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ABSTRACT: There is an increasing need for multifunctional sensors that can detect
radiation, biological activity, gas, etc. for efficient health monitoring, neurological medical
devices, and human—machine interfaces in recent years. Herein, we demonstrated a
multifunctional Sn-doped In,O; nanocrystal (ITO NC) based device for ulyoutraviolet
(UV)/infrared (IR) dual-band photodetection and light-activated efficient nitrogen
dioxide (NO,) gas sensing at room temperature (RT). The effects of different surface ol : ];0 : i
ligands and annealing process of ITO NCs on their photodetection performance were ; 0 No,  Temperature (C)
investigated. The ITO NCs capped with 1,2-ethanedithiol (EDT) show a responsivity of W' J

31.3/177.7 mA W™ and normalized detectivity of ~1 X 10'°/10° cm Hz"> W~" under oo e

UV/IR illumination at 375/2200 nm at RT. The potential of the ITO NCs sensors to : }3
monitor low concentrations of NO, is activated by light illumination. The sensor has a PN
higher response (4.2) to 1 ppm of NO,, shorter response/recovery time (156.8/554.2's), SiO,
and a lower detection limit (LOD) (219 ppb) under UV illumination compared within a

dark environment. The LOD of the sensor is lower than the allowable exposure limit of NO, specified in “Air Pollutant Limits” of
the Occupational Safety and Health Administration (OSHA). Our work paves an alternative platform for the development of low-
cost, integration-friendly multifunctional devices.
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B INTRODUCTION

With the rapid development of portable devices and Internet of
Things, the need for integration of sensors has accelerated the
research of multifunctional sensing platforms. Multifunctional
sensors that can detect light radiation, biological activities,
stress, and gases in order to monitor environmental changes
have great potential applications, enabling efficient health

functional systems. One specific concern with these materials is
that they should meet the requirements of miniaturization and
planar integration. In addition to multiple functions, the sensor
should also have high sensitivity, low power consumption, and
low cost. Silicon materials, currently prevalent in the
semiconductor field, have been successfully utilized for
photodetection, biological sensing, gas sensing, etc.” However,

monitoring, neurological medical devices, human—machine
interfaces, and other integrated smart microsystems."”
Currently, the well-known multifunctional sensors combining
pressure/stress sensor with humidity sensor for human—
machine interaction have provided abundant information from
the human body surroundings, being beneficial for evaluation
of health states. A multifunctional sensor that is sensitive to
touch or temperature can find important application in
prosthetics for the disabled.” On the other hand, various
types of gas sensors have been developed to monitor the
harmful gas content in the atmosphere.” For instance,
hybridization of ultraviolet (UV) photosensitive semiconduc-
tor with gas sensing capability is a feasible approach to
generate such multifunctional devices. Tracking environmental
conditions, including concentration of harmful gas, ambient
temperature, UV radiation, etc., provides valuable information
for human activity monitoring and personal telemedicine care.

The development and synthesis of multifunctional materials
are a prerequisite for constructing multifunctional devices and
understanding the design rules of next-generation hybrid

