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DEVELOPMENT AND CREATION OF GAS-SENSOR SYSTEM
BASED ON LOW DIMENSIONAL METAL OXIDES

Peculiarities of photoluminescent properties of metal oxide nanopowders(Zn0Q, TiO,, SnO,, WO, ) including laser-modified
and surface doped by impurities (Au, Ag, Pt, Ni, Cu, Sn), in gases (O,, N,, H,, CO, CO,) have been studied. The sensor
properties of the metal oxide nanopowders (adsorption capacity, speed, sensitivity, selectivity) have been established; the
best structure and materials for the development of a multicomponent recording matrix have been selected. The efficiency
of the sensor system for detection and analysis of gases and their mixtures has been found. The developed gas sensor
system enables detecting not only separate gas components, but their mixture with high sensitivity and selectivity, which
makes it possible to reach the advanced level of the formation of gas sensor systems with improved performance.
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The detection of active gases and air monitor-
ing are key priorities of the advanced economies
in the environment protection sphere. This requi-
res improving means for measurement of chemi-
cal composition of gaseous environments and cre-
ating new, more effective, and cheap metering
devices. This problem is especially important un-
der conditions of aggravating environment pol-
lution, increasing plant emissions, and raising
threat of terroristic attacks with the use of explo-
sive and poisonous gaseous mixes. However, the
existing sensor systems enable recording only li-
mited number of gas components at relatively
low sensitivity, selectivity, and speed of response.
As of today, Ukraine urgently needs the creation
of low dimensional effective poly-sensors having
a selective sensitivity to wide range of gases and
mixes, signal processing circuit, and low energy
consumption. This research is aimed at raising
the selectivity of gas sensor materials, and gas sen-
sors as a whole. This research is notable for inte-
grated approach to the problem solution as it uses
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the method for obtaining nanopowder materials
and structures based on them designed by the
authors hereof [1—4] and the luminescent me-
thod for detecting gas particles adsorbed on na-
nopowder metallic oxides [5].

The operation of semiconductor chemical sen-
sor is based on transformation of adsorption level
into electronic signal corresponding to the num-
ber and type of gas particles adsorbed from the
environment [6]. The electronic signal reflects
the properties of semiconductor adsorbent when
detected gas particles arrive in its surface. The
adsorbed gas particles are able to exchange charge
with extensional areas of adsorbent or interact
directly with electrically active defects and im-
purities of semiconductor metallic oxides the-
reby changing their electronic properties [7, 8].
High sensitivity of electronic properties of metal-
lic oxides to gas adsorption and its controllabi-
lity enable production of gas sensors based on
them [9, 10]. These sensors are cheap, low dimen-
sional, highly sensitive, and highly selective. The
selected, synthesized, and used semiconductor ma-
terials ZnO, TiO, SnO,, In,0,, WO, have a good
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Fig. 1. Functional diagram of gas sensor system laboratory
model

adsorption ability and a sufficient chemical sta-
bility not to form stable chemical compounds with
adsorbed particles. The chosen oxides having a
high sensitivity to adsorption because of a low
concentration of their own free charge carriers
meet the mentioned requirements.

RESULTS OF EXPERIMENTS
AND THEIR ANALYSIS

The main specific feature of the designed sen-
sor system (Fig. 1) is registration of photolumi-
nescence of nanopowder metallic oxide with gas
particles adsorbed on it (Figs. 2, 3) [5], instead
of record of electric signal as in the conventional
gas sensors [6, 9]. The electronic energy levels
generated by adsorbed particles in the adsorbent
make it possible to observe individual spectral ele-
ctronic levels of adsorbed atoms, which enables
their selective identification.

