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®DenepabHOE TOCYIAPCTBEHHOE OIOIKETHOE 00pa30BaTeIbHOE YUPEKIeHME BBICIIErO 00pa3oBaHUS
"BopoHexXcKkuii rocynapCTBEeHHBIN YHUBEpPCUTET , T. BopoHexk

YNPABAEHME CIMTMHOBOWM NMOASAPU3ALUMEN SAEKTPOHOB
IAEKTPUYHECKUM INOAEM B OAHOCTEHHbBIX YAbTPAKOPOTKHUX

YITAEPOAHbIX HAHOTPYBKAX (0, 9)

Ilocmynuna ¢ pedarxyuio 09.06.2016

IIpogedeno meopemuueckoe uccaedosanue pasmepHoll U noAegou nepecmpoiKy 31eKmpOHHOU CMPYKmMYpbl 3aKPblMoU YAbmpa-
Kopomkou yenepodrot Hanompyoku (0, 9) 6 cocmosnusx ¢ paziuuHol CRUHOBOU MYAbMUNAIEMHOCMbIO. YCMAaH08AeHa Yy8CmEU-
meavHocmb cmeuwenus lllmapka epanuunsix opobumaneii k opuenmayuu cnuna. ObHapysceHa ungepcus CRUHOBOU NOAAPU3AUUY NPU

IC[)leLI'IECICOIZ HANPANCEHHOCMU 6HEUlHe20 3/1eKmpu4ecKoeo noJ:.

Karouesste caosa: CNUH, CNUHMPOHUKA, CNUHO6AA NOAAPU3AUUA, SNeKmpUHecKoe noae, YAbmpakKopomkKas yeﬂepoaﬂaﬂ

HaHompyoKa

B HacTos11iee BpeMsi CIIMHOBBIE MPOLIECCHl B HU3KOpa3-
MEPHBIX CUCTEMaXx MPUBJIEKAIOT Bce O0Jblliee BHUMAHUE Te-
OPETMKOB U 3KCIIEPMMEHTATOPOB, UYTO OINpeAesiseTcs] BO3-
HUKHOBEHUEM Ha HaHOMAacIITabax MarHUTHOTO OTKJIMKA B
HEMarHUTHBIX B 00beMe MaTepualjiax, BO3MOXHOCTbIO YII-
paBJIEHUS 3JIEKTPOHHO-2HEPTETUICCKIUM CIIEKTPOM, CITUH-
opbuTanbHEIM B3aumopelictBueM [1—3]. MHTepec K momy-
MPOBOJAHMKOBOI CIIUHTPOHUKE OMNpEnessieTcsl BO3MOX-
HOCTbBIO CO3/IaHUSI YCTPOICTB, COUETAIOLIMX B ceOe IHEPro-
HE3aBUCUMOCTb 3alIOMWHAIOIINX YCTPOMCTB, Majible TOKU
YTEYKHU M BBICOKOE OBICTPONEHCTBME aKTUBHBIX DJIEMEHTOB
[1, 4].

OO6HapyxeHHas! TCOPETUUECKU CITMHOBAsI HECKOMIIEHCH -
POBAaHHOCTb B OMHOCTEHHBIX YIJIEPOJHBIX HAHOTPYOKaxX, rpa-
(beHOBBIX HaHOJIEHTAX YKa3bIBA€T HAa BO3ZMOXHOCTb MpUMe-
HEHUS YIJIEPOAHBIX HAHOMATEPUAJIOB IJIs pa3paboTKuU 3Jie-
MEHTHOM 06a3bl MOJYIPOBOAHUKOBOM CITMHTPOHUKU [4—6].
Z. Bullard et al. [4], npumeHsis MeTon rpadoB, ITOKa3aaud