© 2022 American Chemical Society
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the inherent difficulties of their integration onto arbitrary
substrates have limited their applicability. As an alternative, in
recent years, plasmonics has become a hot area for studying
light—matter interactions,®” and surface plasmon resonances
(SPs) in nanomaterials has been successfully used in light
detection, gas sensing, biological sensing, etc.,® 10 owing to
their outstanding physical and chemical properties, such as
abundant chemical active sites, high surface-to-volume ratio,
and tunable light absorption. Materials with SPs effect have
renewed opportunities in designing and assembling different
sensing mechanisms in realizing multifunctional sensors. SPs
exist at the interface between noble metal and dielectric or
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localized on the surface of metal alloys and heavily doped
semiconductors nanoparticles.'’ Conventional SPs mediums
are mainly made of noble metal materials, and their SP
absorption is mainly concentrated in the visible range due to
the high carrier concentration of noble metal materials. In
contrast, doped semiconductor NCs can easily achieve SP
absorption in the near- to mid-IR range by modulating the
doping concentration.'” These include defect-doped sulfur and
phosphorus copper compounds (Cu,_,S, Cu,_,Se, Cu,__Te,
Cu;_,P),"”* doped metal oxides,"*™'® and silicon NCs."”
Compared with the strong visible resonance absorption in
noble metal nanoparticles,'” doped metal oxides are gradually
becoming a hot spot for IR optoelectronic research due to their
low cost and easy tunability of IR absorption by changing its
doping concentration.'” Doped metal oxide NCs have high
light absorption efficiencies in the near/mid-IR region. For
example, typical Sn-doped In,0; NCs (ITO NCs) can reach a
molar extinction coefficient of 10 M~ ¢cm™!, which is 2 orders
of magnitude higher than that of PbS and PbSe quantum dots
in the same wavelength band.*® On the other hand, ITO has
been widely used as transparent electrode material in light-
emitting diodes,” ~** solar cells,”* and touch screens.”® In this
regard, ITO NCs not only have good visible light trans-
mittance but also can realize the controlled adjustment of its
IR plasmon resonance absorption.'” In addition, due to the
intrinsic bandgap absorption (3.55—3.75 eV), ITO NCs also
exhibit excellent absorption properties in the UV band, which
provides a material basis for the preparation of dual-band
photodetection in UV and IR regimes. Moreover, it is worth
noting that In,O3, due to its wide bandgap and low resistivity,
is a promising gas-sensitive material as well?® In recent years,
In,O; nanomaterials with different morphologies have been
synthesized and utilized for gas sensing, such as nanoparticles,
nanoflowers, nanosheets, nanowires, and so on.””** According
to reports, heteroatom doped In,O; can change the properties
of the material, such as carrier concentration, defect state,
particle size, etc, which can effectively improve the gas
sensitivity of the material. For example, Ce-doped In,0O;
nanostructures show good sensitivity to ethylene glycol at
240 °C.”” The sensing performance of Pr-doped In,O,
nanoparticles to ethanol is better than that of pure In,0;.°
However, these gas sensors typically operate at high temper-
atures of 200—500 °C, as they require thermal energy to
activate the adsorbed gas and to overcome energy barriers to
satisfy sensing response. High operating temperatures may
increase the complexity of fabrication and cause attenuation of
sensor sensitivity due to thermally induced maturation of
nanoparticles. Therefore, many research results have been
devoted to the development of gas sensors that can operate at
lower temperatures or even at RT.*® In this regard,
photoactivation is a promising alternative to heat source. It
has been reported that irradiating semiconductor materials
with light can change the surface electronic properties by
adjusting the concentration of photogenerated carriers, thereby
improving the sensor sensitivity and response/recovery speed
at RT.’" Thereby, exploring novel materials with both
photosensitivity and gas sensitivity is nontrivial to the
development of multifunctional sensing system.

While important progress has been made on research of ITO
based optoelectronic devices, the developed devices at present
usually only have a single function for the target, which cannot
meet the requirement of multifunctional sensing platform.
From the above description, we expected that ITO NCs are

promising materials for low-cost, high performance multifunc-
tional sensing devices, due to their impressive resonance light
absorption, abundant chemical active sites, high surface-to-
volume ratio, and ease of processing, but the function
hybridizations are rarely explored so far. In this paper, we
construct a multifunctional sensing device based on ITO NCs.
The multifunctional devices achieve visible-blind dual-band
photodetection in UV and IR regimes and light-activated NO,
gas detection at RT. The device prepared by using 10% Sn-
doped ITO NCs can obtain a significant photoresponse in the
2200 nm with a maximum responsivity of 177.7 mA W' and a
normalized detectivity of ~1 X 10° cm Hz'/> W™, Its response
band is close to the mid-IR and can achieve both UV light
detection with a normalized detectivity of ~1.3 X 10° cm
Hz"> W™ at 375 nm at RT. Notably, barely no response in the
visible range was observed for pure ITO NCs. Under UV
irradiation, ITO NCs exhibited significantly higher response to
NO, (4.2—1 ppm of NO,), shorter response/recovery speeds
(156.8/554.2 s), and low LOD (219 ppb) compared with in
the dark. Our multifunctional sensing system provides a new
platform for emerging miniaturized and integrated sensors that
hold potential applications in fire rescue, monitoring of lung
inflammation, and prevention of skin damage caused by UV
light.

B EXPERIMENTAL SECTION

Preparation of ITO NCs. ITO NCs with tunable Sn doping
concentration were prepared based on the previously reported
method.*” In a typical synthesis of 10% ITO NCs, 1.8 mmol of
indium(III) acetate and 0.2 mmol of tin(IV) acetate were mixed with
4 mL of oleic acid in a 25 mL flask. After degassing under vacuum for
1 h at 100 °C, the mixture was heated at 150 °C for 30 min to
promote the formation of metal oleate precursors. In another reaction
flask, 26 mL of oleyl alcohol was vacuum-dried at 100 °C for 1 h
before being heated to 275 °C under N, atmosphere. Afterward, the
metal precursor solution was added dropwise via a syringe pump
(~0.13 mL/min) into the flask containing oleyl alcohol. After
completion of injection, the reaction mixture was kept at 275 °C for
another 10 min before being cooled to RT. The NCs were isolated by
precipitation with isopropanol and centrifugation at 6000 rpm for S
min. The NCs were redispersed in ~20 mL of hexane and centrifuged
at 3000 rpm for 3 min to remove large aggregates. Following another
round of isopropanol precipitation and centrifugation, the ITO NCs
were finally dispersed in octane (5 mg mL™") for device fabrication.

