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MeTopoM CTpyMHOM neyaTu W3 VYCTOMYMBBLIX CYCNEH3UM Ha MNOoBepXHOCTU MIDMC-CTpyKTYyp
C MMKpOHarpeBaTesieM cpopMUPOBAHbI TOJICTOM/IEHOYHbIE C/IOU HA OCHOBE HAHOKpUCTanyeckoro Sno,
C paBHOMEpPHOI MOPUCTON CTPYKTYpon. OnmncaHbl MapameTpbl ra3o0BoW YyBCTBUTE/IbHOCTU MOJTYYEHHbIX
MaTepuasos.

Inkjet printing of stable suspensions on top oft he MEMS structures with micro-heater has
been used for thick film layer formation on the basis of nanocrystalline SnO, with uniform

porous structure. Gas sensitivity of the obtained materials is described.

BBELEHUE

XUMHUYeCKHe ra3oBble CEHCOPBI HA OCHOBE II0JIYIIPO-
BOAHHKOBBIX OKCHI0OB MeTaJIJIOB IIPUBJ/IEKAIOT 60Hb‘
IO MHTEepec 3a CYeT KOMOUHAIMU UX XapaKTepH-
CTHK ~ BBICOKOM 4yBCTBUTEIBHOCTH, BO3MOKHOCTH
IJIATeIbHON HeIlpepbIBHOM PaboThl. HcIionb30BaHHe
MOMC-CTPYKTYp B OCHOBE KOHCTPYKI[UH TaKHX
ceHCOpOB obecreynBaeT HU3Koe 3Hepromnotpebie-
HHUe, MUHHUATIOPHOCTh U MAJIyIO CTOUMOCTH, YTO
OTKPBIBAET EPCIEeKTUBBI HIMPOKOr0 IPUMEHEHHUS

B MAaCCOBBIX ITOTPebUTEeTbCKUX yCTpomcTBax [1].
Kiro4yeBbIM BOIIPOCOM IIPH M3TOTOBJI€HHUHU TaKHX CEH~
COPOB OKa3bIBAeTCs IIPOLIeCC COBMeIlleHH sl Fa304yB-
CTBUTEJBHOI'0 METAJIJIOOKCHAHOTO cJosi, obnanmalo-
IIero pa3sBUTOU MOBEPXHOCTBIO, U HHTeTPaJIbHBIX
CTPYKTYP, CO3[4aBaeMBIX C HCIIOIb30BaHHEM IIJIa-
HapHEIX TeXHOJIOTUH MHTeI PAJIbBHEIX MHKpOCXeM [2].
OOHUM K3 BO3MOKHBIX PellleHUH SIBISeTCs 0Caxk-
JeHHe TOJCTOIIEHOUHBIX 3/IeMEHTOB Uepe3 TeHe-
BYI0 MaCKy HeIlOCPeACTBEHHO B XOJle II0JIy4eHU s
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oKcHu/J0B [3]. OmHaKO K He[oCTaTKaM TaKOI'o I10AX0fa
CTOMUT OTHECTH CJIOKHYIO IIpOLeypy COBMeIleHU
IOJJIOKKH M TpadapeTa, Lelaiollyio SKOHOMUYeCKH
OIIPaBAAHHON H3TOTOBJIEHHE TOJIBKO OOBIIUX Iap-
THU CeHCOPOB. Kpome TOro, CTOUT OTMeTHUTb OTHOCH-
TeJIbHO BBICOKMe IIOTepH aKTHUBHOIO BellleCTBa IIPHU
HaHeCeHUH U BO3MOXKHBIe OTpaHHUYeHU S IIpoBeJe-
HUS IOCTCUHTeTHYeCKOHN 06paboTKU ra3ouyBCTBU-
Te/IbHOTO0 MaTepHaJjia, CBSI3aHHBIe C KOHCTPyKIHeHn
MOMC-kpucTania.

B KayecTBe a/JbTePHATUBHOIO [I0JX0/a B IIOC/Ie-
HHe rofbl aKTUBHO pacCMaTpPHUBaeTCsl IPUMeHeHHe
MeToAa CTPYHHOIM MHKpOIleYaTH IPHU H3TOTOBJIe-
HHU I0/yIIPOBOJHHUKOBBIX Ta30BbIX CEHCOPOB (4, 5].
OToeNbHBIMHY HAayUHBIMU TPYIIIIAMHU BeJETCS IIOMCK
IO/, XOZ,0B K ITOJIyYeHU IO BCeX PYHKIIMOHAIBHBIX 3JIe-
MEHTOB CEHCOPOB TaKUM 06pa3om [6], omHAKO HAU-
OonpIINY HHTepec HabnoaeTcs KMEHHO C TOUKHU
3peHHss GOPMHUPOBAHU S [a3049yBCTBUTE/IBHOTO 3JIe-
MeHTa Ha II0BepXHOCTH MIOMC-KpHCTajia C MUKPO-
HarpeBaTeJieM, BBIIIOJHEHHBIX 10 MHUKPO3JIEK-
TPOHHOM TeXHooru [7-10]. OTIMYHeM TaKoro Moj-
X0/Jla ABJISIeTCS YHHUBEPCAJIBHOCTh C TOUKH 3PeHUS

