Cexyus 1. Ilpoyeccol 83aumooeticmeust usiydeHus u niasmvl ¢ meepobim meiom

Section 1. Processes of Radiation and Plasma Interaction with Solids

NCCIEJOBAHUE NPOLHECCOB HAIIBIJIEHUA
I'A3OYYBCTBUTEJIBHBIX HAHOIIVIEHOYHbBIX CEHCOPOB
N3 OKCHUI0B TUTAHA, JETUPOBAHHBIX AIIOMHWHHUEM,
IIPU PACIIBVIEHHUHU Ti X Al CABOEHHBIMHU JIASEPHBIMU
NMITYJIBCAMHU B ATMOC®EPE BO3TYXA
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W3yyeHsl yclIOBUS HEOOXOJMMBIC JJisi HAMBUICHHUS Ta304yBCTBHUTEILHBIX HAHOIUIEHOYHBIX PE3UCTOPOB W3
OKCHJIOB THTaHa, JIETHPOBAHHBIX OKCHIOM QJFOMHHUS, METOJOM aOJISIHK CIBOSHHBIMH JIa3€PHBIMH UMITYJIbCAMH B
aTMocdepe BO3Myxa THOPHAHOW MUIIEHH COCTOSAMIEW W3 IUIACTHMHOK TUTaHa (ToimuHa 0,5 MM) W aJfOMHHUS
(tommmaa 0,23 MM) CKIIEEHHBIX MEXAY co00M METOIOM Ja3epHOU MCKPOBOH criekTpomerpuu (crekrpomerp LSS-
1) HpOBe[[eHI)I HUCCIICOOBAHUS BIIUAHUA 3HepFI/II/I, MC)KL[yI/IMHyJ'H)CHOI‘O I/IHTepBaJ'Ia, yrna nagacHus U KOJIMYeCTBaA
HMIIYJIbCOB Ha IIPOIECCHI IPHU IIEJICHAMPABICHHOM (OPMHUpPOBAHHE KOMIIOHEHTHOTO M 3apsIOBOI0 COCTaBa
Jla3epHOro (pakesia HAMPaBJIIEMOro Ha MOMIOXKKY. OIeHeHbI TapaMeTphl YYBCTBHUTEIBHOCTH CEHCOpPAa HAa aMMHAK,
BOJTy, YKCYCHYIO KHCJIOTY.

Knwuesvie cnosa: OKCHJbI TUTAaHA W AJIIOMHHHSA; T'a304YBCTBUTCIIBHBIC CCEHCOPBLI; HUMITYJIBCHOC JIAa3€PHOC
PAacCIbUICHUE, J1a3€pHas 1Jj1a3Ma, JIa3epHasi UCKpOBas CIICKTPOMETPHSI.

STUDY OF DEPOSITION PROCESSES OF GAS-SENSITIVE
NANOFILM SENSORS FROM TITANIUM OXIDES DOPED
WITH ALUMINUM, DURING SPRAYING Ti AND Al
BY DOUBLE LASER PULSES IN AIR ATMOSPHERE
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The conditions necessary for the deposition of gas-sensitive nanofilm resistors from titanium oxides doped with
aluminum oxide were studied by the method of ablation with double laser pulses in an air atmosphere of a hybrid
target consisting of titanium plates (0.5 mm thick) and aluminum (0.23 mm thick) glued together by the method of
laser spark spectrometry (LSS-1 spectrometer). The influence of energy, interpulse interval, angle of incidence and
number of pulses on the processes during the targeted formation of the component and charge composition of the
laser torch directed to the substrate were studied. The sensitivity parameters of the sensor to ammonia, water, and
acetic acid were estimated.

Keywords: titanium and aluminum oxides; gas-sensitive sensors; pulsed laser sputtering; laser plasma; laser
spark spectrometry.