Ligand Exchange of ITO NCs. EDT (0.1% v/v in acetonitrile),
MPA (1% v/v in methanol), and MAI (10 mg mL™" in methanol) are
used to exchange the native oleate ligand on ITO NCs. The ITO NC
solution (S mg mL™" in octane) was spin-coated onto quartz or silicon
substrate. Then, ~0.2 mL of exchange solution was dropped onto the
NC film for 30 s, followed by two rinse—spin steps with the pure
solutions (acetonitrile or methanol). The above ligand exchange
process was repeated for one more round.

Device Preparation and Characterization. ITO NC photo-
detectors were fabricated on SiO,/Si substrates. After spin-coating
ITO NCs, ligand exchange was first performed. Then, Au or Ag metal
electrodes were evaporated by thermal evaporation. The morpholo-
gies of the ITO NCs were characterized using transmission electron
microscopy (TEM, FEI Tecnai F30). The absorption spectra of the
films were measured by UV—vis—NIR spectrophotometer. The
valence band and Fermi energy level positions of the NCs were
analyzed by ultraviolet photoelectron spectroscopy (UPS). Electrical
characterization was carried out at RT and under vacuum conditions
by an equipped probe stage as well as a semiconductor property
analyzer (Keithley 4200).

Sensor Measurements. The gas sensor measurement is carried
out in an enclosed temperature-controlled probe station (Instec,
hcp421v-pm) equipped with a Keithley 4200 semiconductor
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Figure 1. ITO NCs with different doping concentrations. (a) Experimental flowchart for the synthesis of ITO NCs. TEM images of (b) 10% and
(c) 12.5% Sn-doped ITO NCs. (d) UV—vis—NIR absorption spectra of ITO NCs at different doping concentrations without ligand exchange. (e)
UV—vis—NIR absorption spectra and (f) FTIR measurement results of ITO NCs with 10% Sn doping after different ligand exchanges. (g) UPS

results of ITO NCs with 10% Sn doping after different ligand exchanges.

characterization system to monitor current changes. Three mass flow
controllers (MFC, Sevenstar, CS-200A) realize the change of NO,
concentration from 0.2 to 100 ppm by changing the flow ratio
between NO, and N,. The desired concentration and flux of NO, gas
were obtained from mass flow controllers by mixing N, diluted 100
ppm of NO, gas and 99.999% N, gas. The gas pressure during
measurement of gas sensing is at 101.325 kPa. Two irradiating lasers
with wavelengths of 375 and 2200 nm are used during the
experiments. The distance between the light source and the sensor
and light intensity is fixed at 20 cm and 12.5 mW-cm 2 The gas
sensing experiments are carried out under different temperatures (25
°C, 100 °C, 150 °C, 200 °C, and 250 °C) and different wavelengths
of light. The applied bias voltage of the device is set to 1 V.

B RESULTS AND DISCUSSION

Characterization of ITO NCs. ITO NCs were prepared
according to the previous work.”> The experimental flowchart
of synthesis of ITO NCs is shown in Figure la, where the
precursor solution of the metal oleate complex is slowly
injected into the oleyl alcohol solution at a certain rate,
resulting in the generation of ITO NCs due to the rapid
esterification reaction. The details of synthesis process are
described in the Experimental Section. By varying the ratio of
indium and tin in the precursor solution, the regulation of the
Sn doping concentration in the ITO NCs can be achieved.
Figure 1b and Figure lc show the transmission electron
microscope (TEM) images of ITO NCs synthesized with 10%
(10% ITO) and 12.5% (12.5% ITO) Sn molar concentration