BO3MOXHOCTb CO3/IaHUsI JIOTUYECKUX CIMHOBBIX BEHTHJIEH
Ha OCHOBe TpadeHOBBIX HAHOXJIOMBEB C 3Ur3arooOpa3Hoit
rpaHMlIleil, BbIpe3aHHbIX U3 TpacdeHOBbIX HaHOJEHT. Jloru-
yeckass QYHKIMS BEHTUJISI MporpaMmMupyeTcst GopMoii BbI-
pe3a TpaHUIIbI, MePEKITIOYEeHNE MEXIY JIOTHUECKUMHU COCTO-
SIHUSIMU OCYIIECTBIISIETCS BO3ACHCTBUEM BHEIIIHETO MarHUT-
HOTO WM a3nekTpuyeckoro mnossi. CosznaHue rpadeHOBbIX
HaHOXJIOMbEB C aTOMAapHbIM KOHTPOJEM TIpaHMI] SIBISIETCS
CJIOKHOM M HepelleHHOM Ha CeTOMHSIITHUM NeHb TeXHOJO-
ruyecKoil 3agaveii. B mocieqHue roabl JOCTUTHYT CYILECT-
BEHHBII TTporpecc B 00JaCTU CUHTE3a YJIbTPAKOPOTKUX OJI-
HOCTEHHBIX YIJIepOAHbIX HaHOTPYOOK (YK-OYHT) ¢ y3kum
pacmpeneneHueM MO XUpaJbHOCTA M IjvHe [7]. DT Ha-
HOTPYOKM cTabmibHee rpadeHOBBIX HAHOJICHT W HAHOXJIO-
MbeB, MO3TOMY HajMynMe COOCTBEHHOU CIIMHOBON HECKOM-
MEeHCUPOBAHHOCTU B 3ur3aroodpasHbix yK-OYHT omnpene-
JISIeT K HUM UHTepec sl pa3padOTKU 3J€MEHTHOI 0a3bl yr-
JIEPOAHON CITMHTPOHMKH.
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DdyHIaMEHTATbHOM M MPAaKTUYECKW 3HAYMMOM 3amaveit
SIBJISIETCSl HE TOJIBKO NOCTUXKEHUE 3aMETHOU CIIMHOBOW I10-
JISIpU3allii HOCUTEJIeH 3apsina, HO U JeTeKTUPOBaHUE U YII-
paBJieHVe ee 3HaUeHMeM HEMarHUTHBIMU METOlaMU, Harpy-
Mep BHEIIHUM 3JIeKTpuuyecKuM mojieM [8]. Bricokast mossi-
pU3YeMOCTb OTpeAessieT YyBCTBUTEIbHOCTh 3JIEKTPOHHOM
ctpykTypbl YK-OYHT K BHenIHeMmy 3JeKTpUUECKOMY OO
BeienacTBue addekra lrapka [9, 10], uro sBasieTcs npen-
MOCBIJIKOM K YIPAaBJIEHUIO CITMHOBBIM TPAHCIIOPTOM BHEIII-
HUM 3JIEKTPUYECKUM TIOJIEM.

Llenb paboThl — uccaenoBaHWE pa3MepPHO-3aBUCUMON U
MOJIEBOI MEPECTPOMKU 3JIEKTPOHHOM CTPYKTYPhI 3Ur3aroo0-
pasubix yk-OVHT (0, 9) D3;- u D;,-CUMMETPUM B CIIMH-
CHUHIJIETHOM Y CIMHTPUIUIETHOM COCTOSTHMSIX.

MeTtoauka pacyera. YucieHHOEe MOICITUPOBAHNE 3JIEKT-
POHHOW CTPYKTYPbI CHHIJIETHOTO M TPUIIJIETHOTO COCTOSIHUI
yk-OYHT (0, 9) B unrepBane miuH 0,7...3 HM TIPOBOAMIIM C
TOMOIIIbIO TeOpUU (DYHKIIMOHAJA 3JIeKTPOHHOM TUIOTHOCTH
(DFT) B mporpaMMHOM KOMIUIEKCE AJIsI PEILIEHUS] KBAHTOBO-
xuMnueckux 3agad Gaussian09 B CynepKoMnblOTEPHOM BbI-
YUCTUTEIbHOM LIEHTpe BOpPOHEXCKOro rocynapcTBEHHOIO
yHUBepcuTeTa. Teopuio yHKIIMOHAIA 3JIEKTPOHHOM ILIOT-
HOCTH LIMPOKO MCIOIB3YIOT JISI MOAESIMPOBAHUS 3IEKTPOH-
HOIi CTPYKTYPBI YIJIEPOIHBIX HAHOMATEPUAJIOB, TTOJyYeHHbIE
pe3yibTaThl XOPOIIIO COIJIACYIOTCSI ¢ OKCIEPUMEHTAIbHBIMU
nmaHHbIMA [3, 11—13].

