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Abstract

This work reports the analysis of visible light activation of room temperature NO; gas sensitivity
of metal oxide semiconductors (MOS): blank and CdSe quantum dots (QDs) sensitized
nanocrystalline matrixes ZnO, SnO, and In,O3. Nanocrystalline metal oxides (MOy) ZnO, SnO,,
In,O3 were synthesized by the precipitation method. Colloidal CdSe QDs were obtained by high
temperature colloidal synthesis. Sensitization was effectuated by direct adsorption of CdSe QDs
stabilized with oleic acid on MOy surface. The role of illumination consists in generation of
electrons, which can be transferred into MOy conduction band, and holes that can recombine
with the electrons previously trapped by the chemisorbed acceptor species and thus activate
desorption of analyte molecules. Under green light illumination for blank SnO, and In,O;
matrixes the indirect consequential mechanism for the generation of holes is proposed. Another
mechanism is realized in the presence of CdSe QDs. In this case the electron-hole pair is
generated in the CdSe quantum dot. Sensor measurements demonstrated that synthesized
materials can be used for NO, detection under visible (green) light illumination at room

temperature without any thermal heating.
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1. Introduction

The operating principle of semiconductor gas sensors is based on the high sensitivity of the
electrical properties of semiconductors surface to the ambient atmosphere composition.
However, the "solid — gas" reactions occur on the surface of metal oxide semiconductors (MOS)
at rather high temperatures 100-500 °C. Such a temperature is necessary to increase the
concentration of free charge carriers, for the activation of chemical reactions on the surface and
for desorption of the reaction products. The need for heating substantially increases power
consumption of semiconductor sensors that limits their use in stand-alone and portable devices,
especially in communication systems like smartphones. Upon detection of oxidizing gases (NO.,
O3) sensor signal generation occurs due to adsorption of analyte molecules on the metal oxide
surface, which is accompanied by the localization of electrons on the adsorbed species lowering
the electrical conductivity (for n-type semiconductors). At room temperature, this adsorption
process is Kinetically irreversible. The role of thermal heating upon NO, detection mainly
consists in the activation of analyte molecules desorption and recovery of electrophysical
properties of the sensitive material to initial state. In recent years, several reports on the use of
photoactivation to increase MOS appeared. The vast majority of publications is devoted to study
of MOS sensor properties under UV illumination [1 — 14]. The main obtained results were
briefly summarized in Ref. [15]. Authors [11 — 13] demonstrated that illumination of a
semiconductor metal oxide with UV-radiation is a good alternative to thermal heating to
modulate the sensor signal value towards the oxidizing gases due to the photodesorption process.

A further reduction of power consumption is possible by using the radiation in the visible
spectral range. However, bulk metal oxide semiconductors are transparent in this region of the
spectrum. So, there are only few articles reported the room temperature gas sensor properties of
blank nanocrystalline WOj3; [16], SnO, and ZnO [17] under visible light illumination. To increase
MOS sensitivity to the visible light it is necessary to modify them with the photosensitizers
capable to absorb such radiation. The role of sensitizers is to shift the optical sensitivity range of
semiconductor oxides to higher wavelengths. Upon absorption of light photons with the energy
greater than the band gap of the sensitizer an excitation of electron and its transition from the
valence band to the conduction band occur. Then if photosensitizer and semiconductor oxide are

in contact, a transition of an electron to the MOS conduction band becomes possible.



From a chemical point of view, all currently used photosensitizers of wide-gap
semiconductors can be divided into three types: dyes, supramolecular complexes, and
semiconductor quantum dots (QDs) [18]. The major advantage of the last ones is the possibility
to adjust absorption spectral positions, extinction coefficients, etc. by simply changing of QDs
size [19]. Effective charge transfer between QDs and wide band oxide semiconductor can be
achieved by matching the conduction band of metal oxide and 1S, size-dependent level of QDs
(Fig. 1, [20, 21]). These materials are being actively studied in connection with their use in solar
cells, but in the field of room temperature visible light activated semiconductor gas sensors only
ZnO/CdS sensor properties were considered [22 — 24].