Beenenue B3aUMOJICICTBUU C MOJIEKYJIAMH JETEKTUPY-

ViydieHne (QyHKIMOHAJIbHBIX XapakTe- emoro rasa [1]. ToHKue IIEHKH OKCUAOB TH-
PUCTHUK XMMHUYECKHX Ta30BBIX CEHCOPOB MO- TaHa U MPEeXJIe BCEr0 OKCUI0B 4-BaJC€HTHOTO
XKeT ObIThb JOCTHTHYTO 3a CUET HCIOJIb30Ba- tutada TiO2 B UX pa3IuUYHBIX MOJU(UKALIN-
HUS B Ka4eCTBE Ia304yBCTBHUTEIBHBIX MaTe- AX UMEIOT Oosblioe Oynyliee B COBPEMEH-
pHAJIOB OKCHJOB U OKCHIHBIX KOMIIO3UTOB, HBIX HAyKOEMKHX TEXHOJOTHSIX Oyaromaps
JUIl KOTOPBIX XapaKTEpPHO HW3MEHEHHUE Ba- UX YHUKAIBHBIM JIEKTPOPU3NIECKUM, ONTHU-
JICHTHOTO COCTOSIHUSI aTOMOB MeTajula IpU YECKMM, XHMUYECKMM U OaKTepUIMIHBIM

16-s2 Medwcoynapoonas konghepenyus «Bzaumooeticmeaue uznyyenuil ¢ meepovim meaomy, 22-25 cenmsabps 2025 ., Munck, Berapyce
16th International Conference “Interaction of Radiation with Solids”, September 22-25, 2025, Minsk, Belarus

63


mailto:ermalitskaia@gmail.com
mailto:voropay@bsu.by
mailto:zajogin_an@mail.ru
mailto:ermalitskaia@gmail.com
mailto:voropay@bsu.by
mailto:zajogin_an@mail.ru

Cexyus 1. Ilpoyeccel 83aumooeticmeus usydeHus u niasmol ¢ meepobim mejiom

Section 1. Processes of Radiation and Plasma Interaction with Solids

cBoiicTBaM. Takue MIEHKH MOKHO MOJIy4YaTh
pa3HbIMH MeTOAAMH. XHUMHUYECKUE METOJIbI
TpeOYIOT HECKOJIBKHMX CTaaud ISl TOJIyde-
HUS HAHOPA3MEPHOTO O0BEKTa, TaK U yTHUIIHU-
3aI[M¥ OTXO0JI0B ITPOU3BOICTBA.

OnHuM U3 BO3MOXKHBIX MOIXOA0B K (hop-
MHUPOBAHUIO CEHCOPOB HAa OCHOBE TMOPHCTHIX
CTPYKTYp C MakCUMaJIbHO Pa3BUTON MOBEPX-
HOCTBIO SIBIIICTCS CHHTE3 (DpaKTambHBIX
CTPYKTYp B Ja3epHOM (akere.

PaGora ra3ouyBCTBUTENBHBIX JaTYMKOB
Ha OKCHJaX METauUIOB OCHOBaHa Ha
W3MCHCHUU COMPOTHBIICHUS 00pasna Mo
BO3JICHICTBUEM JIETEKTUPYEMOTO rasa,
azicopOupyromerocs Ha MMOBEPXHOCTHU
MOJYyNpOBOAHMKA. [  CylIecTBEHHOIO
W3MCHCHUS COMPOTHBIICHUS HEOOXOIaMMa
pa3BUTasi TMOBEPXHOCTb YYBCTBUTEIHLHOIO
Cl0s, T. €. BBICOKasl yJeJIbHasl IUIOIIA/lb
nmoBepxHoctu  oOpasma. /Jlmg  mpomecca
aacopOuuu JETEKTUPYEMBIX MOJIEKYJI
BAKHYIO poJib urpaet COCTOSIHUE
MMOBEPXHOCTHU KOJIMYECTBO M XapakTep
MMOBEPXHOCTHBIX aJCOPOIMOHHBIX IIEHTPOB.
B mnocnennue roapl OBLIIO YCTaHOBIIEHO, YTO
B pe3yjbTaTe  JIONMPOBAHUSA  TOHKHUX
nokpeiTuil TiO2 Takumu MeTaiamu, kak Fe,
Cu, Al, B xommuectBe mopsaka 1 Moiab %
00pa3yrloTcsi TOHKOIUICHOYHBIE CHUCTEMBI C
BBICOKOW  (DOTOKATATUTHYECKON aKTHBHO-
CTBIO U YyBCTBUTEIHLHOCTHIO K razam [1, 2].