HaHOCHMOTO MONYIIPOBOAHKUKOBOTO MaTepHuasa —~ ero
XHUMHYECKOT0 COCTaBa U CTPYKTYPhI, BO3MOKHOCTb
IIpPUMeHeHH s MeToJa KaK IIPH U3rOTOBIEHUH MabIX
MapTHH U Aa’Ke eJUHHUYHBIX CEHCOPOB, TaK U IIPH
MacCOBOM II0JIXOJie IJIsl CEPUIHOIO IIPOM3BOJCTBA.
OThe/nbHO CTOUT OTMETUTDb OTCYTCTBHE IIOTePb aKTHB-
HOTO0 BellleCTBa B [TPoLiecce eTo HaHeCeHHU .
HawnbompnIyio CI0KHOCTD IIPH pPeaan3alluy MeToa
CTPYHMHOM IIeYaTH MeTaJIIOOKCHIHBIX IIOJyIIPOBO-
JHHUKOBBIX CJIOEB IIPeCTaB/seT U3rOTOBIeHHe Yep-
HHUJ — yCTOMYHUBBIX CYCIIEH3HH YaCTHI] II0JYIIPOBO-
JIHHUKOBOTO MaTepHasia, 061agaonux HeobXomHu MbIMU
rapamMeTpaMHU BSI3KOCTH U IIOBEPXHOCTHOI'O HaTsIKe-
HHS. YCTOMYHUBOCTD ITOLOOHBIX CYCIIeH3UH OIpejie-
75eTcd Kak pa3sMepaMHU 3epeH 01y POBOAHHUKOBEIX
OKCH/JIOB, TaK Y BeJITUYHMHOM KX arjioMepaToB, GopMHU-
PYEMBIX B IIpoLiecce TepMHUUecKoN 06paboTKu Ha CTa-
OUU IIONy4YeHUs MaTeprana. YacTo, 0CoOOeHHO B CI1y-
yae IMOJIyUYeHUsI XUMHUYeCKH MOAUPUILIMPOBAHHBIX,
JIeTUPOBAHHBIX OKCUIHBIX MaTePHaJIOB /1 Fa30BbIX
CeHCOpOB, TpebyeTcsi IIpoBeieH e OT>KUTa TAKKX MaTe-
puanoB npu TeMmmepaTtypax nopsazaka 500 °C u BhllIe,
YTO IPHUBOJUT K POCTY HACTHUI, U YKPYINHEHUIO

INTRODUCTION

Metal oxide semiconductor gas
sensors attract great interest due
to the combination of their char-
acteristics - high sensitivity, the
possibility of long-term continu-
ous operation. The use of MEMS
structures in the design of such
sensors provides low power con-
sumption, miniaturization and
low cost, which opens up prospects
for wide application in mass con-
sumer devices [1]. The key issue in
the manufacture of such sensors
is the process of assembly of a high
surface area gas-sensitive metal
oxide layer with an integrated
structures manufactured using
planar integrated circuit technolo-
gies [2]. One possible solution is the
deposition of thick-film elements
through a shadow mask directly
during the synthesis of oxides [3].
However, the disadvantages of this
approach include a sophisticated
procedure of the substrate and the
mask alignment, which makes

it economically feasible to manu-
facture only large batches of sen-
sors. In addition, it is worth not-
ing the relatively high losses of the
active substance during deposition
and possible limitations of post-
synthetic processing of gas-sensi-
tive material associated with the
design of the MEMS crystal.

In recent years, the use of the
inkjet printing method in the
manufacture of semiconductor
gas sensors has been actively con-
sidered as an alternative approach
(4, 5]. Some scientific groups are
searching for approaches to manu-
facture all the functional elements
of sensors in this way [6], but the
greatest interest is observed par-
ticularly in the formation of a gas-
sensitive element on the surface of
MEMS crystal with a microheater
manufactured via microelectronic
technology [7-10]. The distinct fea-
ture of this approach is the versa-
tility in terms of the applied semi-
conductor material - its chemical

composition and structure, the
possibility to use it in the manu-
facture of small batches and even
single sensors, and the scalability
of the approach for mass produc-
tion. It is also worth noting the
absence of losses of the active sub-
stance during its deposition.

