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wpwnwhnupbiph hwjnuwpbpdwu, npwug hnupbph Yunwdwpdwu b Ynugbunpwghwubph
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ququqguiniuniejwu hwnynyenuubinn b nhunwnlbp npwiug' ququihu ubuunpubipnud
Yhpwndwu huwpwynpnyzniuubpp:

e Swppbp  bBnwuwlubpny  upupebgb]  uwunlwnnigywdpwiht  pwgqdwpwnwnphs
gququqquiniu ynyebip U npwug hhdwu Yypw wwwnpwuwnb] nbghunhy ququihu
ubuunnpubn:

e Yhpwnbiny U nbghunhy, U hdwbnwiuwhtu dbennubp’ hwugwdwunpbu
nwnwuwuhpb] wwwpwundws Uwunluwnnigwdpwihtu  ubuunpubiph  puniewanbipp'
npwug jwjwpydwu uwwnwyny:

U2luwwnwipnid wnwownpyby b jméyb| bu hbnbywy uunhpubipp

e Sbjuuninghwywu  wwpwwbuwly  Bnwuwlubpny  upupbqybp U wwppbp
pwnwnpnyzjwdp fhuwhwnnpnswiht diwnwnopuhnwihtu uwunwnnigwdpubip:

o Lhnwgnuybp BU uptpbqwd Ynyebph Ywnnigqwdpwiht b Eblwnpwdhghlulwu
hwuwnynieniuubipp:

e Unwgywd uwunfuwnngwdpubph hphdwu Jpw  wwwpwuwndbp Bu  nbghuwnhy
ubUunpubip' ogunwgnpdtiny Jowlywd nbluuninghwlwu Jbennubn:

e Mwwpwunywd ubuunpubph  wwpwdbnpbpp  wwplydwu  swywwnwln npwug
punipwgpbpp  hbwmwgnngbp Bu ng dhwju nbghunpd, wy twlb hdwbnwuuwhu
Gnwuwyny:

o hdybnwuuwihu Gnwuwyh Yhpwnnwp ubuunpubph puniewagpbph nwnwuwuppdwu
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Shwwljwi unpnypep

o Uowldws, unp L Edwu wbjuuninghwlwu dbennubpny (nbdhdubpny) hwonnyb) k
uhupbgl]  wwppbp  Yhuwhwnnpnswihu uwunyndwnghwubp,  npnug  wnyjw
pwnwnpnygniup  wnwoht wugwd oquwgnpdybp £ ww| qugh hwjnuwpbpdwu
hwdwn:

o Uwlyby 6U ywuwnpwunywsd ubuunpubph punyawgpbph swhdwu unp dbennubn, npnug
dhongny wnwoht wugwd wnwg bU pwodb] ubbunpubph hwdwpdbp bGYunpwlwu
onpwubtpp W npwug  Yunngwdph ni ubuunpubph  wwpwdbnpbph o dhole
hwpwpbpwgniejnuubipp:

Uhpwnwlwlu tywuwlniyeiniup

Uowldwd  wbhuunnghwlywu  nbdhdubph  dhongny  wébgyws  Yndwnghwn

uwunywnnigwdpubipp gnpduwlwunud Yhpwnbih U ququiht ubuunpubipnud:

2. Wuwnbn  oguwgnpdynn dbitwnopuhnuwjhu ujnyetipp L wdfuwduwjhu

bwunfunnnjwyubip odndwd bu pwjwlwu pwpdp dEjuwuplulwu b phdhwlwu
Yuwjniuniejwdp, huswbu twlb nubu wwpwdbnpbph dwdwuwlwiht Yuniunyesniu,
npnup fuhuwn Yupunp Gu ubuunpubpt ppwywu dhowywjpnid Yhpwnbine hwdwp:

3. Mwunpwunywd uwunyunnigwdpwihtu nbghuwnhy ubuunpubipp swihubipny thnpp Gu,

ynipwyhp L hwdwwbnblh  dwdwuwlwyhg dhypn- W vwunkGlyupnuwihu
hwdwYwpgbph hbwn:

4. UGuunnpubiph punyewanbiph funppwjhtu hbnmwgnunnuu hdwbnwuuwihu Gnwuwyny eny|

£ wwihu fwlwunpbu pwpbjwyb| npwug wouwnniuwynyzjwt punyewanbipp:

5. Mwuwpwunywsd ubuunpubpu niuwly U wouwwnbp bwl hnhnfuwywu wgnwugswuubph

1.