Pa3zpabartbiBaeMblii B TaHHOW paboTe moI-
XOJl JJIS HaIbUICHHUS] Ta304yBCTBUTEIBHBIX
HAHOIUICHOYHBIX PE3UCTOPOB OCHOBAH Ha
HCTIOJIb30BAHUH BBICOKOMHTEHCUBHBIX CJIBO-
€HHBIX JIa3€pHBIX UMITYJIbCOB JJIS pachblie-
Hus (abmsmum) B atMocdepe Bo3dyxa TH-
OpHTHOW MHUIIIEHU, COCTOSIIIECH U3 IJIACTHHOK
tuTaHa (tonmmHa 0.5 MM) M QJIIOMHHMUS
(TommuHa 0.23 MM), CKJICEHHBIX MEXIY CO-
0oii. Bo3HuKaomuil B 3TOM CIy4ae OTHOCH-
TEeIbHO HEOONbIION (TIOpsAIKAa HECKOJBKO
MM) IDIa3MEHHBIA (aken XapaKTepU3yeTCs
BBICOKOM TeMIlepaTypoi, NaBiIeHHEM, OOJb-
IOH CTENEHBbI0 MOHHU3AIUU JJIEMEHTOB, IIO-
3TOMY OH BIIOJIHE CIOCOOEH 00ecnevnuTh UH-
TEHCUBHBINA TMOTOK YaCTHI] KeJIaeMou (BBICO-
KOH) SHEpruM Ha OJM3KO PACMOIOKEHHYIO
TIOJIOXKKY.

PesyabTaTsl H 00cyKI1eHHE

Jlis mpoBeleHusl UCCIIEeOBAaHUI HCIOb-
30BaJICSl JIA3€PHBI MHOTOKAHAJbHBIA aTOM-
HO-3MUCCUOHHBIN crekrpomerp LSS-1. Jla-
3ep 007a7aeT MHUPOKUMH BO3MOXKHOCTSIMHU
KaK JJIs PeryJupOBKH SHEPTUU HMITYJIHCOB
(mo 80 Mm/Ix), Tak W BPEMEHHOIO CJABHIa
MeXay caBoeHHbIMU uMmynbcamu (0-100
MKc) u3nnydenus. Yacrora umnyiascos 10 I'm,
CpeaHsis JUIMTEIBbHOCTh UMITyJbca 15 He. Jla-
3epHOE HM3Iy4YeHHE (POKYCHpOBaIoCh Ha 00-
pasell ¢ MOMOIIBI0 aXpOMAaTHYECKOTO KOH-
neHcopa ¢ okycHbIM paccrosiHueMm 104 mwm,
pasmep naTHa POKyCHpPOBKH 50 MKM.

B HacTosmeit paboTe npuBeACHBI Pe3yiib-
TaThl MCCJEJOBAaHUS JTUHAMHUKHU MPOLECCOB
oOpasoBanust aToMoB U MOHOB Ti u Al mpu
BO3JICHCTBUM  CEpUNl  TOCJIEI0BATEIbHBIX
CABOCHHBIX JIA3€PHBIX HMITYJIbCOB HAa MHU-
LIEHb MPU HEPTUM UMnyJsibcoB 35 mJIx. Uc-
CJIEJOBaHMsI IPOLIECCOB HANBLICHUS OT HH-
TepBaJia MKy MUMITYJIbCaMH MOKa3ajiH, 4TO
npu uHTepBanax or 0 1o 6 MKC TUTaH pac-
MBUISETCS, HO HAMBUICHUS TUICHKU MpaKTUye-
cku He HaOmonaercs. C yBelIMUEHUEM WH-
TepBasia HabII0JaeTCsl 3aMETHBIN POCT ILIEH-
KM, OCOOEHHO 3aMETHBIA B MHTEpBajax oT &
no 15 wmkc. Ilpu nanpHeWeM yBeIUYEHUU
MHTEpPBaJla KAYeCTBO IUIEHKH YXYAILIAeTCs.

