Ti triangle in the
array is uniform due to its firm adherence with the substrate. The Ti particles stack into a film
rather than the particle distribution (see Supporting Information S2). Using the Ti triangle array as
a base, we utilized atomic layer deposition technology to coat a 6.85-nm-thin layer of SnO> for an

ensemble of TCAASSs, and then obtained a gas sensor (Figure 2ag).

Figure 2b-d show SEM images of the SnO, layer on the Ti triangle array, the Ti triangle array, and
their template of the colloidal monolayer (with 1000 nm of the nanosphere diameter). In Figure 2d
and the inset, a plane and a tilted view of the colloidal monolayer show that the 1000-nm-diameter
nanospheres are closely arranged with a period of 1000 nm and triangular voice spaces. In Figure
2b and c, plane views of the SnO; layer (Figure 2b) and the triangle array (Figure 2¢) depict their
same alignment period between two sensor electrodes, whereas a comparison between their
magnified views (the insets in Figure 2b and c) presents a thin coated layer of SnO; on the triangle
array. For this SnO; layer, its average size of the crystallites is around 4 nm (see Supporting
Information S3). More details about the XRD and the XPS characterizations, and SEM images
related to using the other templates of colloidal monolayers (with 500, 750, and 2000 nm of
nanosphere diameters) and further supporting the formation of the SnO; layer are respectively

available in Supporting Information S3, S4, and S5.

By the colloidal-monolayer-based method, we use different colloidal monolayers (500, 750, 1000,
and 2000 nm of the nanosphere diameters, see Supporting Information S4) to prepare triangle
arrays (see Supporting Information S6 for their AFM images) and then coat with a 6.85-nm-thin
layer of SnOs. In Figure 2e-1, AFM images of the samples and their profile images describe the
SnO> layers are of different values of inter-TCAAS spacing (i.e., d, the array period) versus the

template nanosphere diameter (i.e., D): 289 nm/500 nm (Figure 2e and f), 433 nm/750 nm (Figure
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2g and h), 577 nm/1000 nm (Figure 21 and j), and 1154 nm/2000 nm (Figure 2k and 1). The above
morphology metrics produce different roughness averages for the samples with different periods:
1.94 for the 289 nm, 1.59 for the 433 nm, 1.58 for the 577 nm, and 0.73 for the 1154 nm. These
roughness averages indicate an order of the TCAAS size from large to small for the samples with

different periods: the 289 nm > the 433 nm > the 577 nm > the 1154 nm.
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Figure 3. (a) Schematic illustration of the ethanol detection, and the SEM image showing the gas
sensor device. (b) Gas-sensing responses to different concentrations of ethanol gases for different
samples at room temperature. These samples are of different periods, such as 289, 433, 577, and
1154 nm. (c) The gas-sensing sensitivity (/i/Io) versus ethanol concentration (6, 12, 18 and 25 ppm)

for the SnO; layers on different triangle arrays and the flat SnO- thin layer (i.e., the period is 0
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nm). (d) Gas-sensing responses of the SnO»-layer gas sensor (with a 289 nm period) to different

target gases, including 5% Hz, 10% oxygen, 25 ppm of methanol, ethanol, acetone, and NO-.

3.3. Gas-Sensing Properties of the Gas Sensors. SnO> samples with different TCAAS sizes are
used as a gas sensor for detecting different concentrations of ethanol gases (25, 18, 12, and 6 ppm)
at room temperature, as schematically illustrated in Figure 3a. Applied with a voltage of 4 V, the
gas sensor sensitivity is defined as 1/1o.%° Ip and I; are output currents of the sensor in air and the
detecting atmosphere, respectively. Figure 3b presents gas-sensing responses to different
concentrations of ethanol gases for the samples with periods of 289, 433, 577, and 1154 nm. It is
found that the gas-sensing sensitivity increases with the increasing of the TCAAS size (i.e., the
decreasing of periods). Shown by the sample with the largest TCAAS (289 nm of the period), the
most sensitive gas-sensing is of the sensitivity (i.e., 1i/lo) that can be up to 2.42, 1.99, 1.67, and
1.52 for 25, 18, 12, and 6 ppm of ethanol gases. This sensitive gas-sensing response indicates that
this sample has a low detection limit of around 6 ppm ethanol gas or even the lower. Among the
room-temperature SnO: gas sensors, the sensitivity of the 289 nm sample is also competitive. For
example, in the room temperature detection of ethanol gas, the high sensitivity in the references is
around 7 for 50 ppm ethanol,®” which is closed to that of our sample (see Supporting Information

Table S1).

In contrast, the sample with the smallest TCAAS (1154 nm of the period) is of a degraded
sensitivity that is more than 2-times weaker than that of the largest TCAAS among detections of
6-25 ppm ethanol gases; even the ethanol gas is up to 25 ppm, the gas-sensing sensitivity of the
sample with the 1154 nm period is just 1.08. Without TCAASs on an SnO: layer (i.e., the period
is 0), the sample has no a gas-sensing response to the ethanol gas ranging from 6 ppm to 25 ppm,

as depicted in Figure 3c. In Figure 3d, the investigation of gas-sensing selectivity confirms the
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specific response of the sample (e.g., the 289-nm-period sample) to ethanol gas. In this work, the
target gases include 5% Ha, 10% oxygen, and 25 ppm of methanol, ethanol, acetone, isopropanol,
and NO». The sample sensitivity to the ethanol gas is higher than the others, and thus the ethanol
gas is also selected as a model gas for the mechanism study. Note that the selectivity of our sample
is fair as compared to those reported,*®*! and a comparison shown in Table S2 suggests that this
fair selectivity should be related to the low operated temperature (room temperature) and the low
target gas concentration (25 ppm) in this work. Furthermore, in detecting 25 ppm ethanol gas at
room temperature, our sensor also exhibits a stable response for (i) the humidity variation from

28% to 32% (ii) and a two-week measurement (see Supporting Information S7).