Yhpwndwdp, npp eny| £ tiwhu npwtg hunbgpnudp pupdphwéwiuwiht inhpnypubpnid
w2tuwwnnn dwdwuwywlhg fiEYwnpnuwhtu hwdwlwpgbipht:

Mupunuwunipjwup tbpluwjwgdws hhduwlwu npnypubpp
Uowlhdwsd ogphin wnbfuuninghwlywu dbennubph W nbkdhdubph Yhpwnnwip pbpbp £
guquqqunit Yndwnghwwht unyebiph hwenn upupbiqiwu:
Ubwwnopuhnwiht uwunyndwnghwnubph pwnwnpnieiniuubph 62gnphin puwnpnigjniup
(Fe203:Zn0 (80:20 Uon.%), Fex03:Zn0 (60:40 dn.%), ZnO:La+lwwn.%la, ZnO+2wwn.%lLa,
SnO2+lwwn.%Co, pwqiwwwunn  wdluwdtwiht  bwunfunnndwyubp  (FULHU):Sn0:
(5:95 Ygn.%), SnO/RULIU (75:25 Ugn%) L PULEU/SnO2 (1:600)) pbipb| b npwug pwpdp
qaujniunyjwu (5~5-5000) opwduh, wdnuhwyh, wgbwnnuh, frwunh, hbnnljugdwsd
Uwypwiht qugh b onwduh whnopuhnh gninpzhtbinh (2MS) Uwindwdp:
pwdup wbipopuhnh gninpohubiph tywwndwdp qgwinitu SnO2/PULEU Yndwnghwin ujnyesh
L  wnhdhnt  6Yynwu  wwynhph  EPEYwpY  hwdwygnudp  pbpbkp E ubUunpp
quiquqguinLunLEjwl punyewgnbinh Yuyniunyejw' puwqdwlh dynwiubiph ulwndwdp:
Nyunpwdwunpwywgnyu (MU) dwnwquwjpubph Yhpwnnwip Fe203:Zn0 (80:20 Yon. %)
ubtunph wywhy dwlbpbnyphu pbpnd § M3-h ywndwdp pwpdn qgwjnLuntzjwu
(S~12-20)" hwuwwwnywd U nbghuwnhy, U hdwbnwuuwiht uwblunpwuynwhwh (hU)
dbfnnubpny:
hU Gnwuwynd hbunwgnunynn ququgguyniu unyebiph hwdwp punpwsd hwdwpdbp
EiGyunpwlwu  gnewubpp  dGdwwbu  hwdpulund  Gu  hwwnuh  hnpdwpwpwlwu

4
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Uwnbuwfununyzywu  hhduwywu  wpryniuptbpp wwwagnpdlp Bu 13 ghnwlwu
hnnjwdubinnwd, ubpyuwjwgyby Gu 4 ghunwdnnnyubph unetipnud W dbnp Gu pbipgb) 3
wpwnnuwgpbn: Swwgpjwd wofuwwnmwupubph gnigwyp pbpdwd § wnbuwfununyzjwu
ybiponud:
Uzluwwnwtiph Yuwnnigdwspp b swywyp

Uwnbuwfununyggniup pwnugwd £ ubpwdnyeniuhg, 4 giniuubphg b gpwlwunyejwu
gwulhg, npu hp dbe ubpwnnd £ 136 hnnd: UWpuwwwupnud wnlw Gu 70 uluwp, 3
wrynuwl: Ugluwwnwuph punhwunip dwywiu k125 ke:
UWoluwinw ndwunwynipiniu