CkopocTh MpoOWBKH MUIleHH u3 Ti u
HAYaJl0 MOCTYIUICHUS aTOMOB M MOHOB Al B
daken CymiecCTBEHHO 3aBHCUT OT WMHTEpBasa
MEXIy HMIyJbcamu. B kauecTBe mpumepa
Ha puc la u 16 npuBeneHBI pe3ynbTaThl UC-
CJIEIOBAaHUM TIO 3aBHUCHUMOCTH WHTEHCHUB-
Hoctu 2 ymaMiA atomMoB Ti I (388.346 um u
399.919) u nonos Ti II (390.155 um), anro-
muaust Al 1 (394.488 HM) ¢ pa3auvyHBIMH
MEXJ1y HMIYJbCHbIM HHTepBajioM (1 u 9
MKC) OT KOJIMYECTBA UMITYJIbCOB.

[Tocne mpoOMBKM TUTACTHHKH M3 CIUIaBa
tutana BT1-0, kak 3T0 BUJIHO U3 TrpaduKOB
Ha puc. la u 10, B (pakesr HAYMHAIOT TIOCTY-
MaTh aTOMBI U HWOHBI aMIOMUHHUS M3 CIUIaBa
AJl1, coBMECTHO ¢ aTOMaMH U HOHAaMH THUTa-
Ha, UcHapseMble ¢ OOKOBOW IMOBEPXHOCTH
MUKpOKaHaia Tpu aOisluy TUTAaCTUHKUA U3
amomuaust.  [Ipy  UMIOyIbCHO-TIEPUOAM-
YECKOM BBICOKOMHTEHCHUBHOM JIa3€PHOM BO3-
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JEHCTBUM B OJIHY TOYKY MMILIEHU, B PE3yJiib-
TaTe Mpolecca Ja3epHon alIsaLuu, IPOUCX0-
JIUT BBIHOC MAacChl BEUIECTBA MHUIICHU U 00-
pa3yeTcss MUKpOKaHal.

1 mkc

0 50 100 150 200
Homep umnynsca

(B)

Puc. 1. 3aBHCHUMOCTH MHTEHCUBHOCTH JUHHH aTOMOB
Y MOHOB TUTAaHA W aJIFOMHUHHUA OT YKCJIa UMIYJIbCOB: a
1 0 - IS MHTEPBAJIOB MEXIY UMITYJIbcaMu 1 1 9 MKC;
B — mist yraoB 60 u 70 rpaj; r- 3J€MEHT ¢ HalbUIeH-
HOM TOpOXKKOM

[Ipu yBenuueHuu TayOUHBI KpaTepa,
dopMHupyeMoro mpu HMITYJIbCHO-TIEPUOIU-
YECKOM JIa3epHOM BO3/CMCTBUM Ha MUIICHD,
00pa3yronuiicss KOHWYECKHHA MHKpPOKaHAJ
MOJKET CIY>KUTh aHAJIOTOM COIUIA, MPOXOJs
gyepe3 KOTOpOE, BEMIECTBO MHUIIEHH Oynaer
oonmee sddexTnBHO KIactepuzoBarbes. C
YBEIIMYCHUEM TEMIIEpaTypsl U  OBICTPOTO
paciMpeHusl TIa3Mbl Ha BBIXOJE€ M3 MUKPO-
CoITa aTOMBI M HOHBI OyIyT TypOyJEHTHO
NepeMeNIuBaThC U OyIyT MPEeUMYIIECTBEH-
HO (OpMHpOBATHCS HaHOKIAcTephl. Hambo-
nee 3(p¢deKTUBHO, Kak BUAHO W3 TPUBEICH-
HBIX PHCYHKOB, 3TO MPOUCXOJUT MPH UHTEP-
Bajie MEeXIy UMITyJIbcaMu 9 MKcC.