24650

in the precursor solutions, respectively. The obtained ITO
NCs exhibit uniform size distribution with average diameters
of 6 nm (Figure Slab). The alternation of Sn input has a
negligible effect on the particle size. The elemental
compositions of the ITO NCs were quantified by using
energy-dispersive X-ray spectroscopy (EDX) performed on
NC ensembles (Figure S2). The Sn/(Sn + In) atomic ratios
were estimated as 9% and 12.5% for the ITO NCs synthesized
with 10% and 12.5% Sn precursor input, respectively. The
results are corresponding to the previous report and suggest
that the rapid esterification is an effective method to synthesize
doped NCs by simultaneously and completely decomposing
the precursors.”” Furthermore, the powder X-ray diffraction
patterns of the obtained ITO NCs (Figure S3) show almost
the same crystal structure as the In,O; host, indicating that
there is no SnO, phase embedded into the NCs, which is also
corresponding to the previous reports.”’ The 10% ITO NCs
show a prominent absorption peak at ~2300 nm, which can be
attributed to the localized surface plasmon resonance
(LSPR)." The LSPR peak is blue-shifted to ~2000 nm for
12.5% ITO NCs (Figure 1d). In addition, we found that the
material also shows relatively high absorption in the UV band,
which is attributed to the bandgap absorption of ITO.** The
direct optical bandgap of the ITO NCs can be estimated from
the plot of (ahv)” versus hv (a, absorption coefficient; hv,
photon energy) by extrapolating the linear portion of the
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Figure 2. Photodetectors prepared on SiO,/Si substrate characterized under 2200 and 375 nm incident light. (a) Schematic diagram of the device.
(b) Dark currents of the devices fabricated by ITO NCs with different ligands. (c) Photocurrents of the devices fabricated by ITO NCs with
different ligands. Energy band diagram without (d) and with (e) voltage bias. (f) I-T and (g) photocurrent and responsivity of the device under
2200 nm fabricated by ITO NCs with EDT ligand under different incident light powers. (h) I-T and (i) photocurrent and responsivity of the
device under 375 nm fabricated by ITO NCs with EDT ligand under different incident light powers.

absorption curve to a = 0 (Figure $4).*° The bandgap of 10%
ITO NCs is estimated as 3.96 eV, which increases to 3.99 eV
due to the occupation of the low-lying energy levels of the
conduction band at high carrier concentrations (Burstein—
Moss shift).

For optoelectronic applications, it requires removing the
native long-chain ligands around NCs to increase coupling and
conductivity of the NC array.”® We conducted ligand exchange
experiments for ITO NCs by employing three typical small
molecules (1,2-ethanedithiol (EDT), 3-mercaptopropionic
acid (MPA), and methylammonium iodide (MAI)). The
absorption peak of 10% ITO NCs shifts from ~2300 to 2450
nm after the ligand exchanges, which can be attributed to the
alternation of the surface environment (i.e., dielectric function
of the matrix) around NCs (Figure le).”” The Fourier
transform IR spectroscopy (FTIR) measurements clearly
confirm the native oleic acid has been substantially exchanged
by the small molecules, as indicated by the decreased intensity
of C—H vibration at 2750—3000 cm™" (Figure 1f). Notably,
the intensity of C—H vibration drops the most after EDT
exchange, indicating that EDT can exchange the native oleic
acid eficiently. Furthermore, ultraviolet photoelectron spec-
troscopy (UPS) measurements were performed to determine
the energy levels of the exchanged ITO NC films. The Fermi
level Ep and valence band edge E, are extracted and displayed
in Figure 1g and Table S1. The slight difference in the energy
levels may be attributed to the different electric dipoles
generated by the surface-bound ligand molecule.*®

24651

ITO NCs Photodetector Characterization. The sche-
matic diagram of a ITO NC based photodetector device is
shown in Figure 2a. During the device fabrication, the ITO
NCs was first spin-coated uniformly onto Si substrate with 300
nm thermally grown SiO,, followed by ligand exchange to
replace the long-chain surface ligands as described above.
Then, Au electrodes with a thickness of about 100 nm was
deposited by thermal evaporation. A series of control
experiments were performed to investigate the device photo-
response performance. To avoid other possible disturbances
from the atmospheric environment, all subsequent photo-
electric measurements were performed under vacuum with
laser sources from 375 to 2200 nm. The effect of different
surface ligands on the device dark current is obvious as shown
in Figure 2b. The dark current of ITO NCs capped with MAI
is the largest, about 11.0 A (at 1 V), indicating the improved
conductivity of the device. The dark currents of the device
capped with MPA and EDT are relatively small, which are 1.8
and 1.6 pA under 1 V external bias, respectively. When the
device is illuminated under 2200 nm incident light, there is a
significant current boost, as shown in Figure 2c. The
photocurrent gradually increases with the increase of voltage,
showing a linear dependence behavior, which proves the
applicability of the ITO NCs for IR photodetection. Figure 2d
and Figure 2e show the energy band diagrams of the device
unbiased and in the presence of biased voltage. As shown in
the figure, there is no net current in the ITO NC device
without biased voltage. The presence of a biased voltage leads
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Figure 3. Device performance with different ITO NCs annealing temperatures. (a) UV—vis—NIR absorption spectra of the ITO NCs with and
without annealing. (b) I-V characteristics of the devices with different annealing temperatures in dark. (c) I-T characteristics of the devices
fabricated at 1 V bias voltage with different annealing temperatures. (d) Photocurrent and dark current of the device with annealing temperature.
(e) Responsivity and detectivity of the device with different annealing temperatures.

