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Sensitization of ZnO nanorods by AgInS2 colloidal quantum dots for

adsorption gas sensors with light activation
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A low-temperature technique for the formation of coatings based on ZnO nanorods decorated with colloidal

AgInS2 quantum dots is presented. It is shown that ZnO nanocrystals and colloidal AgInS2 quantum dots with

a shell of mercaptopropionic acid molecules form a heterojunction. Sensitization of ZnO nanorods with AgInS2
colloidal quantum dots to visible irradiation provides a gas analytical response of the structure to isopropyl alcohol

vapor at room temperature under blue LED illumination with a peak wavelength of 460 nm.
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Introduction

An operating principle of the adsorption gas sensors

(chemiresistive gas sensors) is based on changing the

electrical resistance of the sensitive material as a result of the

chemical reaction with a gas agent on its surface. The sensi-

tive materials for the adsorption sensors include a wide class

of materials comprising metal oxides [1–6], nitrides [7–10]
and sulfides [11,12], carbon nanomaterials [13–16], conduc-
tive polymers [17–19], 2D-materials [20,21], etc. Never-

theless, it is metal oxides, combinations and compositions

thereof that are intensely studied and applied in practice in

the adsorption gas sensors. Despite that the adsorption gas

sensors have a lot of advantages such as high sensitivity,

miniaturizability of a sensor element, and low fabrication

cost, their wide application in portable devices is limited

by high operating temperatures (200−500◦C). The high-

temperature operation of the sensor element is accompanied

by such problems as high energy consumption, necessity of

heat removal, reduction of the service life of the sensor

element, as well as risks of operating in an explosive

atmosphere [22]. Presently, the said problems are solved by

developing the adsorption gas sensors based on the metal

oxides, which operate at lower temperature, i.e. at the room

temperature [23–27].
In order to activate gas sensitivity of the layers of nano-

structured metal oxides at the room temperature, optical

generation of free charge carriers is used instead of heating.

The most of the metal oxides used are wide-bandgap

semiconductors, and they are irradiated in the ultraviolet

range [28–33]. In order to extend the light absorption range

for photoactivation of gas sensitivity to the long-wave range,

a wide number of the studies is performed to decorate the

metal oxides with more narrow-band semiconductors, for

example, CdSe [34], CdS [35], PbS [36,37], g-C3N4 [38],
rGO [39].
The present study is to investigate decoration of the

zinc oxide nanorods (NR) with AgInS2 colloidal quantum

dots (CQDs) to be used in the adsorption gas sensors

with the optical activation. The zinc oxide nanorods

are considered to be a bio-compatible material with low

toxicity [40,41]. In turn, the AgInS2 CQDs are neither

composed of heavy metals and are a lower toxic analogue of

binary chalcogenides. The AgInS2 colloidal dots are studied

to be applied as marks of biological markers [42] as well as
for sensitization of photocatalysts to visible light [43,44].
The present study synthesizes the zinc oxide nanorods

and the AgInS2 CQDs at relatively low temperatures. This

approach provides for environmental safety and reduces

energy consumption of the technological processes, in which

the gas-sensitive coating is created based on the zinc oxide

nanorods and the AgInS2 CQDs for the adsorption gas

sensors with optical activation. It is found that the zinc oxide

nanocrystals and the AgInS2 CQDs form a heterojunction.

The zinc oxide nanorods are decorated with the AgInS2
quantum dots to increase the NR photoconductivity in the

visible range, thereby ensuring the sensitivity of the ZnO

NRs to isopropyl alcohol vapors at the room temperature

under conditions of irradiation with blue light.

1. Materials and research techniques

The ZnO NR coatings were synthesized on various

substrates in two stages: depositing a nucleating layer by

the ultrasound spray-pyrolysis method and growing the NRs
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Figure 1. Structure based on zinc oxide and CQDs to record the

photovoltaic effect.

by the soft hydrothermal method [45]. After the ZnO NRs

had been synthesized, the samples were annealed at the

temperature of 500◦C for 10min. In order to analyze the

samples by means of the X-ray photoelectron spectroscopy,

the synthesis was performed on silicon substrates, while for

recording the photovoltaic effect — on glass substrates with

the FTO coating (tin oxide alloyed with fluorine). In order

to record a photoresponse and gas sensitivity, the samples

were synthesized on ceramic substrates with interdigital

electrodes (NiCr/Ni/Au). The width of the electrodes and

the distance between them was 25µm.