Our previous work [15] reported the study of oxygen controlled photoconductivity and
visible light activated room temperature NO, gas sensors properties of nanocrystalline ZnO thick
films sensitized with colloidal CdSe QDs. It was demonstrated that under green light
illumination the electron-hole pair is generated in the CdSe quantum dot. Then photoexcited

electron transfers to the conduction band of the semiconductor matrix while interarction of
photoexcited hole can recombine with the electrons trapped by the chemisorbed NO3(,gs) , Which

loses its charge, becomes physically adsorbed, weakly coupled, and can be desorbed into gas
phase even at room temperature. Present article is devoted to the analysis of visible light
activation of room temperature NO, gas sensitivity of metal oxide semiconductors: blank and

CdSe QDs sensitized nanocrystalline matrixes ZnO, SnO; and In,0s.

2. Experimental
2.1. Materials synthesis.

Nanocrystalline metal oxides (MOy) ZnO, Sn0O,, In,O3 were synthesized by the
precipitation method [25 — 27]. To obtain nanocrystalline zinc oxide [25] Zn(CH3COO); solution
was slowly added to a stirred solution of NHsHCO; at 60 °C. After aging for 1 h at room
temperature, the Zn,(OH),,(COs3)x,-nH,O precipitate (white powder) was centrifuged, washed
with deionized water to remove residual ions and dried at 50 °C for 24 h. ZnO powder was
prepared by annealing the hydroxycarbonate at 300 °C for 24 hours in air.

Nanocrystalline samples of In,O3 were synthesized from In(NO3)3-4.5H,O which was
dissolved in deionized water in an ice bath and 25% aqueous ammonia was slowly added to the
stirred solution to achieve a complete precipitation of indium(l11) hydroxide [26]. The resulting
gel was centrifuged, washed several times with deionized water and dried at 100 °C during 24 h.

In,O3 powder was prepared by annealing In(OH)3 at 300 °C for 24 hours in air.
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Nanocrystalline SnO, was prepared by conventional hydrolysis of tin (IV) chloride [27].
SnCl,*5H,0 was dissolved in deionized water and 25% aqueous ammonia was slowly added to
the stirred solution to a complete precipitation of o-stannic acid. The resulting gel was
centrifuged, washed with deionized water up to complete disappearance of the chloride ions
(AgNO; test), and dried at 80 °C during 24 hours. The product was crushed and annealed in air at
300 °C for 24 hours.

For photoconductivity and sensor measurements nanocrystalline metal oxide powders were
mixed with a vehicle (o-terpineol in ethanol) and deposited in the form of thick films over
functional substrates, provided with Pt contacts on the front side and a Pt-meander that acts both
as heating element and temperature probe, on the back-side. Thick films were dried at 30 °C for
24 hours and sintered at 300 °C for 10 hours in air.

Colloidal CdSe quantum dots were synthesized by a procedure reported previously [28]
using oleic acid as a stabilizer. A mixture of Cd(CH3COOQ),, oleic acid and octadecene was
heated at 170 °C for 60 minutes under argon flow to remove acetic acid and water traces. Then
the solution was heated up to 230 °C and Se precursor (freshly prepared 1M solution of selenium
in trioctylphospine) was injected quickly. CdSe quantum dots were grown for 35 seconds. Then
the reaction was stopped by rapid cooling down to room temperature. Finally, CdSe nanocrystals
were precipitated from the solution by adding acetone. Then they were washed with acetone and
redispersed in hexane. Precipitation-redispersion procedure was repeated 2-3 times to remove
unreacted precursors and the excess of stabilizer.

Nanocomposites QD@MOy were obtained by the direct attachment of CdSe QDs to the
metal oxide surface. Sensitization was effectuated on MO, powders (for composition and
microstructure characterization and optical absorption investigations) and on MOy thick films
deposited over functional substrates (for photoconductivity and sensor measurements). Weighed
MO, powder (0.05 g) was immersed into 5 ml of hexane sol of CdSe QDs (4*10* M) for 24
hours, washed with hexane to remove unattached QDs and finally dried in air. The volume and
concentration of the sol were adjusted so that the amount of CdSe nanocrystals was 10 times
higher than adsorption capacity of weighed MOy powder.

Metal oxide thick films were immersed into hexane solution of CdSe QDs (2.4*10™ M) for

24 hours, washed with hexane and dried in air.

2.2. Materials characterization
Phase composition was examined by X-ray powder diffraction (XRD) with the Rigaku

diffractometer (wavelength A = 1.54059 A (Cu Kol radiation)). MO, crystallite size (dxrp) Was
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calculated from the broadening of the most intensive XRD peaks using Scherer equation. The
specific surface area was measured by nitrogen adsorption with the Chemisorb 2750 instrument
(Micromeritics). The microstructure of the QD@MOy composites was characterized by energy
dispersive X-ray spectroscopy combined with scanning transmission electron microscopy (EDX-
STEM) and high angular annular dark field STEM (HAADF-STEM) imaging. The study was
performed at a FEI Osiris microscope operated at 200 kV and equipped with a Super-X detector.