The adsorption of gas particles of various kind
can cause similar changes in electronic properties
of adsorbent. This complicates detecting certain
component of gaseous mixture and constitutes
the problem of selectivity. In order to partially
avoid this problem, both adsorbents of various
metallic oxides and their different defect struc-
tures, including the laser modified ones are pro-
posed [11]. Certain impurities of catalytically ac-
tive metals at given concentration ~(1—5)% en-
able shifting sensitivity maximum towards the

selected gas. In particular, metallic atoms adsorb-
ed on the surface of ZnO stimulate weakening
sensitivity to hydrogen atoms, as a result of iso-
lation of main adsorption sites. However, as dop-
ing level increases the influence of hydrogen at-
oms on adsorption sites of excessive metallic at-
oms changes. In their turn, excessive atoms of Au,
Ag, Pt, Pd, Zn, Al, Ni, Cu,Ga, In, and Sn on the
surface of ZnO activate detectors with respect
to various gases. The creation of localized bound-
ary between the materials with different electro-
nic properties (for example, Zn—ZnO nanosys-
tems of core — shell type created by the authors
team [1, 2]) looks very promising for enhancing
the sensor sensitivity. In these heterogeneous sys-
tems, chemisorption of gas components defines
the height of energy barrier for charge carriers
on the heteroboundary of nanocrystalline system,
which stimulates increased (up to ten times and
more) gas sensitivity as compared with ordinary
ZnO. At the same time, doping of nanopowder
material or its laser anneal can change the Debye
screening length and, consequently, leads to an
increase in the number of adsorbed particles on
low-dispersive structures of ZnO. In its turn, the
proper choice of structure and type of adsorbent
and its size enables selective adsorption of acti-
ve gas particles.

Sensitivity of sensor proposed by the team of
authors increases in the case of ZnO nanopow-
der material doped with various metallic impu-
rities, insofar as in the course of doping, both im-
purity adsorption sites and additional impurity
levels in semiconductor forbidden band, near the
conductivity band, occur and, respectively, the
probability of occupation of this zone by elec-
trons increases. An essential decrease in gas sen-
sitivity of nanopowders is reported at an air hu-
midity >70%, with sensitivity varying in the ca-
se of doping.

One of the important characteristics of the sen-
sor is speed of response defined by response time
and recovery time where the response time is time
interval for which given value varies by up to 0.9
of the peak magnitude. The recovery time is time
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Fig. 2. Photoluminescence of sensor matrix cells () in gaseous environment (b — air, ¢ — CO, d — vacuum, T'= 23 °C, y = 60%)
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Fig. 3. Photoluminescence spectra of nanopowder sensor cells (Fig. 2, a) in various gaseous environments

interval for which the measured parameter is re-
sumed to 0.1 of the peak magnitude. Gas sensitiv-
ity of nanopowder materials has been establish-
ed to have high speed of response, as for ZnO it
amounts to ~100 ms for reaching signal >90%
(Fig. 4). the observed increase in luminescence in-
tensity after its rapid drop on the kinetic curve can
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be explained by adsorption and diffusion proces-
ses on the surface of nanopowder ZnO as its elec-
tronic properties change. Change in concentra-
tion of free charge carriers in ZnO can influence
kinetics of afterglow. Increasing concentration of
free electrons when a donor gas (for instance, hyd-
rogen) is adsorbed leads to appearance of maxi-
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Fig. 4. Kinetics of changing photoluminescence intensity of
ZnO in the case of oxygen addition (P, = 90 Pa): 1 — ZnO;
2 —7Zn0O:Al

mum on the afterglow kinetic curve, as a result
of the fact that luminescence intensity is defined
by concentration of both free electrons and ion-
ized luminescence centers. In the case of acceptor
gas (oxygen) chemisorption concentration of free
electrons decreases and, consequently, lumines-
cence intensity of material drops more sharply.
However, increasing concentration of free holes
can lead to an increase in the number of ionized
luminescence centers and, respectively, to grow-
ing afterglow intensity observed. The studies of
time dependence of photoluminescence inten-
sity (Fig. 4) of initial (7) and doped (2) nano-
powder ZnO have showed that the latter has a
much higher speed of response because of much
higher electron concentration in the doped mate-
rial. Thus, in the case of acceptor gas chemisorp-
tion, changes in afterglow kinetics depend on which
of two processes (decrease in concentration of free
electrons or increase in concentration of ionized
luminescence centers) has the larger effect on lu-
minescence of nanopowder ZnO.