The greatest challenge of metal
oxide semiconductor layers ink-
jet printing is the production of
the inks - stable suspensions of
semiconductor material parti-
cles with the necessary parame-
ters of viscosity and surface ten-
sion. The stability of such sus-
pensions is determined both by
the size of the grains of semicon-
ductor oxides and the size of their
agglomerates formed during heat
treatment at the stage of material
synthesis. Often, especially in
the case of chemically modified,
doped oxide materials synthe-
sis for gas sensors, it is necessary
to anneal such materials at tem-
peratures of the order of 500 °C or
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arjzoMepaToB. B aToM ciiy4dae Hepe[Ko IOC/Ieyollee
IpoBeJleHHe AJIUTe/]TbHOI0 BHICOKOIHEePreTH4YeCKOoro
IoMoJIa B IIJIaHeTapHOM MenbHUIe [11, 12], mpuU3BaH-
HOT'0 yME@HBIIMTh Pa3MePhl aIJIOMePaTOB, OLHAKO 3TOT
IIPOLIECC COMPSIKeH C MOTePIMH aKTHBHOTO Belle-
CTBa U PHUCKOM BHeCeHH s He>XKeJlaTe/IbHBIX IIpHMecek.
ANbPTepPHATHBHBIM IOJXOJOM MOIYT OBITH IOJyUe-
HHe BBICOKOAHCIIEPCHBIX MaTepHaJjoB B X0[le CHHTe3a
C IpMMeHeHHeM Pa3pyllaeMbIX B IIOC/IeJCTBUH TeM-
IJIATOB U IIpHMeHeHMe ITOJIMMePHBIX AHUCIIePraTopoB
IJ151 CTabMIHM3aLMY CyCIIeH3HH [13], omHaKo 3TO cye-
CTBEHHO YA0POsKaeT [10/ly4yeHke ra304yBCTBUTE/IbHBIX
MaTepHaJIoB U yCJIOKHSIeT IIPOLlecc [eYaTH.

B CBSI31 C 3THMM IepCIIeKTUBHBIM BBIIVISIAHT IIPOLIecC
101y YeHH I MeTa/IJIOOKCUIHBIX MaTepHaJIOB s Fa30-
BBIX CEHCOPOB MEeTOJ,0M PacIbIMTeIbHOIO IIMPOIK3a
B IUIaMeHH [14]. JaHHBIN [IOA X0, [103BOJISET I10/1y4aTh
OKCHJ bl MeTAJIJIOB B HAHOKPHUCTAJIMYEeCKOM COCTO-
SSHUH C HU3KOH CTeIleHbIo arJloMepalLiuu 3epeH, obe-
CIleyHBaeT TOMOTeHHOe pacIipe/ie/ieHHe IeTH Py X
3/IeMeHTOB K PaBHOMEpPHOe pacIpe/eleHHe MOIUPH-
KaTOPOB II0 IIOBePXHOCTH 3epeH [15]. B maHHO paboTe
MpOAeMOHCTPUPOBAHO HM3rOTOBJIeHHE M HCIBITA-
HIe CBOUCTB II0/1yIIPOBOJHHUKOBOIO Fa30BOT0 CeHCOPa
Ha ocHOBe MOMC-KpHCTa/jIa C MUKPOHATrPeBaTe/Ib"
HBIM 3/IeMeHTOM U TOJICTOI/IEHOUYHBIM ITIOPHUCTBIM UyB-
CTBUTEeJIbHBIM 3/IeMeHTOM M3 HAaHOKPHUCTa/I/IM4eCKOro
SnO,, HaHeCeHHOIr0 MeTOJOM CTPyHHOM MHKPOIIeYaTH
M3 YyCTOMYHMBOU cycrneH3uu. CyCrmeH3us MolaydeHa
B3BelllMBaHHeM SnO,, 10/y4eHHOI0 MeTOLOM PaCIIbl-
JIUTeJIbHOTO IIMPO/K3a B IVIAMeHH, B 3TH/IeHITIHKOIe
C IIOMOII[bIO IIPOCTOM Y/IBTPa3BYKOBOM 06paboTKU.