The AgInS2 CQDs stabilized by the mercaptopropionic

acid were synthesized by a procedure based on data of

the study [46]. The mercaptopropionic acid was selected

to be ligand-stabilizers due to its relatively short molecule,

thereby ensuring transportability of free charge carriers both

between the CQDs, and from the CQDs to the NRs [47].
The colloidal solution was synthesized by solving 0.1mmol

of AgNO3 and 2mmol of the mercaptopropionic acid in

5 ml of distilled water. 50µl of the 25% NH4OH aqueous

solution and the 0.7mmol of the In(NO3)3 · 4.5H2O aque-

ous solution were added to the produced solution. The

fast injection of 1mmol of Na2S · 9H2O into the cation

precursor solution resulted in instantaneous nucleation. The

particles were grown for 30min at the temperature of

95−100◦C. The typical samples of the synthesized colloidal

quantum dots are characterized in the studies [48,49]. The

produced solution of the AgInS2 CQDs was purified by

adding isopropyl alcohol as a precipitant to be subsequently

centrifuged. After the two purification cycles, the CQDs

were dispersed into 1ml of distilled water.

In order to record formation of the heterostructure be-

tween the zinc oxide and the AgInS2 CQDs and, therefore,

separability of the free charge carriers at the boundary

thereof, a structure was formed based on the ZnO thin layer

obtained by the spray-pyrolysis and the CQDs (Fig. 1), to
subsequently measure its current-voltage curve, the short-

circuit current and no-load voltage with light on.

The AgInS2 CQDs were applied by centrifugation

(2000 rpm) with subsequent heating (∼ 80◦C). The elec-

trode on the CQD layer was formed by means of the

carbon paste (SPI), while the electrode on the FTO-layer

was made by means of silver paste (SPI). For the similar

structure using the zinc oxide nanorods, the short-circuit

current with light on was recorded. Pressure golden contacts

were used as the electrodes. The photoresponse and the

gas sensitivity of the sensitized NRs were investigated by a

selected method of applying a uniform coating of separate

parts to the NRs, which do not cover the zinc oxide surface.

The methods included immersion of the samples into the

sol of the AgInS2 quantum dots for 15 h. Then, the samples

were dried in air at the room temperature. Just prior to

measuring the photoresponse and the gas sensitivity, they

were dried at the temperature of 120◦C for 30min.

The chemical composition of the surface of the zinc oxide

NRs before and after sensitization of the AgInS2 CQDs

was analyzed by the X-ray photoelectron spectroscopy

(K-Alpha, Thermo Scientific). The survey spectra used

to determine all available elements in the samples were

obtained with the bond energy range from 0 to 1350 eV

using the AlKα X-ray radiation with the photon energy of

1486.6 eV. The surface charge was adjusted by a position of

the C1s peak at the bond energy of 284.6 eV [50].

The photoresponse and the gas sensitivity of the zinc

oxide NRs to isopropyl alcohol vapors before and after

sensitization were analyzed in the measurement cell with

the possibility of LED light on the sample. The irradiation

source was selected among the standard color LEDs to be

a blue LED with the peak wave length of 460 nm (with the

consumed power 70mW) due to the largest overlapping of

the luminescence spectra with the absorption spectrum of

the AgInS2 colloidal quantum dots (Fig. 2).