KonmuecTBeHHBIN cocTaB JiazepHOTO (a-
KeJla 3aBUCUT U OT yTjia MaJIeHUs Ja3epHOro
nmy4yKka Ha MulIeHb. Kak BHIHO U3 CpaBHEHUS
NpUBEICHHBIX Ha puc. la-1B AaHHBIX, TpH
YMEHBIICHUN yTia TaJeHus] My4YKa WHTEH-
CUBHOCTb JIMHUM THUTAaHA U aJIOMUHUS TMaja-
€T, a HEOOXOMMOE KOJHYECTBO MMITYJIbCOB
JUTSE TPOOMBKY MHILIEHU 3HAYUTEIHHO YBEIH-
yuBaercs. [Ipu cpaBHEeHUU MTPUBEIEHHOTO HA
puc. 1 rpaduka mis yrios mageHus 70 u 60
rpaaycoB BUIHA YETKas 3aBHCUMOCTBH KOJIH-
YECTBEHHOTO COCTaBa JiazepHOro ¢akena,
HAMpaBIIEMOT0 Ha TOJIOXKKY, OT yIJa Ia-
JeHus a3epHoro Jyda. C yBeJIMUeHHUEM yria

najieHrs OonbInast JOJsi U3IYyYeHHUs OTpaxka-
€TCsl OT TOBEPXHOCTH MUILICHHU.

Hcnonw3ys moigydeHHbIE BBIIIE pe3yJibTa-
ThI, MBI TIPOBEIH HCCIEIOBaHHS IMPOLIECCOB
HaIbUICHUS] HAHOTUICHOK JHOKCHJIOB TUTaHA
U OKCUJOB aloMuHusA. Hampuienwe mnposo-
JTUJIOCh HAa TIOBEPXHOCTH (DOJIBIHPOBAHHOTO
CTEKJIOTEKCTOJINTA, C BBITPABICHHBIMU IIO-
nockamu, mupuHoi 300 MKM. mpu Bo3ACH-
ctBuM cepur U3 200 CIBOCHHBIX Ja3epHBIX
HMMITYJIbCOB HAa MHILIEHb, YCTAHOBJICHHYIO
nox yrioMm 60 rpaaycoB K Majaroniemy u3iy-
YEHUIO U TOJJIOKKE Ha PACCTOSHUU 3 MM.
DHeprusi UMIMYJbCOB H3nMydeHus 35 Mm/Ix,
HWHTEpBaJ MEXIy HUMIyJbcaMu 9 MKC (CM.
puc. 16).

N3o0pakeHne MOBEPXHOCTH oOpasua ¢
HaIlbUICHHOW IIJIEHKOW, YBEJIMYEHHOE C IIO-
MoIplo MHKpockona Muxmen B 200 pas,
MIPUBEICHO Ha puc. le.

HauanpHoe conpoTuBieHue IieHKU Oosiee
1 I'OM, pu xkoMHaTHOUM Temmeparype. Mc-
CJIeIOBaHAa YYBCTBUTEIBHOCTH IJICHKH K Ia-
pam BOJbI, aMMHaKa U YKCYCHOW KHCIIOTHI.
IInenka xopomo pearupyer Ha napel NH3,
OTHOCHUTENIFHO CJIa00 Ha BOJAY W MpaKTU4e-
CKH HE YyBCTBYET Mapbl YKCYCHOM KUCIIOTHI.
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