METO/Abl UCC/IEAOBAHUA

YABTPaAgHUCIePCHBIM HAaHOKPHUCTA/NJIHUYeCKUHU
SnO, 6BJI CHHTEe3UPOBAH MeTOLOM PaCIIBIIHUTENIb
HOTO IIHMpoaM3a B IjaMeHHU [16]. IlonydyeHHBIN
IIOPOIIOK II0C/Ie CHHTe3a 6bI11 0TOXKKeH pu 500 °C
B TedyeHHe 24 4 Ha Bo3ayxe. [TolydeHHBIN MaTepHaJl
KCCJIeJ0BaJICSd MeTOLOM peHTreHopa30BOro aHa-
nu3a (POA) Ha nudpakTomeTpe Rigaku D/MAX-2500
(Rigaku, SimonwMs). O61acTh KOTePeHTHOIO pacces-
Hus (OKP) paccuuTeiBanacsh 1o popmyie lleppepa.
Pasmep ¥ MOp¢osIOrus HAHOKPHUCTAJIJIOB M3y4Ya-
JHCh MeTOJLOM IIPOCBeUHBAIOMIel 3JIeKTPOHHOM
MHKPOCKOIIHH (IIPM) ¢ ucmosb30BaHUEM MHKPO-
ckoma Libra 200MC (Zeiss, TepMaHUus) IPU YCKO-
pamomem HanpsskeHuu 200 kB Ha CCD-rkaMepy
Ultra Scan 4000 (Gatan, CIIA). Auanu3s usobpa-
SKeHH U MPOBOAMIICS C IIOMOIIBIO IIPOrPaMMHOIO
rmaxkera Image]. Pasmepsl aryioMepaToB YaCTHUIL] OLle-
HHBAJIMCh METOLOM AHHAMHUUYECKOTO pPaCCesIHHU S
CBeTa Ha aHanu3aTope Malvern Zetasizer Nano ZS
(Malvern Analytical, BenukobpuTtanus). Bentuumnna
yOenbHOM IJIOIIAAMN IOBEPXHOCTH OIpeensiniach
10 MeTOy HU3KOTeMIIepaTypHOM aAcopbI U a30Ta
c pacueToM Io mozenu B3T c momomibio mpubopa
ChemiSorb 2750 (Micromeritics, CIIIA). CycreH3us
[Jisl IedaTH YyBCTBUTEIbHBIX C/I0eB Oblla IPHU-
rOTOBJI€HA MeTOJOM YyJbTPa3ByKoBOM 06paboTku
B BaHHe Elmasonic S15H (Elma, TepmaHus) B Tede-
HHe 1 4 Ipu KOMHATHOH TeMIlepaType. 1 IpHU-
TOTOBJIEHHU S CYCIIEH3UH MCII0/Ib30BaaH 50 MT 0TO-
SK’KeHHOTO ITopomKa Sn0O,, B3BelUIeHHOTO B CMeCH
3THUJIEHIJIMKOJIS C BOJOM B COOTHOIIEHHH 9 :1.

higher, which leads to the growth
of particles and consolidation of
agglomerates. In this case long-
term high-energy ball milling is
often used [11, 12], which is aimed
to reduce the size of agglomerates.
However, this process is associ-
ated with the losses of the active
substance and the risk of unde-
sirable impurities introduction.
An alternative approach consists
in obtaining of highly dispersed
materials during synthesis with
the use of expendable templates
and the use of polymer disper-
sants to stabilize suspensions [13],
but this significantly increases
the cost of obtaining gas-sensitive

materials and complicates the
printing process.

In this regard, the metal oxide
materials synthesis for gas sensor
application by flame spray pyroly-
sis is promising [14]. This approach
allows to obtain metal oxides in
the nanocrystalline form with a
low degree of grain agglomera-
tion, provides a homogeneous dis-
tribution of doping elements and
a uniform distribution of modi-
fiers over the grain surface [15].
The present paper demonstrates
the manufacturing and testing
of properties of a semiconductor
gas sensor based on a MEMS crys-
tal with micro-heating structure
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with a thick-film porous sensing
element made of nanocrystalline
SnO, deposited by the method of
inkjet micro-printing from a stable
suspension. The suspension was
obtained by suspending of SnO,
obtained by flame spray pyrolysis
in ethylene glycol using a simple
ultrasonic treatment.

METHODS AND MATERIALS

Ultrafine nanocrystalline SnO, has
been synthesized by flame spray
pyrolysis [16]. The resulting pow-
der after synthesis was annealed
at 500 °C for 24 hours in air. The
obtained material was studied by
X-Ray diffraction (XRD) with the
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Puc.1. Mopgonozus u pazmepsl HAHOKpPUCMAAAO8 CUHME3UPOBAHH020 SNO, (a); peHMzeHo8CKaAs dUPPaKMOozpamma nopoLIKa no-
Ay4eHHoz0 mamepuana (b); pacnpedeneHue KpUCMAAAUYECKUX 3epeH Mamepuanda no pasmepy (c); pacnpedeneHue azA0Mepamos Ha-

Houacmuu, no pasmepy (d)

Fig.1. Morphology and sizes of synthesized SnO, nanocrystals (a); X-ray diffraction pattern of the powder of the obtained material (b);
distribution of crystalline grains of the material by size (c); distribution of agglomerates of nanoparticles by size (d)

HaHeceHHe YyBCTBUTE/ILHOIO CJIOS IIPOHM3BOAUIIOCH
C UCII0/Ib30BaHHUEM I1b€303JIEKTPHUYECKOr0 MHUKPO-
aucrneHcepa NanoTip-HV (CGesim, TepmaHus#).
YacroTa, HPOAOJKMTEABHOCTE M aMIIJIMTyAA
uMIyabcoB - 20 I'mp, 40 MKc, 60 B COOTBeTCTBEHHO.
PaccurMTaHHAas Macca HAHOCHMOTIO CyXOro Belle-
cTBa cocTaBuaa 100 Hr. HaHeceHMe CyCIIeH3UH IIPO-
BOAMJIOCh Ha M3rOTOBJIEHHbIEe KpeMHHeBble MOMC-
KPHUCTAJJIBL pasmepoM 2x2 MM. KOHCTPYKIIH s