The shape and size of the CdSe QDs were investigated using the transmission electron
microscopy (TEM) performed with a LEO Omega 912AB microscope. The absorption spectra of
the QDs colloidal solutions and sensitized MOy powders in the wavelength range of 300-800 nm
were recorded using Varian Cary 50 and Perkin Elmer Lambda 35 spectrometers, respectively.

Chemical composition of sensitized MOy powders was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) on a quadrupole ICP mass spectrometer (Agilent 7500c;
Agilent Technologies, Waldbronn, Germany) [29]. Analytical signals were measured and data
were processed using the built-in ChemStation software (G1834B version). Measurements were
performed for isotopes ®® %zn, 1°In, 118 10gp 110 111 1204 77, 8256 The designations of the
samples, composition and microstructure parameters are given in Table 1.

The matching of composition of QD@MOy powders and thick films was confirmed by X-
ray fluorescent analysis (XRF) performed on M1 Mistral spectrometer (Bruker) with the beam
energy of 50 keV. The diameter of the analyzed area was 1.0 mm, the signal accumulation time —
2 min. The measurements were performed separately for QD@MOy powders and thick films
deposited over functional substrates. The compositions coincidence was verified by the ratio of
concentrations [Se]/[M], at. %.

Spectral dependence of photoconductivity of the sensitized films was investigated in a cell
shielded from the background light. To illuminate the samples with narrow spectral band of
radiation a combination of white light output 100 W/cm? with a monochromator MDR-206 was
used. Photoconductivity was registered using a Keithley 6517 electrometer as a change of the
sample conductivity under illumination. The samples were illuminated for 20 s at a certain
radiation wavelength with a 60 min interval before the next measurement at a successive
wavelength with 5 nm increment. The photoconductivity was calculated as a conductance ratio

Ao  o(A)-o,

Oy Oy

, 1)

where o(4) is film conductance under illumination with corresponding A, oy - film conductance

in dark conditions.



All sensor measurements have been carried out by flow through technique under a
controlled constant flux of 200 ml/min. The atmosphere composition was pre-assigned by means
of electronic mass-flow controllers (Bronkhorst). DC measurements (U = 3 V) have been carried
out to monitor the electrical conductance of the sample during exposure to and NOy/air gas
mixtures (0.2 — 1.6 ppm NO; in dry air) under periodic green light illumination. Miniature LED
of 20 mW/cm? power at the wavelength of excitonic transition of CdSe QDs Amax = 535 nm was
used as an illumination source. The linear character of current-voltage characteristics for the

used voltage range was confirmed in Ref. [30].

3. Results and discussion

According to the results of the XRD analysis, the synthesized metal oxides are single phase
nanocrystalline SnO, (cassiterite), ZnO (wurtzite) and In,03 (bixbyite) (Fig. 2). Average
crystallite diameters of MOy obtained with the Scherrer formula (Table 1) increase in the row
SnO; < Iny03 < ZnO. TEM images (Fig. 3 (a - ¢)) and crystal size distributions (Fig. 3 (d - f))
also indicate gradually increasing of MOx nanocrystals size.

Fig. 4a shows a typical TEM image of synthesized CdSe QDs. The QDs are nearly
spherical with the mean diameter of 2.8 nm and narrow size distribution. The QDs exhibit
absorption in the visible spectral range, with a sharp low-energy excitonic transition at A =535
nm (Fig. 4b).

SEM and optical images of the SnO; layer deposited over functional substrate and sintered
at 300 °C are presented in Fig. 5a and Fig. 5b, respectively. One can see that the coating is
continuous and uniform over the entire substrate. The estimated average film thickness is about 1
um. The film is formed by the agglomerated particles and has a porous structure.

All MOy samples after immersing in the colloidal solution of CdSe QDs acquired slightly
orange coloration (Fig. 5c¢). Comparison of [Se]/[M] concentrations ratio obtained by X-ray
fluorescent analysis for QD@MOy, powders and thick leads to the conclusion that the
concentration of CdSe QDs in MOy matrixes in form of powders and films is the same within
accuracy of analysis (Table 1).