IIpu HeyeTHOM uucie i KOJbLEBbIX CETMEHTOB, 00pa3y-
I01UX 0cTOB HaHOTPYOKH, YK-OYHT (0, 9) umeet Ds,-cum-
METPUIO, MPU YETHBIX | — D3, -cuMMeTpuio. MccenoBaHsl
3aBUCUMOCTH (DyHIAMEHTAJbHBIX MapaMeTpOB OT JJIMHBI
yk-OYHT (0, 9) (3a30p Mexny HU3LIeH CBOOOIHON U BbIC-
LIe# 3aHATON MOJIEKYJIAPHBIMUA OpOoUTaIsAMu £y, CpOACTBO
K 9JIeKTpOHY EA, paboTa BbIX0Aa 2J€KTPOHOB W, moTeHuuan
noHuzauuu 1P). CnuHOBYIO MOJISIPU3ALIMIO IJI ABYX CIIMHO-
BbIX KaHAaJOB OMpEAE/sIM KaK pasHUIy MJIOTHOCTU DJIEKT-
POHHBIX COCTOSIHUIA 3JIEKTPOHOB CO CITMHOM "BBepX' U "BHM3"
Ha COOTBETCTBYIOLIEM ypoBHE Depmu.

Pe3syabraThl M o0cyxkaenne. Ha nepBom sTamne uccieno-
BaHa 2JIEKTPOHHASI CTPYKTypa OCHOBHOTO CHUHTJIETHOTO CO-
crosiHus yK-OYHT (0, 9). PazHOCTh MHAEKCOB XUPAIbHOCTH
KpaTHa TpeM, OTHAKO BCJIEJACTBUE KBAHTOBO-Pa3MEPHBIX OT-
paHuyeHUi U Hanuuus wanok, yk-OYHT (0, 9) umeet He-
HYJIEBOI 3a30p MeXIy rpaHUYHBIMU OpOUTasiMU. B nHTep-
Bajie ynciaa cerMeHToB [ = 0...9 3a3op E; 5 yk-OYHT (0, 9)
HE3aBHUCUMO OT TUIIa CUMMETPUU MOHOTOHHO YMEHBILIAETCSI
¢ 1,83 mo 0,59 5B. IloreHuuan MOHU3ALUKU U CPOACTBO K
9JIEKTPOHY MOHOTOHHO M3MEHSIOTCS MPU HapallvBaHUU
0oCTOBa HaHOTPYOKM. B mcciaeqgyemom mHTEpBasie IIUH I10-
TeHIWaJl WOHW3AlUUM yMeHblnaetcsa ¢ 7,56 mo 5,02 5B,
CPOACTBO K 3JIEKTPOHY yBeauuuBaercs ¢ 2,68 no 4,10 3B.
IMpusenenHas sHeprus cBsa3u yk-OYHT (0, 9) cocrapisieT
8,57...8,71 s3B/arom, 4To yka3pIBaeT Ha WX TEPMOIMHAMMU-
YeCKyl0 CTaOUIBLHOCTD [8].

Bo BHeirHeMm snekrpuyeckoM moje ¢ £ = 0...0,5 B/A
WHAYLIMPOBAHHBIN 3apsii OIpenessieT IMoJaspu3alunio yK-
OVHT. [OumonbHBII MOMEHT H3MEHSIETCS B HHTepBaje
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0...170 [ (1e6ait) mpu yucie cerMmeHToB i = 9. Bricokas 110-
qnsapusyemoctb yK-OYHT (0, 9) ompenensieT 4yBCTBUTEb-
HOCTb 3JIEKTPOHHOM CTPYKTYPBI K BHEIIHEMY 3JIeKTpUYeC-
KOMY TOJ10. B CUIBHOM 271eKTpHUYeCcKOM T10Jie paclieruieHue
SHepreTMYeCKHUX YpoBHel BeyeacTBre apdekTa IllTapka orm-
penensieT KBaJpaTMYHOE YMEHbIIEHHE 3a30pa MeXIy Tpa-
HUYHBIMA OPOUTAITSIMU.

3HaueHue cMelleHUsT "BHU3" DHEPTUU HU3IIEH CBOOOMI-
Holt MosiekyisipHoil opoutanu yk-OYHT (0, 9) cocraBnsier
0,2 u 0,7 3B B 2;1eKTpUYECKOM MOJIe HANPSKEHHOCTHIO 0,2
u 0,5 B/A. TloneBoe cMmelienne "BBepX" SHEPIUU BBICILEH
3aHSTON MOJIEKYJISIPHOI OpOUTAIM Ha TIOPSAI0K MEHBIIIE U HE
npesbiaer 0,02 3B. Ipu HanpsxenHocty nonsa £ = 0,5 B/A
3HAYeHWe MOAYJIAIMU 3a30pa MEXIY TPAaHUIHBIMU OpOMTa-
Jgsamu coctasiser 0,57 3B yk-OYHT (0, 9) c uuciom cer-
MeHTOB [ = 9. TakuM 06pa3oM, TToJIeBOe YMEHBIIICHUE 3a30pa
MeXIy TPAaHUYHBIMU OPOMTAISIMU MPOMOPLUOHAIBLHO 3HA-
YEHUIO 3a30pa MEXIY TPaHUYHBIMUA OPOUTAISIMU, YTO COTIa-
cyercs ¢ ucciaemoBaHusmu 3¢ gekra Iltapka B yk-OYHT
(5, 5) 91