The use of catalytic impurities applied to the
material surface as fine-dispersed phase has re-
sulted not only in raising given selectivity, but
also in increasing gas sensitivity to selected gas.
The mechanism of catalyst influence on the value
and properties of sensor’s adsorption response and
selectivity is associated with spillover effect, i.e.
changing Fermi level of adsorbent semiconduc-

tor. The depleted layer is known to play key role
in the sensitivity mechanism. The depleted layer
is formed depending on available oxygen vacan-
cies in ZnO acting as traps for catching the oxy-
gen molecules. As a rule, as the depleted layer gets
thicker, electric resistance of ZnO layer grows. One
of ways to enhance the sensitivity of ZnO nano-
particles to reducing gases, such as CO, is to in-
crease the number of electrons caught from ad-
sorbed oxygen thereby getting larger depleted la-
yer and, therefore, maximum luminescence varia-
tion. The observed raise in sensitivity of ZnO
nanoparticles to oxygen is likely explained by
combination of two effects, electronic sensibiliza-
tion and action of catalytic impurities Pt on the
surface of ZnO.

The specific features of nanopowder gas sensi-
tivity that depends on the structure of defects
and impurities under manifestation of Debye elec-
trostatic radius when gas is adsorbed have been
established. At the same time, the lesser is the size
of nanogranules (d < 40 nm), the lower is adsorp-
tion ability of nanopowder. Therefore, nanopow-
ders having particles ranging d > 40+60 nm shall
be used in gas sensors.

In order to implement the proposed gas sensor
the authors recommend to use multisensory mul-
tichannel system (Fig. 1) that has a set of adsor-
bents of various oxide modifications character-
ized by perfect sensitivity for various gas particles
(Fig. 2, @) and simultaneous record of signals of
all matrix cells (Fig. 2, b—d) using charge-cou-
pled device (CCD) matrix with spectral charac-
teristics given in Fig. 3. Their digital processing
enables to significantly enhance the selectivity of
analysis and to define simultaneously concentra-
tions and type of many active gas particles ad-
sorbed onto the surface of metallic oxide. An al-
gorithm and program for identification of gas com-
ponents by analyzing spectral luminescence of mat-
rix cells have been developed and the gas sensor
system built has been established to be effective
with respect to detection and analysis of gases
and gas mixes. The sensors are required to possess
selective response to certain gas and high stabi-
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lity of signal reproducibility during a long period
of sensor operation. This problem is addressed by
periodical regeneration of surface by heat, vacu-
um and UV treatment, etc.

CONCLUSIONS

Peculiarities of photoluminescent nanopowder
metal oxides ZnO, TiO,, SnO,, In,0,, WO,, in-
cluding those laser modified and doped with Au,
Ag, Pt, Pd, Ni, Cu, and Sn in gases O,,N,, H,, CO,
CO, have been established. Gas sensor properties
of nanopowder metallic oxides (adsorption capa-
city, speed of response, sensitivity, and selectivi-
ty) have been found, with configuration and opti-
mal materials for recording multicomponent ma-
trix (3x3) chosen. The luminescence record us-
ing CCD matrix with further digital analysis of
the signal obtained enables to determine gas com-
ponents in analyzed environment in terms of qua-
lity and quantity. An algorithm and program for
identification of gas components by analyzing spec-
tral luminescence of matrix cells have been devel-
oped and the gas sensor system built has been es-
tablished to be effective with respect to detection
and analysis of gases and gas mixes.

The research is made within the framework of
R&D project of the NAS of Ukraine «Design and
Creation of Gas Sensor System Based on Low
Dimensional Metal Oxides> (2015), reg.
no. 0115U0002937.
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PO3POBKA TA CTBOPEHHA
TASOCEHCOPHOI CUCTEMU HA OCHOBI
HU3bKOBMMIPHUX METAJTOOKCHU/IIB