to the transfer of photogenerated carriers toward metal
electrodes and hence current generation. The device
responsivity and detectivity can be derived using the equations
R=14"4 jn4 p* = X&) 11//22
(241y)
the device current under illumination, I represents the dark
current, A represents the illuminated device area, and g
represents the electron charge.””** The calculated results
according to Figure 2b and Figure 2c are shown in Figure S3a,
where ITO capped with MAI based device has the highest
responsivity, while ITO capped with EDT shows the largest
detectivity, which may be attributed to the improved
conductivity and lower dark current of device based on ITO
capped with EDT. On the basis of these preliminary results, we
further investigated the properties of devices based on ITO
NCs capped with EDT in the following part.

Figure 2f shows the time-dependent photocurrents (I-T) of
the device under 2200 nm with different optical powers,
respectively. The photocurrent of the device tends to increase
with promoting optical power and also shows a good
repeatability as seen from the figure. Figure SSb shows the
voltage-dependent photocurrents of the device under 2200 nm,
respectively. It can be seen that the photocurrent increases
with the increase of bias voltage. Figure 2g depicts the power-
dependent photocurrent and device responsivity. The calcu-

respectively, where I represents
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lated responsivity of the device decreases as the optical power
increases, in good agreement with previous report.41

To verify the UV detection ability of the device, the
photoresponse properties were investigated under 375 nm
laser illumination, and the results are shown in Figure 2h,i and
Figure S5c,d. When the device is irradiated by the same light
source of different powers, there is a large difference in the
current generated. The photocurrent of the device increases
continuously with the power increasing (Figure 2h). The dark
current is about 23.7 nA at an applied voltage of 1 V, while the
current of the device rises to 213.3 nA at an applied optical
power of 8.65 mW, with an on—off ratio of around 9 (Figure
SS5c). It can be seen from Figures 2h and S5d that the
measured current repeated well when we varied the optical
power and bias voltage. Meanwhile, it can be seen from Figure
2i that the responsivity can reach 31.3 mA W', and the
corresponding detectivity is calculated to be up to ~1.3 X 10"
cm Hz? W™, which fully illustrates the feasibility of the
device for UV short-wavelength detection. It should be pointed
out that the device responsivity shows a monotonic increase as
we increased the incident light power, which is possibly due to
the relatively weak light power we have used during the
experiments in order to avoid any deterioration of ITO NCs
under strong UV light emission.
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Figure 4. Gas sensing performance of ITO NCs. (a) Response of ITO NCs to 1 ppm of NO, at 25—250 °C. (b) Diffusion model of NO,
molecules at the ITO NCs layer. (c) Dynamic response—recovery curves of the sensors to NO, in the range 0.5—100 ppm at RT without light. (d)
Response of ITO NCs in the ranges from 0.5 to 100 ppm and (e) from 0.5 to 10 ppm. (f) Reproducibility of ITO NCs on successive exposure to 1

ppm of NO, without light at RT.

To further improve the device performance, we added an
annealing step during the device preparation process. As
mentioned in the previous section, we replaced the long-chain
ligands on the surface of ITO NCs with short-chain ligands in
order to reduce the distance between NCs. After that, the ITO
NCs films were annealed in N, atmosphere for 10 min at
different temperatures and then cooled to RT. The annealing
process facilitates the NCs to bind more tightly. Figure 3a
shows that the absorption peaks of the materials are
significantly red-shifted after annealing, which is caused by
the direct coupling enhancement of the NCs.*” This
phenomenon was also found in ITO NCs capped with
different ligands, as shown in Figure S6a,b. Figure 3b shows the
influence of different annealing temperatures on the electronic
properties of ITO NCs. As the voltage is increased, due to the
enhancement of the electric field, more electrons will be
collected by the electrode per unit of time, and the current will
also increase. However, when the voltage increases to a certain
value, the current shows a much slower increasing trend after
annealing (the purple curve in Figure 3b). This phenomenon
can be explained by the following reasons. The annealed ITO
NCs tend to agglomerate with each other at relatively high