MOSMC-KpUCTa/lJIa COLEPSKUT B LIeHTPaJIbHOM 0671a-
CTH TOHKYIO (~1,5 MKM) AH3/IeKTPUUYECKYI0 MeM-
6paHy, Ha KOTOPOM pacIojaramTCcs 3/1eKTpHhUe-
CKY M30JIMPOBAaHHBIE APYT OT APyra MeTaliuye-
CKHe TOHKOIIJIEHOYHbIe HaTPeBaTe/IbHbIM 3JIeMeHT
Y [IJIATUHOBBIE 3JIEKTPOAbI. [loc/ie HaHeCeHU S CBS-
3yIolljee BeIeCTBO yOa/siIOCh IYTeM IIJIABHOTO
Harpesa C IIOMOIIbIO HarpeBaTe/JbHOI0 3JIeMeHTa
no teMmmepatypsl 400 °C. Ong GOpMUPOBaAHUA

use of Rigaku d/MAX-2500 dif-
fractometer (Rigaku, Japan). The
grain size was calculated using
the Scherrer formula. The size
and morphology of nanocrys-
tals were studied by transmis-
sion electron microscopy (TEM)
using a Libra 200 mc microscope
(Zeiss, Germany) at an accel-
erating voltage of 200 kv with
an Ultra Scan 4000 CCD camera
(Catan, USA). Image analysis was
performed using the Image] soft-
ware package. The sizes of parti-
cle agglomerates were estimated
by dynamic light scattering tech-
nique on the Malvern Zetasizer
Nano ZS analyzer (Malvern

Analytical, great Britain). The
specific surface area was deter-
mined by the method of low-
temperature nitrogen adsorp-
tion and the BET model calcula-
tion using the Chemisorb 2750
device (Micromeritics, USA).
The suspension for printing of
gas sensitive layers was pre-
pared by ultrasonic treatment in
an Elmasonic s15h bath (Elma,
Germany) for 1 hour at room tem-
perature. To prepare the suspen-
sion, 50 mg of annealed SnoO,
powder were suspended in a mix-
ture of ethylene glycol and water
in a 9:1. The sensitive layer was
deposited using a piezoelectric

micro-dispenser NanoTip-HV
(Gesim, Germany). The fre-
quency, duration, and amplitude
of the pulses are 20 Hz, 40ps, and
60 V, respectively. The calculated
mass of the applied dry matter
was 100 ng. The deposition was
made on top of the manufactured
square 2x2 mm MEMS crystals.
MEMS crystal structure has thin
(~1.5 pm) dielectric membrane,
which bears electrically insu-
lated from each other thin film
metallic micro-heating element
and Pt electrodes. After deposi-
tion, the binder was removed by
ramp-heating of the micro-heater
to a temperature of 400 °C. To
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Puc.2. Teomempus HAHECEHHO20 Yy8CMBUMEeAbHO020 CA0Sl HA N0BepXHOCMU Hazpesdemol MembpaHbl MIMC-kpucmanaa (a), nopu-
cmas cmpykmypa 4yecmeumenbH020 CA0S Ha 0CHOBe HAHOKpUcmanau4eckozo SnO, (b)
Fig.2. Geometry of the deposited sensitive layer on the surface of the heated membrane of a MEMS crystal (a), porous structure of the

sensitive layer based on nanocrystalline SnO, (b)