The presence of CdSe QDs in QD@SnO, and QD@Zn0O powders was proved by HAADF-
STEM imaging and EDX mapping in our previous studies [15, 28]. HAADF-STEM imaging and
EDX analysis confirm attachment of the QDs to In,O3 grains (Fig. 6a). However, QDs
distribution over metal oxide crystals is not uniform and there is a tendency for QDs to segregate
(Fig. 6b).



The average density of CdSe QDs on MOy surface (ngp, QDs number per unit area of MOy
matrix, m?) was calculated from ICP-MS data as
6-10" - X+ M ye

7-M mox * Pcdse dgdSe ) SsurfMO>< ! (2)

Nop =

]

Se .
where X = [I\/I at.%; M,,o, — MOy molar mass, g/mole; S, vox — MOx specific surface area,

]

m?/g; M, — CdSe molar mass, 191 g/mole; d.,, — mean QDs diameter, 2.8 NM; Peyse —

CdSe density, 5.81 glcm®.

This parameter decreases in the series QD@In,03 > QD@Zn0O >> QD@SnO, and for
SnO, matrix the surface concentration of QDs is two orders of magnitude less than for ZnO and
In,O3 based nanocomposites (Table 1). Such a difference cannot be explained only by the change
of the specific surface area, which for SnO, is three times larger than for the other oxides.
Apparently an additional effect of oxide surface wetting with non-polar solvent (hexane) is
manifested. Since SnO, is more hydrophilic than the other oxides under consideration [31, 32],
its surface is wetted worse with a non-polar solvent, which makes difficult the adsorption of
quantum dots.

Spectral dependences of photoconductivity were tested to confirm contribution of QDs to
photoconductivity as shown in Fig. 7. Photoconductivity and absorption spectra of
nanocomposites demonstrate clear correlations. The maxima of photoresponse curve for
nanocomposites matches well the maxima in corresponding absorption spectra. The onset of the
absorption edge in the spectra of nanocomposites coincides with the appearance of the electrical
photoresponse. The photoconductivity of pure ZnO and SnO, samples without QDs sensitization
was negligibly small. For nanocrystalline SnO,, obtained from aqueous media by the method
used in this work, the measurements of photoconductivity at room temperature are difficult,
since the current decreases continuously over time down to the values limited by sensitivity of
the measurement device. This is due to significant contribution of the proton conductivity to the
total value of the electrical conductivity of such samples [33, 34]. For that reason
nanocomposites based on SnO, annealed at 700 °C were used for measurements. The
photoconductivity of In,O3; sample is nonzero at photon energies lower than the optical band gap
[26]. Photoresponse has been registered since the photon energy reaches 2.25 eV (A <550 nm).
So, this sample is photosensitive to the green light. For all QD@MOy samples the important

photoconductivity increase is observed for the photon energy greater than 2.06 eV (A < 600 nm)



indicating that the contribution of electrons excited in CdSe QDs to the photoconductivity can be
decisive.

Our recent investigations [35] of the effect of CdSe QDs on the electrical properties of
nanocrystalline In,O3 by impedance spectroscopy demonstrated that the addition of QDs
substantially influences the resistance of interfaces between In,O3 crystals. However, the
behavior of the frequency dependence of the samples conductivity is defined only by the
nanocrystalline structure of semiconductor matrix. So, the addition of CdSe QDs does not
modify the charge-carrier transport mechanism and induces only quantitative changes in the
resistance due to charge (electron) transfer or through the energy transfer from CdSe QDs to the
MOy matrix with the excitation of electrons from local levels in the band gap of MOy [36].

It was previously observed [15, 26] that when the light is turned on, the conductivity
increases rather quickly but when the light is turned off, the conductivity recovers very slowly
and full recovery can achieve several hours. So for gas sensor applications it is convenient to use
the periodic illumination mode. The sensing properties of nanocomposites have been determined
at room temperature by exposure to NO, with different concentration in dry air (Fig. 8). The
LED (Amax =535 nm) in the sensor chamber was operated in a periodic mode and regularly
switched on and off every 2 min. The resistance of sensing layer decreases during LED
illumination and increases after switching off the LED. To discuss the obtained results it is
necessary to compare the samples resistance R(A); after illumination (2 minutes) and R(dark);
after the following dark period (2 minutes). With the growing NO, concentration, both the R(A)

and R(dark); resistance values increase. The dynamic equilibrium between the processes

NO, oy +€ <> NO, 4 and (3)

NO2(ads) + h* < NOy(gas) (4)

determines the steady values of dark resistance R(dark); and resistance under illumination R(A):.
The amplitude of effective photoresponse R(dark)/R(L); at given NO, concentration is
nearly constant. From these data the sensor signal was calculated as the ratio