To investigate the mechanism of this TCAAS origin of gas-sensing, we firstly fabricate the
samples into a field effect transistor and find an n-type conductance channel for all SnO, samples
(see Supporting Information S8). By Hall effect measurements, the carrier density of the sample
(n) is estimated around 2.3 x 10?* ¢cm?. Introduced ethanol gaseous molecules can increase carrier
density (An > 0) of these n-type samples to enhance their current intensity (characterized by /i/Io
> 1).3% With the introduced 25 ppm ethanol gas, the current intensity increases 142%, 45%, 12%,
and 8% for the samples with periods of 289, 433, 577, and 1154 nm (calculated by Al/lo, Al = I -
Ip). Given by the correlation between the current and the carrier density variation (Al = AnAvQ, A4,
v, and Q are respectively the cross-sectional area of conductor, carrier velocity, carrier charge), the
carrier density increase is then estimated to 3.27 x 107, 1.04 x 107, 0.28 x 10%, and 0.18 x 10?3
for the samples with TCAAS from large to small. According to Equation 2, one introduced ethanol
gaseous molecule can react with 3/4 adsorbed oxygen ion to increase 3/4 carrier for SnO. The
adsorption quantity of ethanol gaseous molecules is then estimated to 4.35 x 10%, 1.38 x 10%,

0.37 x 10?,0.25 x 10 for the sample with TCAAS from large to small. The estimated adsorption
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quantity of ethanol gas on the large-TCAAS sample is distinctly higher than that of the small-
TCAAS. Together with the TCAAS-dependent sensitivity, these results suggest that the high
sensitivity manifested by the large-TCAAS sample should be attributed to its large adsorption

quantity of the ethanol gas.
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Figure 4. (a) Schematic representations showing the KFM setup for measuring a line-scanned
surface potential across the samples with or without ethanol gas, and the KFM roughness statistics
based on these two line-scanned surface potentials. Successive changes in atmospheres are made
prior to each image acquisition: (1) in air and (ii) with 25 ppm ethanol, i.e., without and with ethanol
gas. The right column shows KFM roughness statistics based on a line-scanned surface potential
across a certain length of the samples. (b-¢) KFM images of the samples with different periods,

such as 289 nm (b), 433 nm (c¢), 577 nm (d) and 1154 nm (e).

3.4. Adsorption Enhancements on the Gas Sensors. To demonstrate the sample sensitivity is
positively associated with its adsorption quantity of ethanol gas, we perform KFM
characterizations on a 3.5 um? area of each sample. Figure 4a schematically shows KFM setups, a
line of the surface potential scanned across the samples, and the KFM roughness statistics based
on the line-scanned surface potentials. Note that results of the KFM roughness statistics can show
the percentages of different surface potential values. A positive and a negative shift of a surface-
potential-percentage-dependent curve represent an increase and a decrease of surface potential,
respectively. Next, according to the detecting atmosphere aforementioned, successive changes in
the atmosphere are made prior to each KFM image acquisition: (i) in air and (ii) with 25 ppm
ethanol (i.e., without and with ethanol gas). Figure 4b-e present the KFM images of the samples
with periods of 289 nm (Figure 4b), 433 nm (Figure 4c), 577 nm (Figure 4d), and 1154 nm (Figure
4e), where the right column describes the KFM roughness statistics. It is found that, the samples
with periods of 289 and 433 nm exhibit a distinctly positive shift of the curve. In contrast, an
ambiguous shift is observed for the sample with periods of 577 and 1154 nm. This comparison
reveals that a larger surface potential increase occurs on the samples with periods of 289 and

433 nm. In the case of surface potential average, the increase of surface potential average is up to
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0.58 and 0.18 mV for the samples with periods of 289 and 433 nm, whereas the ambiguous
increases of 0.06 and 0.005 mV respectively occur for the samples with periods of 577 and
1154 nm (see Table S3 in Supporting Information). Considering the fact that the surface potential
of the SnO» can increase for the introduction of the ethanol gas, a larger surface-potential increase
in the 289 nm and the 433 nm sample proves their higher adsorption quantity of the ethanol gas,

where they possess a large TCAAS.

4. CONCLUSIONS

To summarize, this work offers a concept of adsorption active site for designing gas sensors with
high sensitivity. According to the proposed concept, the fabrication process of the sensors is
simple: by coating a 6.85-nm-thin SnO; on a triangle array, the SnO> gas sensor is prepared with
an ensemble of triangular convex adsorption active sites (i.e., TCAASs). These adsorption active
sites facilitate the surface adsorption of the sensor. In a room-temperature gas detection, the sensor
exhibits a low detection limit of around 6 ppm ethanol gas. For investigating the gas-sensing
mechanism, the samples with different TCAAS periods, ranging from 289 to 1154 nm, are also
fabricated and present an adsorption-active-site-dependent sensitivity. Without adsorption active
sites, the flat layer of SnO: has no responses even to 25 ppm ethanol gas. To reveal the mechanism
of this adsorption-active-site-origin of sensitivity, we use KFM to investigate adsorption quantity
of ethanol gas on the sample by its surface potential variation for ethanol gas. Importantly, the
KFM results distinctly show an adsorption enhancement on the TCAAS by its large increase of
surface potential after introducing ethanol gas. Based on the above, this work confirms that the
creation of adsorption active sites can efficiently enhance surface adsorption for the sensitive gas-
sensing. It is anticipated that the concept of the adsorption active site is applicable to different gas-

sensing systems, serving as a general gas-sensing concept to design future gas sensors.
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