temperature and form an electron depletion layer at the
boundaries, leading to formation of an electron potential
barrier (see inset of Figure 3b).**** Under small bias voltage,
the enhancement of the electric field will facilitate more
electrons across the barrier at the boundary, resulting in a steep
increase of device current. As the bias voltage further increases,
the number of electrons reaches saturation, thus causing a
slower increase in the current. It is also noteworthy that the
device current starts to decrease as the annealing temperature
reaches 300 °C and beyond, which is possibly due to the melt
of ITO NCs at high temperature. Figure 3¢ demonstrates the
time-dependent photoresponse of the device under 2200 nm
light illumination. The optical response of the device at a
constant incident light power increases with annealing
temperature, reaching a maximum at 300 °C. Once the
temperature exceeds 300 °C, the optical response of the device
decays distinctly, and photocurrent generation is basically not
observed at 400 °C and beyond, which is also consistent with
our previous expectation that the ITO NCs may start to melt
at high temperature. Figure 3d demonstrates the device dark
currents and photocurrents under different annealing temper-
atures, and the corresponding device responsivities and

https://doi.org/10.1021/acsami.2c05280
ACS Appl. Mater. Interfaces 2022, 14, 24648—24658


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05280/suppl_file/am2c05280_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05280?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05280?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05280?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05280?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

detectivities obtained at different temperatures were shown in
Figure 3e. As shown in the figure, mild annealing is beneficial
to the device performance, and the optimal annealing
temperature is 300 °C. Under this condition, we obtained a
responsivity of 177.7 mA W' and a normalized detectivity of
around 1X 10° cm Hz"?> W™! under 2200 nm illumination at
RT. The above results prove the potential of ITO NCs for high
performance UV-IR photodetection operating at RT.

Gas Sensing Properties of ITO NCs. Nitrogen dioxide
(NO,) released from industrial waste and biological fossils, at a
concentration higher than 1 ppm, causes damage to the
respiratory system and worsens respiratory diseases.” In view
of this negative impact, there is an urgent need to develop the
sensor that can effectively detect low-concentration NO, gas.
We study the gas sensing characteristics of ITO NCs devices
on SiO, substrate with the same structure as shown in Figure
4b. First, we measured the response of the sensor from RT (25
°C) to 250 °C to determine the optimum operating
temperature for NO, sensing. Figure 4a shows the response
to 1 ppm of NO, gas at different temperatures. It can be seen
from the response trend of each curve that as the temperature
increases, the response gradually increases until it reaches the
optimal value and then decreases. As the temperature
increases, the molecules become more active to overcome
the surface energy barrier, and adsorb on the surface of ITO
NCs, resulting in increase of response. But when the
temperature rises further, the high temperature will cause the
amount of adsorbed NO, to decrease, thereby reducing the
response.*® The response ratio of the sensor is defined as the
ratio R = I;/I,, where I, and I, are current values of sensors in
nitrogen and target gas, respectively. The response ratio of the
ITO sensor to 1 ppm of NO, reaches 2.52 in the dark,
indicating that the sensor can detect low concentrations of
NO, at RT. The results in Figure 4a also show that the
response of the sensor to NO, is 4.2 at RT (1 ppm of NO,)
under UV illumination, which is 1.7 times higher than that
under dark conditions. However, under 2200 nm IR
irradiation, the response of ITO NCs does not increase
significantly. And the details of gas-sensing mechanism under
light illumination will be discussed in the following part.

The gas sensing mechanism is based on the current change
produced by the adsorption or desorption process on the
surface of the semiconductor material in different gas
environments. Figure 4b shows the diffusion model of NO,
molecules at the ITO NCs layer. When the bias voltage is
applied to the device, the electrons will move inside the ITO
NCs. After the electrons move to the interface of the two NCs,
it needs to cross the grain boundary barrier and enter another
NC to continue transport. The current of the sensor is
determined by the grain boundary barrier and the width of the
depletion layer of the NCs, both of which are related to the
adsorption of NO,. The reaction, shown in the equation NO,
(gas) + e~ > NO,™ (ads), will occur on the surface of the ITO
NCs. The choice of the light source should consider the
bandgap of the semiconductor. The wide bandgap of ITO NCs
means that the material can be well activated by light with
higher photon energy in the UV region. Figure S7 shows the
band diagram of the NO, sensing process in UV light. The
light illumination can change the surface carrier density of the
sensing material by exciting electrons from the valence band of
the semiconductor,”® and then NO, molecules are first
adsorbed on the surface of the material to form physical
adsorption NO, (ads). Subsequently, NO, (ads) will take away

the electrons in the conduction band of the material and
convert it into NO,~ (ads). At the same time, the surface of
the NCs loses electrons and forms an electron depletion layer.
The width of the electron depletion layer will become wider as
the amount of adsorbed NO, molecules increases so that the
electron conduction channel in the NCs becomes narrower
and the sensor exhibits a high resistance state. For the grain
boundary barrier, its height will increase as the amount of
adsorbed NO, gas increases, which will also cause the current
of the sensor to decrease. On the one hand, the defect level
caused by Sn doping can effectively inhibit the recombination
of photogenerated electrons and holes and lead to an increase
in the carrier concentration in the ITO NCs by the utilization
of UV light, thereby significantly improving the gas detection
performance at the RT. When detecting NO, under UV light
excitation, a large amount of NO, participates in the gas-
sensing reaction to capture electrons and adsorb on the surface
of the ITO NCs, resulting in a significant decrease in the
current of the ITO NCs-based gas sensor. The NO, gas-
sensitive reaction on the surface of the sensitive material under
light excitation is as follows:*”