Lbpwénipjwu dby ubplujwgws Bu pbdwh wpnhwlwunieiniup, wofuwwnmwuph
Uywuwnwyp, unwgywsd wpryniupubiph ghwnwywu unpnyep, gnpduwlwu wpdbpp, huswbiu
uwl pEpdwd BU wwonwwunipjwup ubplujwgynn hhduwlwu npnyrubipp:
Unwohti qumid ubpluwjwgywsd bu dwdwuwlwlhg Yhuwhwnnpnswiht  ququiht
ubUunpubiph  wbuwlubpp, npwiug  Yunngwdpu ni wnwudbwhwwnynyesniiubipp:
Uwupwdwutu  ubpyuwjwgdby  Gu  ubuunpubpht  punyewgpnn  Juplnpwgnyu
wwpwdbwnpbpp, npnughg  GBu ququgguinunggnup,  punpnnniuwlynignuup,
wpwgwghpdnyntup,  Juyniunggniup b wyiu: Pepdwd £ uwb  hdwbnwuuwhu
uwbyunpwulynwhy hbwnmwgnundwu  dbennp uuwpwghpp: Wuwnbn ubplujugywsd  Gu
ybipohu wwphubiphu wwppbp hGnwgnunnnubph Ynndhg wnweowplywd ubuunpubph
puntpwgpbipp W npwig ywnpwuwndw inbluuninghwlwu Gnwuwyubpp:
Gplipnpn gqiunid ubpyuwywgywd Gu  vwunyndynghunwiht  ququqguyniu  unyebiph
uhupbgiwu U npwug hhdwtu Jpw nbghunhy ubuunpubph  Wwwnpwundwu
wbuuninghwlwt  wnwuduwhwwnynyeniiubpp: Wuwbn - ubpluwwgywsd  u uwl
unwgywd pwnuueubtph  Juqdwpwuwlwu, Yunnigqwdpwihu W pnipbnulwu
puntpwgpbipp: LbpYuwjwgywsd £ uwl ubuunpubiph puniewgpbph swihdwu ntghunhy W
hdybnwuuwjhu Juwjwupubph ufwpwaghpp, huswbu twl dbp Ynndhg ogunwgnpdywd
ubUunpwiht twynhpubiph Yunnigwdpp: Jwuuwdnpuwbu' whunbwquiht uhupbqiwu
bnwuwynd wwuwpwuwnygb) bBu Fex03:Zn0 (80:20 Yon.%), Fe:03ZnO (60:40 dn|.%),
ZnO:La+Twwn.%La, Zn0+2wwn.%la L SnO2+1wwn.%Co Yhuwhwnnpnswiht
pwqdwyndynubuwn phpwfuubn: Fe203:Zn0 (80:20 Yon.%) phpwiuh Yuwqdwpwunyeiniup
nwniduwuhpyb] £ wbuwdpnn EGYunpnuwhu Jwupwnhwwynyd (SEU) (MIRA 3 LMH-
Tescan), nph wwwybpubiphg wwnpq £ nwpdb), np hbunwgnngnn Unygeh dwlynwhubiph
dhoht swthubipp 5-10 dyd Ywngh bu (LY. 1): (Shpwiup nunwluwuhpyb b uwl EDX (Energy-
dispersive X-ray spectroscopy) wnwppwjhu ybpndnigjwt dhongnd, npp hwuwmnwunby £ Fe,
Zn U O wwppbiph wnlwjnyejntup phpwiuwihu ujnyencd:




. 1Fe2U3:Zn0 (80:20  .%)

Fe203:Zn0
( ) (EFTEM Jeol 2200 FS, JEOL Ltd, Tokyo,
Japan) 15-30 , Zn0-

. 2 FejO.czZnO

Zn0O+1 Y%la

Fe 03:ZnO (80 20 .%)

. 3- Zn-
21.2 19.4 %
(20 J%): ,



.3 Fe203:Zn0 (80 20 .%)

Energy [keV]

. 4 Fe203:Zn0 (80 20  .%) (EDX)

Fe203:Zn0 (60:40 .%)

+1 %
(5:95 %) ( -
- ,  Nanoshel-UK Ltd., ' ~80-100 ,
' ~3-8 , ' 99%), (180 )
Alpha-Step D-300 (KLA Tencor) :
(PVD),
(CvD):
75:25 % / / (1:600) :
75:25 % / (Nanoshel-UK Ltd UK, - ' 20-
40 , - ' 10-30 , - ' 100-900 )
130 '
n AN AT WS-650HZB-23NPPB):
' Empyrean (X CuKa), Malvern Panalytical
¢ .5), - - :



.5 (75:25 %)
/ (1:600)
(TESLA BLATNA, ),
(Pt 1000): - (. 6),
.6 -
Fe203:Zn0  (60:40 %) 250°C

(27 ppm' S=2, 14 ppm' S=1.5): Fe203:ZnO

' 250°C

(~1096 ppm):

. N:



2507 )

.7 3
250°
/5n0  (1:600)
2507
, 20 ppm-
7.4 : /5n0
2507 ( . 8a) /Sn0O
400 ppb 12
( .8",
.8 /

(400 ppb- 20 ppm) (a)
(b):

ZnO+~ui.%La
250°C
ZnO<La>



. 9Zn0O<La>
:SnO
1.6
100°C 980 150°n
(2.5
. 10 :SnO (5 95

150°C

. %)

0.7 ppm
(34 ppm)
19- : ZnO+"ui.%La
6.7 ppm
50 100 150 200 250 300 350
Temperature, C
' 675 ppm
(595 . %) )
100°C
100°C 150°C
, 100°~
(535
), 100°~
) 25 ppm 1- ( . 10):
WO
Sno - , -
Ne-
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Lwptwywu  nwnuduwuphpnyggniuubp Bu ppwlwuwgylp ubuunph S4dwu
hwuwnynieniiubipp nwnwuwuppbiine hwdwp: UGuunph gqujniunteniup gpbipb Yuiudwsd sh
Gnb| 6Yynwiubiph pwuwyhg b dYdwu wunphbwuhg:

Muwunpwuwnyb £ uwl Fe203:Zn0 (60:40 Yon.%) Ywnnigywdpny opwdht hwjntuwpbipnn
ubUunp: Ubtunpp 9pwduh Ujwwndwdp qquyniunyeniu £ gnigwpbipt wpnbu 50°C
sbpdwuwnhtwund niwbuwiny 1000-hg pwpdp wpdwguwupdwu wndbip: UdGUwpwpdn
qauwjniunyeiniup nhnyb £ 100°C wyluwwnwupwihu gbpdwuwinh8wunud, nph nbiwpnid qugh
wgnbgnyegniup hwugbgpt) £ ququqgquiniu punwugh nhdwnpnyejwt ujuqdwu wybih
pwt 5000 wugwd: 200°C woluwwnwupwihu sbipdwuwnhdwunwd hbitnwgnngb | Fe203:Zn0
ubuunph qguwjniunyeintup  opwdup 75-2000 ppm  Unugbuwmpwghwubph  ufwwundwdp
(75 ppm 9pwduh Ynugbuwmpwghwih nbGwpnud ubuunph nhdwnpnugnup hnfudb) £ wybih
pwu 11 wugwd):

Qpuwdup wbpopuhnh gninpohubip hwjnuwpbpbint twywwwyn wywwpwundbp Bu dp
owpp ubtunpubp:  Uwutwdnpwwbu'  Fex03:Zn0 (80:20 Yon%) Ywnnigwdpny
guquiqquniu pwnwuep gnigwpbinb) | qqwniunieiniu wuqud opwduh swithwquug gwdp
Ynugbuwmpwghwubph  Wwwndwdp:  <hnwgnunyginiuubp Bu unwpdlp  25-250°C
obipdwuwnhbwuubpnd  wbipopuhnh gninpohubiph 3-225 ppm  Ynugbunpwghwubiph
ntwpnuw: THhingb b ubtunph swihwqwug pwpdp qqujniunygnit unyuhul wnwug N
Swnuwgwjrubinh wanbgniejwu: Updwgwuph sbpdwunhwuwiht Yuiudwdnyejwu Ynpnud
wnwybjwgnyu qgwiniungeiniup nhudbp £ 150°C-nwd, nph nbwpnd wpdwqwupdwu
wpdbpp gbipwquugb) £ 2600-p: Ubuunpp pwdwpwp qquyniuntggniu b niubgl) unyuhuy
ubtjwlwihu obpdwumpbwunud (S=23), husp wwwgnignud £ phdunppghnt Bplnypubph
wniwjnyzwiup  wnwug [pwgnighs  obipdwihu  wgnbgnigiwu:  Quuwjwd  ubtjwlwihu
obipdwuwnhéwunid ubbunph wpdwgwuph wnlwniejwup, wjuwnbn wpéwqwupdwu b
Jbpwlwugudwu dwdwuwlubipp gbipwquugh Bu wwubyjwl pnwbubipp' gnyg nwing wyu
obipdwuwnhbwunwd ubuunph pwywwuht wuwpyniuwybin wotuwwnwupp, dhtusnbin wybih
pwndn obpdwuwnhbwuubpnd (>200°C) npwup Jwjplwuubph Ywpgh bGu bnbe: U
Jwppwahdp Ywbfuwwnbubih £, pwuh np phdhwlwt nbwlghwubinh b quah nhdnighwh
wbdwbpp hwidwd Gu wéh) obipdwumnphbwuh pwpdpwgdwup gnigplewg: Uktunph
wpdwguwupdwi/ypwlwugudwu dwdwuwlubpp b woluwwnmwupwihu obpdwunmhéwup
uwgbigubint wdbtwwnwpwddwsd nt wpryniuwybin dhongubiphg £ hwunhuwund upw
wywnpy dwlybpunyep MU wnwqw)jpubiph wgnbgnyejwu Gupwnlbp: MW wanbgniyejwdp
Fe203:Zn0 ubuunph wpdwquwupubpp gpwugdby Gu wwppbp obipdwuwnphdwuutpnd (25-
250°C)' QMY-h 1.5 ppm Ynugbuinpughwih hwdwp: UbUjwlwihu obpdwumnhbwuhg ufuwd
ubuunph wpdwaquwupp ujwab) E, huy 200°C-hg' nundby b npnowlhnpbu Yuniu, husp
dhwigwuwly pny; F wndb npwbu  woluwnwupwiht sbpdwuwmpéwu  puwnpb] hbug
ubijwlwihup: Bupwnpynd £, np NW dwnwquwjerubph wnlwjnygniup pupbuwwuwn
wwjdwuubp § unbndnd qugh wnunppghwih b gwugh hbin hbnwqw thnfuwgnbgniejwu
hwdwnp, puy MW Swnwquwjrubph Yhpwnndp rwpwgdwu hbn dhwuht hwugbgunud §
QMY-h nbunppghwih wpwagniejwu wéhu' dhlunyu dwiwuwl wnwewgubind phdhwlwu
nbwlyghwubph nbdwh qquih wé: UYbhu, wnwig [pwgnighs tmwpwgdwl, pwnwueh
dwybpunyehu MU Swnwqwjpubph wnlwjnyeniup pwwpwp b pE Fex0s3, UL pE Zn0
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3 225 ppm