The current through the sample was measured using

the Keithley 6485 picoammeter at the voltage of 5V. The

concentration of the isopropyl alcohol vapors of 1000 ppm

was controlled by velocities of the fluxes of the carrier gas

(dried air) and the isopropyl alcohol, which is described in

detail in the study [51].
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Figure 2. Spectra of luminescence of the LEDs and the

absorption (absorbance) spectrum of the AgInS2 CQDs.
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Figure 3. Current-voltage characteristics of the structures: a — FTO/ZnO, b — FTO/ZnO/ of the AgInS2 CQDs. The area of the

electrodes to the structures was different in the measurements.
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Figure 4. Recording the short-circuit current in FTO/NRs ZnO/AgInS2 CQDs during irradiation.
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Figure 5. X-ray photoelectron spectra of the ZnO NRs (a) and the ZnO NRs decorated by the CQDs (b).
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2. Results and discussion

The current-voltage curve (Fig. 3) measured for the

formed structure FTO/ZnO/AgInS2 CQDs is non-linear, and

the current through the structure when a positive voltage

is applied exceeds the reverse current. When irradiating

the structure with a xenon lamp having a light filter (to
block the ultra-violet radiation), the open-circuit voltage was
several millivolts, while the short-circuit current was tens

of nA. The current-voltage characteristic of the structure

without the CQDs is linear.

Registration of the open-circuit voltage and the short-

circuit current with light on and a rectification nature of

the current-voltage curve of the structure FTO/ZnO/ AgInS2
CQDs indicate that the ZnO/AgInS2 CQDs heterostructure

is formed and the photo-excited charge carriers are sepa-

rated. The insignificant open-circuit voltage and the high

reverse current may be due to both to a small difference

in the work function of the ZnO polycrystal layer and the

layer of the AgInS2 CQDs, and to a significant concentration

of trap states near the CQD surface and at the interlayer

interface [52]. The characteristics are also affected by the

material of the anode and the interface between the anode

and CQD layer [47,53]. The registration of the short-circuit

current with light on the structure with the ZnO NR coating

(Fig. 4) also indicates the formation of the heterojunction at

the interface ZnO NRs / AgInS2 CQDs.

Thus, it can be said that the zinc oxide NRs and the

layer of the AgInS2 CQDs with a shell of mercaptopropionic

acid form the heterojunction, which ensures the separation

of the photo-excited charge carriers. Therefore, decoration

of the ZnO NRs by the AgInS2 CQDs can provide for

sensitization of the zinc oxide NRs to irradiation within the

visible (> 380 nm) range of the spectrum.

The results of the X-ray photoelectron spectroscopy

(XPS) of the ZnO NR coating are shown on Fig. 5, a.

The sample surface has evident peaks, which correspond to

zinc, oxygen and carbon. The survey X-ray photoelectron

spectrum of the zinc oxide NRs modified by the AgInS2
CQDs by immersion is shown on Fig. 5, b.

The surface of the CQD-modified NRs is analyzed with

a result indicative of the presence of zinc, oxygen, carbon,

indium and silver. The sulphur peak intensity is comparable

with the background noise of the spectrum. Thus, it

is impossible to unambiguously make a conclusion about

presence of sulphur on the surface from the XPS data. The

peaks Ag3d5/2 and Ag3d3/2 are observed at the binding

energies of 373.6 and 367.6 eV, which corresponds to the

Ag+ cations in the AgInS2 compound. The In3d5/2 peak is

located at the binding energy of 452.6 eV, while the In3d3/2
peak — at 445.1 eV. The positions of the peaks are different

by 7.5 eV, which corresponds to the In3+ cations in the

crystal structure [54,55]. Thus, it can be concluded from the

panoramic XPS spectra that the AgInS2 CQDs are adsorbed

on the surface of the zinc oxide NRs, whereas a part of the

surface of the ZnO NRs remains open. When comparing

the survey spectra, there is also evident significant increase
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Figure 6. Current through the ZnO NR coating before and

after decoration by the AgInS2 QCDs in case of the blue-LED

irradiation (460 nm). The irradiation has started after 200 s.

in the intensity of the peaks, which correspond to oxygen

and carbon. It has also been detected that prior to

decoration the spectrum of the O1s core level consisted

in peaks corresponding to oxygen in the charged state O2−

(530.6 eV), i.e. oxygen in the ZnO crystal lattice, and to

oxygen within the OH− groups (531.7 eV) [56]. However,

after decorating by the AgInS2 QCDs, the O1s spectrum

contained one peak corresponding to the binding energy of

531.3 eV. The change of the O1s spectrum indicates that the

increase in the intensity of the peaks of oxygen and carbon

is due to presence of molecules of the mercaptopropionic

acid (HSCH2CH2CO2H) on the sample surface.