R(dark),
o = B (dark). (5)
, (dark),
of dark resistances in pure air Ro(dark); and at given NO, concentration R(dark):.
Blank In,O3 (Fig. 8a) and SnO, (Fig. 8b) demonstrate important and reproducible change
of R(\); and R(dark); depending on NO, concentration. The energy of light used in this work is
about 2.3 eV, smaller than the SnO, and In,O3 band gap energy. However it has previously been

reported that even light with energy lower than the band gap can induce photodesorption of
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acceptor species due to the presence of sub-band surface states [37]. In this case the
consequential mechanism for the generation of holes is realized: the photoholes are generated by
photoinduced electron transition from ionized impurity levels to the conduction band, followed
by thermal transitions of electrons from the valence band to empty acceptor levels. This
mechanism is an indirect one and it depends both on the concentration of acceptor and
temperature. It should be much weaker than the band gap mechanism and the corresponding
threshold energy is Eg - Ea, Where E, is the ionization energy of the acceptor [38]. So, the

photoexcited hole can recombine with the electrons trapped by the chemisorbed NO g -

Another possibility for desorption of acceptor species is discussed in [16, 24, 39]. It
consists in a direct absorption of the incident photon by a surface acceptor. The adsorption
energy of the NO, on a metal oxide surface depends on the oxide crystallographic plane,
presence of surface defects, mainly oxygen vacancies, and configuration of adsorbed species.
The estimated values of NO, adsorption energy on SnO; surface varies, for example, from 0.48
to 1.37 eV for adsorption on SnO; nanoribbons [40], and from 0.85 eV (SnO, (110) surface) to
2.75 eV for adsorption on Al,O3 supported SnO, clusters [41]. In the case of NO; adsorption on
ZnO nanotube the energy of 0.30 — 0.98 eV was found [42]. For NO, — ZnO interaction the type
of crystallographic plane plays a crucial role. The NO, adsorption energy is 0.02 — 0.31 eV, 0.45

—1.10 eV and 0.58 — 0.94 for ZnO (2110), (1010), and (1120) plane, respectively [43, 44]. For

NO, adsorption on In,O3 surface no information was found in the literature. In general we can
conclude that green light photons (E = 2.3 eV) have enough energy to force NO, desorption.
Probably the photodesorption of NO, occurs via two mentioned mechanisms in parallel but to
determine the predominant one it is necessary to obtain some experimental proofs.

The effect of green light illumination on NO, photodesorption is not observed for blank
ZnO samples studied in this work. The resistance of blank ZnO slightly increases when 0.2 ppm
NO, appears in air and then does not change with the increase of NO, concentration (Fig. 8c).
Effective photoresponse and sensor signal of ZnO is low and nearly constant for all NO,
concentrations. This may be caused by high sample resistance (> 10° Ohm) in NO, containing
atmosphere, which does not allow to make measurements reliably.

Among blank matrixes the maximum sensor signal is observed for nanocrystalline SnO,
(Fig. 8) that correlates to its smallest particle size and largest surface area. The same tendency
was previously observed for NO, sensor signal obtained under constant blue light illumination
for SnO, and ZnO with specific surface area varied from 5 to 110 m%g [17] and under UV light

for In,05; samples with specific surface area of 10 — 100 m%g [45]. We can suppose that the
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sample with the highest surface-to-volume ratio contains the largest number of defects which
participate in the interaction with NO, molecules and the number of surface sites available for
NO, adsorption is the main factor determining the resistance change in the presence of given
concentration of acceptor gas.

Immobilization of CdSe QDs on ZnO surface leads to a decrease in samples resistance and
to the appearance of reproducible change of R(A); and R(dark); with NO, concentration (Fig. 8c).
The photodesorption of NO; in this case may be due to interaction with the holes photogenerated
in CdSe QDs (reaction (4)).

For SnO, matrix immobilization of CdSe QDs on its surface results in the decrease of
sensor signal (Fig. 9). Therefore, the photodesorption of NO; due to interaction with the holes
photogenerated in CdSe QDs becomes non effective. One possible reason of this effect may be
the inactivation of photogenerated holes because of their interaction with hydrated species,
which present on SnO, surface in a large amount [46].