- ( . 11):
. 11 Fe203:2n0 (80 20 %) - 3 225ppm
[1:
SnoO /
(75:25 .%) - 15 ppm
25-150°C
428 410, 75 125°C
44-
- SnoO :
(1.5-20 ppm)
SnoO :
SnoO -
( )s

[2]:
SnO :



39
. 128n0 : (75:25
13
1200
. 13Sn0 : (75:25

- 3 ppm

140 (. 12):

. %)

90

%)

13

3 ppm

. 13

[3]:



, ZnO+"ui.%La

100 ppm - ' 240°C (
), . l4a-nuf
. 14Zn0+1  .%lLa @ - @ )
():
N ’ (
14 3,
( .15):
10
8
,46
N
I 4
n 2
0
0 10 20 30 40 50

Frequency, kHz
. 15Zn0+1 J%La

15-

14



Zn0+2
1-106

. 16a-

. 16 ZnO+2ui™i.% La

@
)

16/

200°C

Zn0+2 J%La
. 17-

15

J%La

(b):

Zn0+2 Y%Lla

(17.5-350 ppm)

’



.17 +2 % La s -

' 175°C
/Sn0
4, 10 20 ppm) 250°C
( . 18a)
( .18b):
.18 / ( @, 4ppm (2, 10ppm (3), 20 ppm (4)) 250°C
@ (b):
ZMAN 2.3
Fe203:Z2n0  (80:20 %) ,
1-106 300
1
100 ppm -
200°C

( .19)
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. 19200°C Fe203:Zn0

( )
GY

ZMAN 2.3

Zn0+2 %La

Fe203:Zn0

20-

100 ppm -

17

®)

Fe203:Zn0

Rp

Ro

Cp

®

19 -

@

200°C



~

. 20 Fe 03:Zn0O

(1) 200°C
@
Fe203:Zzn0  (80:20 .%), Fe203:Zn0  (60:40 %),
ZnO:La+”ui.%La, Zn0+2 .%La SnO2+”ui.%Co

Fe203:Zn0, Zn0O:La Sn02<Co>

:SnO  (5:95 .%) :
SnO2/P/blxi (75:25 .%)
/Sn0O  (1:600) :

Fe203:Zn0  (60:40  .%) 250°C

(27 ppm' S=2, 14 ppm' S=1.5):

Fe203+0.7ui.%Sn 250°C
22 ppm , 450 ppm-
'S=4.2: /Sn0O  (1:600) 20 ppm
' 250°C
(20 ppm' S=7.4, 400 ppb' S=1.2):
ZnO+"ui.%La 250°C
0.7- 34 ppm
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117-

14 60 :
10. 0: 1 05 (80:20 %) 15000 ppm -
300° - 15%' ,
22%- :
11. ;0 (5:95 ) Fe203:Zn0 (60:40 .%)
25-2000 ppm
150°C 200°C ,
2.5-11:
12. Fe203:Zn0 (80:20 .%), 02: (75:25 .%) 02+1 N>/
- : 02:
(75:25 .%)
- ( 1.5 ppm )
, Fe20370 (80:20 %)
3 ppm -
23- , 3
ppm- 1.5 ppm:
13. Zn0+1 .%la
240°C-~
, - (100 ppm)
14. - Zn0+2 .%La
175°C,
(1-106 ) 100 ppm -
15. / 02
(4-20 ppm)' 250°C
16. 1-106 Fe20370 (80:20 %)
' 100 ppm - ;. 200°C
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Pestome

[lvcceptaumorHas paboTa MOCBALLEHA W3rOTOBNEHWKO W WCCIELOBAHWIO METOLaMU
pe3snCTMBHOM U umnepaHcHoi cnekTpockonum (MC) rasoBbIx ceHCOpoB Ha OCHOBE
MONyNPOBOLHUKOBBIX HAHOKOMMO3UTOB.

Bo BBEEeHUM NpeficTaBneHbl aKTyanbHOCTb TEMbI JUCCEPTaLWOHHOW paboTsl, Lenb paboTsl,
Hay4HaA HOBW3Ha W NMpaKTWYecKad 3Ha4YMMOCTb MOJyYEHHbIX PE3YbTAaTOB, & TakKe NPUBELEHbI
BbIHOCMMbIE Ha 3aLLMTY OCHOBHbIE MONOKEHNA.