CTabMJIPHOM TOJICTOM IIOPUCTOM IJIEHKH B IIOCTIe[-
CTBUHM IIPOBOAMUJICSA OTKUT Bcero MOMC-kpucTasiia
npu Temmnepartype 400 °C B BO3AYIIHOM cpefe.
HccnenoBaHnue MOpdOJOrUKM HAaHECEHHOTO CJIOS
IIPOBOAMJIK HA PAaCTPOBOM IeKTPOHHOM MHKPO-
ckorie NVision 40 (Zeiss, Tepmanus). Ilocie oT>kUra
KPHUCTAJIJIBL C IIOMOIIBIO YIBTPA3BYKOBOIM CBAPKH
3aKpeIIsauch B kopmycax TO-5 (3aBom "Mapc’,
Poccus) O NPOBeLeHUS] CEHCOPHBIX H3Me-
peHuil. [a30Bas YyBCTBUTEJIbHOCTD IIOJIyUYeH-
HBIX MaTepHaJIOB HCCIeL0BaNIACh I10 OTHOIIEHHU IO
K Ha6opy rasos - CO, H,; NH;, NO,, H,S, aneroH,
MeTaHOJ U Tonyos. [IoCTOSSHHBIe IIOTOKH T'a30B
C 3aflaHHOM KOHLIeHTPallMeHd B BO3[yXe IIOJaBa-
JIUCh B TEPMETHUYHYIO SYEHKY C CEHCOPaAMHU, H3T0-
TOBJIEHHYIO U3 ¢ToponaacTta. s 3afaHus GUK-
CUPOBAaHHON KOHIEHTPA MK Ta30B HCIOJIb30-
BaJIUCh OAJITOHBI [IOBEPOYHBIX T'a30BBIX CMe-
ceir ("MoHHuTOpUHT", Poccus). [lnsg pa3baBieHus
ra3oB [0 HY>KHOHM KOHII@eHTPAILIMH HCII0Ib30BaJICS
YHCTBHIM BO3JyX M3 TeHepaTopa YHUCTOTO BO3AyXa
I'YB 1.2 ("XumanekTpoHuKa", Poccus). PazbaBieHue
OCYIIeCTBISIJIOCH C IIOMOIIBO IIPEeIJM3UMOHHBIX MacC-
COBBIX peryasiTopoB pacxozma rasa (Bronkhorst,
Hupepnaupnel). M3MepeHHs IPOBOAHUIHNCH IIPHU
GUKCHPOBAHHON BJIA’KHOCTH BO3AyXa, 3a7aBae-
MOH C ITIOMOLIbI0 reHepaTopa BiaaskHocTu Cellkraft
P-2 (Cellkraft, Benus). [las1 pacyeTa BeTUUYKUHBIL
CEeHCOPHOI'0 OTKJIMKA HCII0IH30BAJIOCh OTHOLIEHHE
Pa3HOCTH 3/IeKTPHUYECKOM IIPOBOAMMOCTH YYBCTBH-
TeJIBHOTO CJI0SI B TOKe YHCTOr0 BO3/yXa U BO3Ayxa
C IPUMeCBHIO ra3a I10 OTHOIIEHHIO K ITPOBOJAHUMOCTH
B TOKe YHCTOIO BO3/IyXa.
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PE3VY/IbTATDI

CornacHo pe3ynsTataM PPA (puc.lb) B Xxozme cHTe3a
6b11 mostyueH SnO, CO CTPYKTYPOM PyTHIIA U Cpel-
HUM pasMmepoM OKP mopszaka 14 HM. [JJaHHBIH pas3-
Mep COBIIaJlaeT CO CpeJHHM pPa3MepOM HaHOKpPH-
ctamnos SnoO, (puc.1b), uMeromux ¢opmy, 61H3Ky0
K chepuyecKkor. BenlHUYMHa yoelbHOU IJIOLaAH
[IOBEPXHOCTH I10J1y4eHHOI0 HAHOKPUCTAITIUYeCKOr0
SnO, no faHHBIM BIT coctaBiseT 27 m?/r. Pasmep
arjioMepaToB HAaHOKPHCTA/IJIOB B IIOPOIIKe COCTaB-
JIseT nopsaka 120-140 HM.

HaHeceHHOe B BHJe CYCIIeH3HH BelleCTBO pac-
IIpeJle/IeHo I10 [IOBePXHOCTHU KPYroBOM HarpeBaeMou
obmactu MeMOpaHBI IOBEPX U3MEPUTEIBHBIX KOHTAK-
TOB (puc.2a). IIpy 3TOM I0CIIe yaleHus CBA3YIOIero
IJIeHKa YyBCTBUTE/BHOIO 3IeMeHTa [IpefCcTaB/sieT
cobor1 pOBHBIN paBHOMEPHBIH CJIoH 6e3 dopmupoBa-
HUS TaK Ha3blBaeMoro kodpeHrHoro msaTHa (puc.2a).
CbopMUPOBAHHBIN UYBCTBUTEIbHBIN CJIOH HMeeT
CyOMUKPOHHYIO TOMIIHHY, 06/1a/1aeT Pa3BUTOH CTPYK-
TypOH I0P.

Haubospler 4yBCTBUTEIbPHOCTBIO IIOJIyYeHHBIH
CEHCOPHBII 371eMeHT oba/jaeT B OTHOLIEHUHU I1apOB
alleTOHA M rasa JHOKCHa a3oTa (puc.3a). IIpu 3ToM
OTKJ/IHMK II0 OTHOIIEHHIO K NO, UMeeT OTpHUIIaTeNlb-
HOe 3HaueHHe BBHJY OKHCIMTE/JbHOHN XHMHUe-
CKOM IIPUPOABL 3TOro rasa (puc.3b) [17]. TaksKke cymge-
CTBEHHBIN OTKJIMK HablI0maeTcs MO OTHOIIEHUIO
K APYTUM ra3aM M IIapaM JIeTy4HX OpraHH4YecKHX
BeIlleCTB C BIPa’>keHHBIMH BOCCTAHOBHUTEIbHBIMH
CBOMCTBaMHU ~ BOLOPOJY, CEPOBOIOPOAY, METAHOIY.
OTkIMK K CO, aMMHaKy U TOIYOIy BEIpaskeH ciabo.
Habmomaemele abCOMIOTHBIE BeTUYHHBI CEHCOPHBIX
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Puc.3. TemnepamypHas 3ag8ucuMocmb 8eAUYUHbI CBHCOPHO20 OMKAUKA N0 OMHOLWEHUIO K pa3AUYHbIM 2a3dm 8 803dyxe — AUemoH
(20 M), H, (20 man), CO (20 man™), NH; (15 man), NO, (0,5 man), H,S (0,5 man), memaron (20 man), moayoa (0,5 man) (a);
U3MeHeHLe 31eKmponpogodHOCMU Hy8cmeumenbHO20 A0S Npu nepuodudeckom godelicmauu napos auemoHa e eo3dyxe (b) u NO,
(C); KOHUEHMPALUOHHAS 3a8UCUMOCMb 8eAUHLHbI CEHCOPHO20 OMKAUKA N0 OMHowWeHUto K auemoHy (d) u NO, (e)