Busuasucs 0cob6auBoCTI (HOTOMOMIHICIIEHTHUX BJIAC-
TUBOCTEH HaHONOPOWKOBUX MeTanookcuiis (ZnO, TiO,,
SnO,, WO,), B T.4. jazepHOMOAN(IKOBaHUX Ta IOBEPX-
HeBo-sieroBanux gomimkamu (Au, Ag, Pt, Ni, Cu, Sn), B ra-
sax (O,, N,, H,, CO, CO,). Bcranosieno XapakTep rasoces-
COPHUX BJIACTUBOCTEHl HAHOIIOPOIIKOBUX METAJOOKCU/IiB
(azcopbuiiiHa 37aTHICTD, UIBUIKO/Is], YyTJUBICTD, CEJEK-
TUBHICTb) Ta BUGPAHO KOHCTPYKIIIO 1 ONTUMaJIbHI MaTepiaiu
1Uist TOGY/I0OBU PEECTPYIOUOI HAraTOKOMIIOHEHTHOI MATPHILL.
BeraHoBJIeHO J1i€3/aTHICTD OOY0BAHOT ra30CEHCOPHOI CHC-
TeMU [IJIs PO3Ii3HaBaHHsA Ta aHaJIi3y rasiB Ta iX cymimreil.
Po3po6JieHa ra30ceHCOpHa CUCTEMA [IA€ 3MOTY JIeTEKTYBaTH
He TiJIbKU OKPEeMi Ta30Bi KOMIIOHEHTH, aJjie 1 IX cyMillli 3 BU-
COKOIO UYTJIUBICTIO i CEJIEKTUBHICTIO, 110 3a0€3I1e4y€e MOXK-
JIBICTh BUWTH HA CyyacHMIi piBeHb ()OPMYBaHHS Ta30CEH-
COPHUX CHUCTEM 3 MOKPAIIeHUMH eKCIUIyaTalliiHUMI Xapak-
TEPUCTUKAMHU.

Knwouogi ciosa: MeTaoOKCUIHI HAHOIOPOIIIKHY, JIIOMi-
HECIIEHIIis1, Ta30Bi CEHCOPU.
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PASPABOTKA 1 CO3/IAHUE
TA3BOCEHCOPHOV CUCTEMBI HA OCHOBE
HU3KOPASMEPHBIX METAJIVZIOOKCU/OB

Nsyyanuch 0coOEHHOCTH (HOTOMIOMUHECIIEHTHBIX CBONCTB
HaHONOPOMIKOBbIX MeTasookcnaos ZnO, TiO,, SnO,, WO,, B
T.4. JIa3epPHOMOIU(UITNPOBAHHBIX U TIOBEPXHOCTHO JIEFTMPOBaH-
upix ipumecamu Au, Ag, Pt, Ni, Cu, Sn, B razax O,, N,, H,, CO,
CO,. Ycranop/ien xapakTep ra30CeHCOPHBLIX CBOHCTB HAHOIIO-
POIIKOBBIX METAJIOOKCHIOB (a[ACOPOIIMOHHAS  CIIOCOOHOCTD,
OBICTPOJICHCTBIE, YYBCTBUTEIBLHOCTD, CEJIEKTUBHOCTD) W BbI-
GpaHbl KOHCTPYKIMS M ONITUMAJIBHBIE MaTepPUaIbl JIJIst TOCTPO-
€HUST PETUCTPUPYIOIIENl MHOTOKOMITOHEHTHOI MaTpPHIIbL. YcTa-
HOBJIEHO JICECIIOCOOHOCTH TIOCTPOEHHON ra30CeHCOPHOIT chcTe-
MBI IS Paclio3HaBaHWsI M aHAJM3a Ta30B M UX CMecCeil.
PaspaboTarnas ra30ceHCOpHast CUCTeMa AT BOSMOYKHOCTb Jie-
TEKTUPOBATH HE TOJIHKO OT/IE/IbHBIE TA30BbIe KOMITOHEHTHI, HO U
UX CMECH C BBICOKOI UyBCTBUTEJIBHOCTBIO U CEJIEKTUBHOCTDIO,
YTO 06ECIICYNBAET BO3MOKHOCTD BBIITH Ha COBPEMEHHBIN yPo-
BeHb (POPMUPOBAHMST TA30CEHCOPHBIX CUCTEM C YJIYUIIEHHBIMU
AKCILTyaTaI[MIOHHBIMU XapaKTEePUCTUKAMH.

Kntoueswvie crosa: METAJIOOKCHU/IHbIE HAHOIIOPOIIIKY, JITO-
MUHECHEHI Y, Ta30Bbl€ CEHCOPDI.
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