B nepsoii rnase npenctaBneHbl cOBpeMEHHbIE MOMYNPOBOAHUKOBLIE ra30Bbl€ CEHCOPbI, WX
yCcTpoiicTBO M ocobeHHocTH. [lofpobHO onKcaHbl TakWe XapaKTepPU3yHOLLME CEHCOop
BaMHelLuMe napameTpbl, KaK ras’o4YyBCTBMTENbHOCTb, CENEKTUBHOCTb, ObICTPOAElCcTBME,
cTabunbHoOCTh W T.4. [pefcTaBneH Takme MeTo[, UMMefaHcHo cnexkTpockonuu. [puseneHs!
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XapaKTEPUCTUKN CEHCOPOB, MONYYEHHbIX PasHbIMU UCCNEROBATENAMU B MOCNEAHUE TOfbI, U
TEXHONOTMYECKNE CcNOcobbl UX U3TrOTOBNEHUA.

Bo BTOpOIii rnaBe npepcTaBneHbl TEXHONOrMYECKUE OCODEHHOCTH CMHTE3a HAHOKOMMO3MUTHBIX
rasovyBCTBUTENbHBIX MaTePUanoB M U3rOTOBMEHWA Ha UX OCHOBE PE3UCTMBHbIX ceHCopoB. B
yacTHocTH, ¢ nomowpto C3IM wnsobpamennii n snementHoro EDX aHanusa nonyyeHsi
XapaKTEPUCTUKN U3rOTOBNIEHHBIX METOOM TBEPAOa3HOro CUHTE3a MONYNPOBOLHUKOBLIX
MHOrOKOMMOHEHTHBbIX Fe203:Zn0 (80:20 Bec.%), Fe203:Zn0 (60:40 mon.%), ZnO:La+T1at.%La,
Zn0+2at.%La n SnO>+1at.%Co muiweneid. Vcnonb3ya cuHTE3MpoBaHHbIE MULLEHW, NOMYYEHD!
HaHOCTPYKTYPHbIE Ta304yBCTBUTENbHbIE TMIEHKU MeTofamn marHeTpoHHoro (Fex0::Zn0,
Zn0O:La n Sn02<Co>) n anekTpoHHo-nyyeBoro (MYHT:SnO2 (5:95 Bec.%)) HambineHus,
xummyeckoro (SnO/MYHT (75:25 sec.%), MYHT/SnO2 (1:600)) ocamperna u uccnenosarbl Ux
Mopdponormyeckie, CTPYKTypHbIE U KpUcTannorpadrieckne xapakTepuctukn. [peacraeneqs!
OMWCaHMA YCTAHOBOK [J1IA WM3MEPEHWA COMPOTUBIEHWA U MMMELAHCHBIX XapaKTePUCTUK
CEHCOpPOB, & TaKMe CTPOEHWUE WCMOJIb3YEMbIX CEHCOPHBIX MOJJIOMEN.

B tpetbeii rnase npepcTaBneHbl NapameTpbl raso4yBCTBUTENBHOCTU CEHCOPOB K BOLLOPOLY,
amMMMaKy, aLEeTOHy, STaHONy, CMUMKEHHOMY HedpTAHOMY rasy M napam MepeKkUcu BOLOPOLa
(NrB), wnccnepoBaHHble pesncTUBHbIM MeTofoM. B uyacTHocTH, ceHcop Fe203:ZnO (60:40
MON.%) MoKasan BbICOKYHO YYBCTBUTENBHOCTL K HU3KUM KOHLEHTpaLMAM ammuaka (S=2 npu 27
ppm, S=1.5 npu 14 ppm) npu paboueii Temnepatype 250°C. MsrotoBneHHble ceHcopsl
Fe203+0.1a1.%Sn n MYHT/SnO2 (1:600) nposBMiM YyBCTBUTENBHOCTL K aLETOHY, HauMHaA ¢
koHueHTpauun 20 ppm (Tps=250°C). YysctBUTENBHOCTL ceHcopa Fex03+0.1a1.%Sn npw
KOHUEHTpaLmMu napos auetoHa 450 ppm pocturaer 4.2. TMpu paboueii Temnepatype 250°C
conpotuenerue ceHcopa MYHT/Sn0O2 (1:600) nameHanock nop, BosaeiicTBMEM NapoB aLeToHa
¢ KoHueHTpauueir 20 ppm B 7.4 pasa, a npu koHueHTpauun 400 ppb - B 1.2 pasa.
HanoctpyktypHblid cencop ZnO+lat.%la nokasan BbiCOKytO YyBCTBUTENBbHOCTL K Napam
3TaHoMNa, MUHUMaNBHBIA nopor oBHapymeHua coctasun 0.7 ppm npu Temnepatype 250°C. IMpu
YBENWYEHUN KOHUeHTpauuu sTaHona ot 0.7 fo 34 ppm otknuk npesbiwan 117, a BpemeHa
OTKIMKa W BoccTaHoBneHWA paBHAnMch 14 1 60 cekyHp, cooTBeTcTBEHHO. M3rotoBneHHble
cetcopbl MYHT:Sn02 (5:95 Bec.%) npu paboueii Temneparype 150°C u Fex03:Zn0O (60:40
Bec.%) npu paboueii Temnepatype 200°C nNposBMAKM 3HAYMTENBHBLIA OTKAMK K BOROPOAY B
obnacTn koHueHTpaLnii 25-2000 ppm, npu 5Tom BENMYMHBI OTKNWKa Konebanuck B fManasoHe
ot 2.5 po 11. YyBCTBUTENBHOCTL M3TrOTOBNEHHOrO Ha TBEPAOW nopnomke ceHcopa Fex03:Zn0
(80:20 Bec. %) k 3 ppm [MB npu KomHaTHOI TemnepaType Npesbiluana 3HaveHue 23, npw
3TOM Bo3fekcTBre YP U3Ny4eHUA CHU3MNO Mopor YyBCTBUTENBHOCTU ¢ 3 ppm Ao 1.5 ppm.
[nbrne cercopbl Sn02+1a1.%Co/MYHT  un SnO/MYHT  (75:25 Bec.%) npossuan
uyscTBUTENBHOCTH K [MB, HaumHas ¢ koHueHTpauum 1.5 ppm, 1 cTabunbHoCTb NapameTpoB
[aMe nocie MHOTOKPaTHbIX U3r1boB.