2NO,(gas) + e () —» 2NO(w) + O, (hv)

On the other hand, the photogenerated electron/hole pair of
ITO NCs is the reason for the reduced response and recovery
time. According to the equation, the excited electrons capture
the NO, gas molecules and promote the adsorption of NO, to
the surface of the sensor, thereby shortening the response time.
Then, when the NO, is pumped out from the gas chamber, the
photogenerated hole will also help the desorption of reaction
products (NO(hv) and O, (hv)). Therefore, UV light
excitation can not only improve the response of the gas sensor
but also reduce the response and recovery time.

The dynamic response curve at different gas concentrations
in the dark environment at RT is shown in Figure 4c. As the
gas concentration increases from 0.5 to 100 ppm, the gas
sensor shows a significant difference in response, which is due
to a large number of absorption sites on the surface of the ITO
NCs for higher concentrations of gas molecules. In Figure 4d,
it can be observed that the response ratio of the gas sensor to
NO, gradually increases as the gas concentration increases in
the gas concentration range of 0.5—100 ppm. Figure 4e further
illustrates the relationship between the response of the ITO
NCs sensor and the gas concentration. When the NO,
concentration is in the range of 0.5—2 ppm and 2—10 ppm,
the curve can be well fitted to two linear functions with
different slopes. Then, the detection limit (LOD) can be
calculated using the formula LOD = 3 SD/slope, where SD is
the standard deviation of the noise, and the slope is the low
concentration sensitivity.** Therefore, the LOD is calculated
and estimated to be around 483 ppb. Figure 4f represents the
stability test of the sensor at RT. However, the sensor cannot
fully recover during the repetitive cycle and does not exhibit
satisfactory repeatability. Due to the strong interaction
between gas macules and ITO NCs, the desorption of target
gas from ITO NCs needs high energy, resulting in slow
response and incomplete recovery, which limits their
application on commercial sensing platforms. The response
time or the recovery time is defined as the time to reach 90%
of the total change in resistance. Figure S8 depicts the response
and recovery time of the ITO NCs in NO, gas at different
temperatures in dark. The current drops when the sensors are
exposed to an oxidizing gas (NO,), showing the typical
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Figure S. Gas sensing performance of ITO NCs under UV illumination. (a) Dynamic response—recovery curves of the sensors to NO, in the range
0.2—100 ppm at RT with 375 nm UV light. (b) Response of ITO NCs in the ranges from 0.2 to 100 ppm and (c) from 0.2 to 10 ppm with 375 nm
UV light. (d) Reproducibility of ITO NCs on successive exposure to 1 ppm of NO, with 375 nm UV light at RT.

Table 1. Comparison of the Gas Sensing Properties of Doped In,O; for NO,

material structure T,, (°C) LOD (ppm) response Tres/Trecov (S) ref
Fe-doped In,0; nanorods 80 0.1 82 (2 ppm) 75/60 52
Sn—In,04 nanofibers 90 1 44.6 (1 ppm) 106/85 S3
Pd—In,0, 3DOM* RT 0.1 980 (0.5 ppm) 270/286 54
In,0, nanosheets 100 0.05 5.3 (1 ppm) 289/478 SS
In,0; microcubes 60 0.5 ~6.5 (1 ppm) -/- 56
Rb—In,0, microspheres 75 0.004 10.2 (100 ppb) 210/65 57
SnO,—boron nitride nanotubes 100 0.25 ~2610 (S ppm) 38/40 58
MoS,—Sn0O, nanoflakes RT 0.01 34.47 (100 ppm) 2.2/10.54 59
SnO, nanotoast NY 0.1 105.2 (10 ppm) 10/37.2 60
ITO nanocrystals RT 0.22 42 (1 ppm) 210/554.2 this work

“3DOM: three dimensionally ordered macroporous.

behavior of n-type semiconductors. At RT and 100 °C, the
response times of the sensor is 563.4 and 104 s, respectively,
and it cannot be fully recovered. With increasing working
temperature, the response/recovery times are found to be 125
s/551 s, 165 s/481 s, and 308.96 s/369.54 s at operating
temperatures of 150 °C, 200 °C, and 250 °C, respectively.
Notably, as the operating temperature increases, the current of
the sensor can be restored to the initial state. However, high
operating temperature may reduce the working life of the
sensor and increase the complexity of manufacturing and make
the sensor sensitivity degenerated due to the thermally induced
ripening of nanoparticles.*”*