In the case of In,O3 based nanocomposites introduction of QDs results in a decrease in
resistance as for ZnO-based samples (Fig. 9). This indicates the transfer of an electron from the
CdSe QD to the conduction band of In,O3. Among all the considered nanocomposites
combination In,03/CdSe has the maximum band offset between In,O3; and CdSe QDs (Fig. 1),
which determines the electron injection rate [47]. That results in an increase in the amount of
electrons transferred into matrix under illumination and in the augmentation in the concentration
of electrons that can be captured by acceptor NO, molecule from In,O3 conduction band. In its
turn this facilitates the reaction (1) and leads to an increase in the sensor signal. Moreover, for
QD@In,03 nanocomposites the both mechanisms of holes generation: due to the presence of
sub-band surface states in In,0O3 and from CdSe QDs — can be realized. This facilitates the
reaction (4) and provides high effective photoresponse, which for practical use can be an

alternative method of sensor signal measurement [15].

Conclusions
Photoconductivity and visible light activated room temperature gas sensors properties of
nanocrystalline ZnO, SnO, and In,03 thick films sensitized with colloidal CdSe QDs have been
investigated. Sensor measurements were effectuated during exposure to 0.2 — 1.6 ppm NO; in
dry air under periodic green light illumination using miniature LED as an illumination source.
The role of illumination consists in generation of electrons, which can be transferred into MOy
conduction band, and holes that can recombine with the electrons previously trapped by the

chemisorbed acceptor species and thus activate desorption of analyte molecules. Under green
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light illumination for blank SnO; and In,O3 matrixes the indirect consequential mechanism for
the generation of holes is realized: the photoholes are generated by photoinduced electron
transition from ionized impurity levels to the conduction band, followed by thermal transitions of
electrons from the valence band to empty acceptor levels. Another possible mechanism consists
in a direct absorption of the incident photon by a surface acceptor resulting in NO, desorption.
For blank matrixes the maximum sensor signal is observed for nanocrystalline SnO,, which
correlates to its highest surface-to-volume ratio providing the maximal number of surface sites
available for NO, adsorption. A different mechanism is realized in the presence of CdSe QDs. In
this case the electron-hole pair is generated in the CdSe quantum dot. Then photoexcited electron

transfers to the conduction band of the semiconductor matrix while photoexcited hole can
recombine with the electrons trapped by the chemisorbed NOyqs). The most effective

sensitization was achieved for In,O3 due to the maximum band offset between In,O3; and CdSe
QDs. Moreover, only for QD@1n,03 nanocomposites the both mechanisms of holes generation
can be realized. This provides high effective photoresponse, which for practical use can be an
alternative method of sensor signal measurement. The obtained results indicate that
nanocrystalline semiconductor oxides can be used for NO, detection under visible light

illumination at room temperature without any thermal heating.
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Figure captions:

Fig. 1. Scheme of the mutual arrangement of the energy levels for bulk In,O3, SnO,, ZnO and
CdSe: conduction band Ec, valence band Ey, band gap Ey, electron affinity yc, level of
photoexcited electron 1S, level of photoexcited hole 1S;.

Fig. 2. XRD patterns of SnO,, In,03 and ZnO samples.

Fig. 3. TEM images and crystal size distributions for SnO; (a, d), In,O3 (b, €) and ZnO (c, f)
samples.

Fig. 4. TEM image (a) and optical absorption spectrum (b) of 2.8 nm CdSe QDs stabilized with
oleic acid.

Fig. 5. Images of thick films deposited over functional substrate and sintered at 300 °C: (a) SnO,
layer, SEM image; (b) SnO, layer, optical image; (c) ZnO and QD@ZnO layers, optical
image.

Fig. 6. HAADF-STEM image and EDX-STEM maps demonstrating QD at the surface of the

In,O3 particles: (a) magnification 630k; (b) magnification 225k. The maps are presented in
counts.

Fig. 7. Absorption spectra and spectral dependences of photoconductivity of QD@MOX
nanocomposites.

Fig. 8. Room temperature electrical resistance of (a) In,Os- , (b) SnO,- and (c) ZnO-based
samples under periodic green light illumination (Amax = 535 nm) depending on NO, content in
the gas phase. (1) — data for blank matrixes, (2) — data for QD@MOx nanocomposites.

Fig. 9. Sensor signal S, = R(dark), /R, (dark), of In,O3- ,SnO,- and ZnO-based samples

under periodic green light illumination (Amax = 535 nm) depending on NO, content in the gas
phase. Open symbols — data for blank matrixes, filed symbols — data for QD@MOy
nanocomposites.
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