B uertBeptoii rnase npepctaBneHbl pesynbTatbl uccnefosaHuii metopom UC napametpos
ceHcopos. C nomolybto Metofa MC BbiABNEHbI ONpefeneHHble MeXaHU3Mbl YyBCTBUTENBHOCTH
CEHCOPOB U WX BO3MOMHOE BIIMAHWE Ha NapameTpbl rasoqyBcTBUTENBHOCTU. [lpeacTaBneHs!
pesynbtatbl uccneposanuii metopom WMC ceHcopa ZnO+lat.%la, nokasbiBatolime, uTO
vyscTBuTenbHocTb K [MB (100 ppm) cyllecTBeHHO BbIlle Ha HUM3KWMX 4YacToTax, Yem Ha
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Bbicokux  (pabodyas Temneparypa ceHcopa 240°C). TlpennomeHa oKBMBaneHTHas
3NEKTPMYECKAA CXeMa rasouyBCTBUTENBHOW MaTpULbl U [OKa3aHO, 4TO AOMWHWPYIOLLUM B
MEXaHW3Me rasoyyBCTBUTENBHOCTU ABNAETCA BKNAL, MOBEPXHOCTHBIX Npoueccos. [Npu pabouveid
Temnepatype 175°C uccnepoBanuch UMNEfaHCHbIE XapakTePUCTUKK YyBCTBUTENBHOrO K MT1B
cercopa ZnO+2art.%La (nsmeperus nposogunnce B guanasoHe yactot 1-10°8 [y, Ha Bo3gyxe v
npu Bosgeiicteun 100 ppm [MB). CmopennposaHa sKBMBaNEHTHaA SMEKTPUYECKAA cxema
CeHcopa, faHa WHTEprpeTauua CcocTaBlAlOWMX ee snemeHToB. MccnepoBaHbl Takime
rasouvyecTBUTENbHbIE cBolicTBa ceHcopa MYHT/SnO2 npu pasHbix KoOHUeEHTpauuAx napos
auetoHa (4-20 ppm) npu Temneparype 250°C. MpeanomeHa sKBUBANEHTHAA SNEKTPUYECKas
CXema CeHcopa, OTpamarollad XapaKTePUCTUKKM rasoqyBCTBUTENbHOW nneHku. B puanasoHe
yactor 1-108 Iy uccrepoBanuch TakKe MMMEfaHCHblE XxapakTepucTuku cecopa Fe0::Zn0
(80:20 Bec. %) Ha Bosnyxe u B npucytcTaum 100 ppm MMNB. TMpu paboueii Temnepatype 200°C
NpepsioMeHa SKBUBANEHTHAA SNEKTPUYECKAdA CXemMa CEHCopa, B KOTOPOW TMpuCyTcTBME B
Bozpayxe [111B B ocHOBHOM M3MEHAET BENUYMHY aKTUBHOTO COMPOTUBNEHUA. HyBCTBUTENBHOCTD
JaTtymKa 6bina Bbilwe B obnactu YacTtoT Hume 1 Klu,.

Summary

The dissertation is dedicated to the preparation and investigation of gas sensors based on
semiconductor nanocomposites using resistive and impedance spectroscopic (IS) methods.

The dissertation begins with an introduction, which presents the relevance of the topic, the
purpose of the work, the scientific novelty and the practical importance of the obtained resuilts,
as well as the basic results to be defended.

The first chapter presents the types of modern semiconductor gas sensors, their structure
and features. The most important parameters characterizing the sensors are presented in
detail, including gas sensitivity, selectivity, speed, stability, etc. A description of the impedance
spectroscopic research method is also presented here. The characteristics of the sensors
proposed by various researchers in recent years and the technological methods of their
preparation are presented as well.