Therefore, we use an external light source to achieve fast
response and complete recovery. Figure S9 describes the
response/recovery time of ITO NCs under 12.5 mW cm ™ of
375 nm UV irradiation at the different operating temperatures.
Figure S8a shows the change of the transient current of the
sensor at RT. Compared with the baseline current (15 nA) in
the dark state, the baseline current of the sensor increases (45
nA) in Figure S9a due to the generation of photogenerated
electrons during UV irradiation. Moreover, the response time

24655

and recovery time of ITO NCs are 156.8 and 554.2 s at RT,
respectively, which are shorter than those in the dark. In
addition, in Figure S10a, we can find that under 2200 nm IR
light irradiation, the response time of the ITO NC sensor is
184 s, and the recovery rate is only 17% within 900 s at RT,
showing slight enhancement compared to that in the dark, but
inferior to that under UV light illumination.

In practical applications, real-time detection plays an
important role in the detection of toxic gases. Figure Sa
shows the dynamic response of the ITO sensor with increasing
NO, concentration under UV light illumination. The response
ratio and response times are 1.17 and 21.5 s for 0.2 ppm, 1.9
and 250.5 s for 0.5 ppm, and 4.2 and 2802 s for 1 ppm,
respectively. As shown in Figure 5b,c, the relationship between
the response and the gas concentration can still be fitted to two
linear functions with different slopes. Compared with that in
the dark (483 ppb), a lower LOD (219 ppb) is obtained under
UV irradiation. The LOD of the sensor is lower than the
allowable exposure limit of nitrogen dioxide (S ppm) specified
in “Air Pollutant Limits” of the Occupational Safety and Health
Administration (OSHA).”" Regarding the repeatability of the
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sensor, we measured several response/recovery periods of the
sensor to 1 ppm of NO,, as shown in Figure 5d, which shows
that in each cycle of NO, adsorption and desorption, the
sensor remains stable and can be restored to the initial current
value. In comparison, as shown in Figure S11 under 2200 nm
IR illumination, the sensor cannot recover to the initial current,
and the sensitivity is less enhanced compared to that under UV
illumination.

To demonstrate the potential effect of other interfering gases
on the ITO NCs at RT, the devices were exposed to several
other gases, including formaldehyde, ammonia, and sulfur
dioxide (Figure S12). Among the gases tested, the devices
exhibited high selectivity for 1 ppm of NO, under UV light
irradiation, while the devices did not possess good selectivity in
the dark or IR light. The above results indicated that the
introduction of UV excitation is an effective approach to
enhance the sensitivity to NO, at RT. A comparison with other
NO, sensors based on In,O; nanomaterials is listed in Table
1.°27%° Until now, various In,O; and SnO, nanostructures
have been utilized to detect NO,, including Fe-doped In,O;
nanorods, Sn—In,O; nanofibers, Pt—In,O; 3DOM, In,0,
nanosheets, In,O; microcubes, Rb—In,O; microspheres,
SnO,—boron nitride nanotube, SnO, nanotoast, etc. Our
sensor shows a relatively low operating temperature but
comparatively quick response time and comparable LOD
compared to other In,0; sensors. Accordingly, ITO NC is a
promising sensing material for detecting NO, at RT because of
its high response, lower LOD, and rapid response speeds.

B CONCLUSION

In summary, we have demonstrated the feasibility of utilizing
ITO NCs for a multifunctional sensing system. The system can
simultaneously detect a variety of environmental parameters,
including the changes in UV and IR light intensity and NO,
gas concentration. We have combined them with SiO,
substrates to realize a photodetector with a responsivity of
31.3 mA W' and a normalized detectivity of around 10'° cm
Hz"?> W' under UV illumination of 375 nm and a
responsivity of 177.7 mA W' and a normalized detectivity
of ~10° cm Hz"? W' under IR illumination of 2200 nm. In
addition, by varying the doping amount of Sn in the ITO NCs,
the absorption peaks are modulated, which also provides the
theoretical feasibility for future realization of a wavelength-
tunable IR photodetector. The results on the gas sensing
performance of ITO NCs exhibited a high response (2.52) to 1
ppm of NO, at RT. The performance of the device is further
promoted under UV light with a higher response of 4.2—1 ppm
of NO, which is 1.7 times that in the dark. Our research
provides a new platform for the development of multifunc-
tional device applications using zero-dimension nanomaterials,
potentially for integrated smart microsystems.
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