Fig.3. Temperature dependence of the magnitude of the sensory response in relation to various gases in the air - Acetone (20 ppm), H,
(20 ppm), CO (20 ppm), NH; (15 ppm), NO, (0.5 ppm), H,S (0.5 ppm), methanol (20 ppm), toluene (0.5 ppm) (a); change in the electri-
cal conductivity of the sensitive layer under periodic exposure to acetone vapor in air (b) and NO, (c); concentration dependence of the

magnitude of the sensory response in relation to acetone (d) and NO, (e)

CHUTHAJIOB He MPeBBIIIAIOT BeJIUUYKMHBI, OIIMCAHHEIE
B IUTepaType Ha CeTOAHSIIHUM AeHb [16]. CTOUT
OTMEeTHUTD, UTO KOHI[eHTPAaLIMOHHAs 3aBUCUMOCTh

form a stable thick porous film,
the entire MEMS crystal was sub-
sequently annealed at a tempera-
ture of 400 °C in the air. The mor-
phology of the deposited sensitive
layer was investigated by scan-
ning electron microscopy (SEM)
with the use of NVision 40 micro-
scope (Zeiss, Germany). After
annealing, the crystals were
fixed for sensor measurements in
TO-5 cases (Mars, Russia) using
ultrasonic welding. The gas sen-
sitivity of the obtained materials
was studied in relation to a set
of gases - CO, H,; NH;, NO,, H,S,
acetone, toluene and methanol.
Constant streams of gases with

(puc.3d).

a given concentration in the air
were fed into a PTFE sealed sensor
chamber. Certified gas cylinders
were used to set a fixed gas con-
centration (Monitoring, Russia).
Clean air from the clean air gen-
erator GCHV 1.2 (Himelektronika,
Russia) was used to dilute the
gases down to the desired con-
centration. Dilution was per-
formed using precision mass gas
flow controllers (Bronkhorst,
Netherlands). The measure-
ments were carried out at a fixed
humidity set generator humidity
Cellkraft P-2 (Cellkraft, Sweden)
To calculate the magnitude of
the sensor response the ratio of

BE€/JIMYHH CEHCOPHOI'O OTK/IM KA I10 OTHOIIEHHIO K aLie~
TOHY K JHOKCHAY a30Ta o611a/:[aeT MaJIbIM HaKJIOHOM

the difference in electrical con-
ductance of the sensitive layer in
a current of pure air and air with
gas admixture in relation to the
conductance in the clean air was
used.

RESULTS

According to the XRD (Fig.1b),
Sn0, with a rutile structure and
an average grain size of about
14 nm was obtained during syn-
thesis. This size corresponds to
the average size of SnO, nanopar-
ticles (Fig.1b), which have a shape
close to spherical. The value of
the specific surface area of the
obtained nanocrystalline SnO,
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HAHOTEXHONOrMu

KpoMe Toro, mosyuyeHHBbIN CEHCOPHBIM 371eMEHT
ob/1asaeT BBICOKUM COOTHOIIEHHEM I10/Ie3HOr0 CHUT-
HaJa K QOHOBOMY 3HaUeHHUIO OTK/IHKA.