The photoresponse to the blue-LED irradiation of the NR

coating before and after decoration by the AgInS2 QCDs is

shown on Fig. 6.

As it is clear from Fig. 6, the zinc oxide NRs have the

photoconductivity in visible irradiation without decorating

by the AgInS2 QCDs, which is due to defect levels within an

zinc oxide band gap (Eg ≈ 3.3 eV) [45]. Nevertheless, NR
decoration by the AgInS2 QCDs results in increase in the

photoresponse (I light/Idark) approximately in 10 times. There

was no gas analytical NR response to the isopropyl alcohol

vapors (at the concentrations up to 3000 ppm) without

decorating by the AgInS2 CQDs in blue-LED irradiation.

The ZnO NR decoration by the AgInS2 CQDs provides for

the response of the coating to the isopropyl alcohol vapors

in blue-LED irradiation at the room temperature (Fig. 7).

The gas analytical response (Igas/Iair) of the sensitized

ZnO nanorods to the isopropyl alcohol vapors with the

concentration of 1000 ppm was 1.7. No response to the

isopropyl alcohol vapors was recorded with light off. When

irradiating the sensitized NRs, the photo-generated charge

carriers (mostly in the AgInS2 CQDs) are separated at the

boundary of the heterojunction ZnO/AgInS2, the lifetime of

the charge carriers increases, so does the concentration of

Technical Physics, 2022, Vol. 67, No. 6
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Figure 7. Time dependence of the current flowing through the

coating ZnO NRs sensitized by the AgInS2 colloidal dots, under

impact of the isopropyl alcohol vapors with the concentration of

1000 ppm.

the zinc oxide electrons. The atmospheric oxygen molecules

react with the photo-generated electrons, thereby resulting

in formation of negatively charged oxygen ions and their

adsorption on the ZnO NR surface:

O2 + e−(hν) → O−

2 (hν).

The adsorption of the photo-induced charged ions

O−

2 (hν) on the ZnO NR surface results in formation of a

depleted area. The photo-induced charged ions O−

2 (hν) are

weakly bonded to the ZnO surface and in the atmosphere

of the isopropyl alcohol vapors interact with the alcohol

molecules:

2C3H7OH + 9O−

2 (hν) → 6CO2 + 8H2O + 9e−.

In the course of the chemical reaction with the isopropyl

alcohol molecules the electrons return to a conductivity

band of the zinc oxide, while the depleted-charge area

reduces on the NR surface and the ZnO NR conductivity

increases. When supplying air, the oxygen molecules again

adsorb on the surface with capturing the electrons out of the

conductivity band, thereby resulting in recovery of the initial

resistance. Thus, the ZnO NR decoration by the AgInS2
CQDs allows sensitizing the NRs to the visible irradiation by

increasing the visible absorption and separating the charge

carriers at the heterojunction boundary and ensures the gas

analytical response to the isopropyl alcohol vapors at the

room temperature under the irradiation conditions.

Conclusion

The study describes the low-temperature procedure of

forming the ZnO NR coatings decorated by the AgInS2
CQDs. The XPS analysis has shown that the ZnO

NR decoration by the AgInS2 CQDs by immersion into

the aqueous solution ensures their adsorption on the NR

surface. It is demonstrated that the ZnO nanocrystals

and the AgInS2 CQDs with the shell of mercaptopropionic

acid molecules form the heterojunction, while the NR

decoration with the AgInS2 CQDs ensures increase in the

photoconductivity in the visible irradiation. The produced

ZnO NR coatings decorated by the AgInS2 CQDs show the

1.7 gas analysis response to the isopropyl alcohol vapors

with the concentration of 1000 ppm under the illumination

conditions at the room temperature. Thus, the ZnO NR

sensitization by the AgInS2 CQDs is effective for developing

the gas-sensitive layers with photoactivation, which can

operate at the room temperature in the dry air atmosphere.
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