The second chapter presents the technological features of the synthesis of the
nanocomposite gas-sensitive materials and the preparation of the resistive sensors based on
them. In particular, the characteristics of semiconductor multicomponent targets of the
Fe203:Zn0 (80:20 wt.%), Fe203:Zn0O (60:40 mol.%), ZnO:La+lat.%La, ZnO+2at.%La and
Sn02+1at.%Co materials prepared by the solid-state reaction method were highlighted using
the TEM and EDX spectroscopies. The prepared targets were used to obtain nanostructured
gas-sensitive films by the magnetron sputtering (Fe203:Zn0, ZnO:La and Sn02<Co>), electron
beam sputtering (MWCNT:Sn02 (5:95 wt.%)) and chemical deposition (SnO2/MWCNT (75:25
wt.%)); MWCNT/Sn02 (1:600)) methods, investigating their morphological, structural and
crystalline characteristics. The descriptions of the gas sensing setups for measuring the
characteristics of the sensors both the resistive and the impedance spectroscopic methods are
also presented here.

The third chapter presents the gas-sensing parameters of the sensors sensitive to hydrogen,
ammonia, acetone, ethanol, liquefied petroleum gas and hydrogen peroxide vapors mainly
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studied in the resistive method. In particular, the Fe203:ZnO (60:40 mol.%) sensor showed
high sensitivity to low concentrations of ammonia (27 ppm: S= 2, 14 ppm: S=1.5) at the
working temperature of 250°C. The prepared Fe203+0.lat:%Sn and MWCNT/SnO2 (1:600)
sensors showed sensitivity to acetone starting from 20 ppm concentration (Topr=250°C). The
response value of the Fe203+0.1at:%Sn sensor reached 4.2 toward 450 ppm of acetone. At
the operating temperature of 250°C the resistance of the MWCNT/SnO2 sensor changed by
7.4 and 1.2 times at 20 ppm and 400 ppb acetone vapors, respectively. The ZnO+lat:%La
nanostructured sensor showed high sensitivity to ethanol vapors, the low detection limit of
which was 0.7 ppm at a temperature of 250°C. In the ethanol concentrations range of 0.7-
34 ppm, the response value reached more than 117, and the response and recovery times
were 14 and 60 seconds, respectively. The fabricated MWCNT:SnO2 (5:95 wt.%) and
Fe203:ZnO (60:40 wt.%) sensors showed high response to hydrogen in the concentration
range of 25-2000 ppm at 150°C and 200°C operating temperature, where the response
values ranged from 2.5 to 11, respectively. The sensitivity of the prepared Fe203:ZnO
(80:20 wt. %) sensor to 3 ppm hydrogen peroxide vapor at room temperature reached more
than 23, where exposure to UV radiation reduced the low detection limit from 3 to 1.5 ppm.
The flexible SnO2+1at.%Co/ MWCNT and SnO2/MWCNT (75:25 wt.%) sensors showed a high
response and parameter stability to hydrogen peroxide vapor (starting from 1.5 ppm
concentration) even after multiple bendings of the flexible substrate.

In the fourth chapter, the results of the research of sensor parameters using the IS method
are presented. Same mechanisms of the sensor sensitivity and their possible influence on the
gas sensing parameters were revealed by this method. Here, the IS studies performed for the
ZnO+lat.%La sensor are presented, which showed that the sensor response to hydrogen
peroxide vapor (100 ppm) is significantly greater at low frequencies than at higher ones. Here,
240°C was chosen as the sensor operating temperature. The equivalent electrical circuit of
the gas-sensing matrix was also built and the dominant contribution of surface processes in
the gas-sensing mechanisms was proved. The operating temperature of the ZnO+2at.%La
sensor sensitive to hydrogen peroxide vapor was 175°C, where the sensor IS properties were
investigated (in the range of 1-106 Hz) in air and at 100 ppm hydrogen peroxide vapor. An
equivalent electrical circuit of the sensor was constructed and interpreted. The gas sensing
properties of the fabricated MWCNT/SnO2 sensor were also investigated at different
concentrations of acetone vapor (4-20 ppm) at a temperature of 250°C. An equivalent electric
circuit of the sensor was proposed, which reflected the characteristics of the gas-sensitive
film. In the frequency range of 1-106 Hz, the IS characteristics of the Fe203:Zn0O (80:20 wt. %)
sensor were also studied in air and in the presence of 100 ppm of hydrogen peroxide vapor.
At 200°C, the equivalent electrical circuit of the sensor was built, where the presence of the
hydrogen peroxide vapor mainly changes the value of the active resistance. The sensitivity of
the sensor was higher in the frequency range below 1 kHz.
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