OBCY)XXAEHUE

ITony4yeHHBIH HAaHOKPUCTAAAHNYeCKUN SnO, mocie
BBICOKOTEMIIepaTypHOro oT>kura mpu 500 °C obnazgaet
OTHOCHUTEJIbHO HeBBICOKOM JHCIIePCHOCTBIO, KOTOPOU
OTIMYAITCSA MaTepHajbl, [I0Jy4YaeMble MeTOLOM
PacIBUINTENIBHOTO IUPOIK3a B IIIaMeHH [14], Tem
He MeHee, paBHOMePHAas BBICOKOIIOPHCTast MOpdoJI0-
rusi CQOpMHUPOBAHHBIX IIJIEHOK OTPa’kaeT IepCliek-
THUBHOCTH TAKOIO IOAXO0M4A /IS IIOJyYeHU s CyCIleH-
3UH MeTaJUIOOKCHHBIX MaTepHaJ/IoB C LleJIbI0 Ja/lb-
HeHIIer mnedyaTH QYHKIMOHAJIBHBIX CJI0€B U 3je-
MEHTOB Ha KX OCHOBe. HecMOTpPS Ha OTHOCHUTEJIFHO
HeBBICOKHE abCONIOTHBIe 3HAUYeHU S BeJIMUUH CeH-
COPHBIX OTKJIMKOB, II0JIyUeHHBIH CeHCOPHBIH 3Jle-
MeHT obnajgaeT MHUPOKUM JHANA30HOM JeTek-
THPYeMBIX KOHIIeHTPAaI[HUI 3a CYeT MaJIOro yria
HaKJIOHA KOHILIeHTPAalJHOHHOM 3aBUCHUMOCTH CeH-
COPHOIO OTKJIHKA. boyiee TOro, BEICOKOE COOTHO-
IIeHHe [0JIe3HOr0 CMIHajla K $OHOBOMY OTKJIUKY
[103BOJIsIeT YBEPEHHO JeTeKTUPOBATh alleTOH B KOH-
LeHTpalHuu MeHee 1 MmaHl, a NO, B KOHIIeHTPalu U
MeHee 20 MiIpZI L.

BblBOAbl

I[IposeMOHCTPHUPOBaHA MePCIeKTUBHOCTb IIPH-
MeHeHHUSI MeToAa PacCIbIIMTEe/]bHOTO IHPOIH3a
B IIJlTaMeHHU /I CUHTe3a YIbTPaJHCIIePCHBIX OKCH-
JI0B METAaJ/IJIOB C LIe/IbI0 Ja/IbHeHIIero noay4deHus

CyCIIeH3UH [AJIsi CTPYHHOH MevyaTH QYHKIJHO-
HaJIBHBIX 3JIeMeHTOB U cJioeB. IloJlydeHHBbIe CJIOH
Ha OCHOBe HaHOKPHCTA/IM4ecKkoro SnO, obnagaoT
XOPpOIIO KOHTPOJIMPyeMOH reoMeTpHell i paBHOMeP-
HOM IIOPHUCTOU MOPQOJIIOrHer, YTO OTKPBIBAeT Iep-
CIIeKTUBBI MaCIITaOHPyeMOro U3TOTOBJIEHHUS 10Ty~
IIPOBOJHHUKOBBEIX CEHCOPOB C BBICOKOL BOCIIPOK3BO-
JHUMOCTBIO XapaKTepPUCTHK. [1oydeHHBIN ra30BbIH
ceHCOp Ha 6a3e MUKpPOHArpeBaTeIbHOIO 3/IeMeHTa
MBDMC-kpucrtaiia oblamaeT BBICOKMM COOTHOIIe-
HHeM II1071e3HOT0 CHMTHaJla K $OHOBOMY OTKJIUKY
U [103BOJISIET IeTeKTUPOBATh LIMPOKUE Habop rasos
B KOHIIeHTPaLluU MeHee 1 MyIHL.
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HccnemoBaHUe BBIIIOJIHEHO IPU GUHAHCOBOM IIOJ-
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obopymoBaHHe I[eHTPa KOJJIEKTHBHOI'O I10/Ib30-
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CTHKa MHUKPO- I HAHOCHCTEeMHOM TeXHUKH' Ha basze
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in relation to acetone and nitrogen
dioxide has a small slope (Fig.3d-e).

The obtained sensing element
has a high ratio of useful signal to
the background response.

DISCUSSION

The resulting nanocrystalline SnO,
after high-temperature annealing
at 500 °C has a relatively low dis-
persiveness, which differs from
the materials obtained by flame
spray pyrolysis [14]. Nevertheless,
the uniform highly porous mor-
phology of the formed film reflects
the perspectivity of this approach
for obtaining suspensions of
metal oxide materials for further
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printing of functional layers and
elements based on them. Despite
the relatively low absolute values
of the sensor response values, the
resulting sensor element has a
wide range of detectable concen-
trations due to the small angle
of the sensor response concentra-
tion dependence slope. Moreover,
the high signal to noise ratio
allows reliably detect acetone at a
concentration of less than 1 ppm,
and NO, at a concentration of less
than 20 ppb.

CONCLUSIONS
The perspectivity of the flame
spray pyrolysis method for the

ultrafine metal oxides synthesis
for functional elements and lay-
ers inkjet printing suspensions
fabrication is demonstrated. The
resulting layers based on nano-
crystalline SnO, have a well-
controlled geometry and uni-
form porous morphology, which
opens up the possibilities for
scalable manufacturing of semi-
conductor sensors with high
reproducibility of characteris-
tics. The resulting gas sensor
based on a micro-heating MEMS
crystal has a high signal to noise
ratio and allows to detect a wide
range of gases in concentrations
less than 1 ppm.
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