CylilecTBeHHbIE U3MEHEHUSI DJEKTPOHHON CTPYKTYphI
yk-OYHT (0, 9) nmpoucxonst npu repexoie B TPUILIETHOE
COCTOSIHUE, UTO OIpeaeaseTcsi HECKOMIIEHCUPOBAaHHOCTBIO
KOJIMYECTBA 3JIEKTPOHOB IO CIHUHY. DTO TpebyeT ucclie-
JIOBaHUsI CIIMH3aBUCHUMBIX (PyHIaMEHTaIbHBIX ITapaMeTpOB
JIByX CITMHOBBIX KaHasoB. [lepexoa omnpenensieT yMeHbllIEHHE
3a30pa MeXIy rpaHUYHbIMK opouTtansamu £ yHa 0,5...0,1 5B,
YTO yKa3bIBacT Ha YBEJIMYCHUE IJIEKTPOIIPOBOIHOCTH HAHO-
TpyOOK.

OOHapyXeHa 4YyBCTBUTEILHOCTh cMelneHust Illtapka
IPaHUYHBIX OpOUTaNell TPUIIETHOTO cocTosiHus YyK-OYHT
(0, 9) K OpreHTAllMK CITUHOB, UTO OINpPEAEISeT YMEHbBILICHHE
SHEePreTUYeCcKOro 3a30pa MeXIy TPaHUYHBIMU OPOUTATISIMU
IJIST BJIEKTPOHOB co criiHoM "BBepx" Ha 0,02...0,1 3B u He-
GoJIBILIOE YBEIMYEHUE JJIsI SJIEKTPOHOB CO CIIMHOM "BHU3" Ha
~0,01 B nipu HanpspkeHHocTH ot £= 0,5 B/A (puc. 1, a).
TIpoTuBoIONIOXKHAS TI0 3HAKY TTOJIeBast MOLYJISLINAS 3a30POB
MeXIy TPAaHUYHBIMU OPOUTAISIMU JIBYX CIIMHOBBIX KaHAJOB
omnpeesseT yBeAWYeHUE Pa3HOCTU 3JIEKTPOIPOBOTHOCTEM
3JIEKTPOHOB CO CIMHOB "BBepx" U "BHU3".

YcraHOBJIeHa MOHOTOHHAasl yObIBalolash 3aBUCHUMOCTD
CIIMHOBOM moysipu3anuu ¢ 5,9 no 1,3 % npu IUCKPEeTHOM
HapamuBaHuu octoBa YK-OYHT (0, 9). B cunbHOM 351exT-
pUYECKOM T0JIe KauyeCTBEHHO 3aBUCHMMOCThL COXpaHsieTcs],
OJIHAKO UMeeTcs psiji ocobeHHocTeil. OOHapykeHa YyBCTBU -
TeJabHOCTh cMeleHus IllTapka opouraneii yk-OYHT k opu-
€HTallUU CIIUHOB, OTNPENESIIOIIEr0 YMEHbIIIEHUE CITMHOBOI
MOJIIPU3ALIMU 3JIEKTPOHOB CO CIIMHOM "BBepX'" M yBeJIUuYe-
HUE IS 9JIEKTPOHOB cO ciMHOM "BHM3". [Ipu HampstKeH-
HoctH noast £ = 0,5 B/A 10CTUTHYTO IBYKpAaTHOE YBEIMYE-
HUME CIIMHOBO MOJIAPU3aIMU 3JIEKTPOHOB CO CITMHOM "BHU3"
¢ MmakcuMyMoM 13,7 %. Ilpu KpUTUYECKOM HAIIPSKEHHOCTH
OJIST TIPOMCXOIUT WHBEPCHUSI 3aBUCUMOCTU CITMHOBOM TTO-
ngpuszauuu ot miuHbel yK-OYHT (0, 9), takum obpasom,
OCHOBHBIM CTAHOBMTCSI KaHAJI TTPOBOAMMOCTH UTSI 3JIEKTPO-
HOB CO CITMHOM "BHHU3".
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Puc. 1. DHepreTnyecKuii 3a30p Mex/1y HU3LIEH CBOOOAHOM 1 BbICIIEH
3aHATON MOJIeKyIapHbIMH opOuTansavu (E ;) (a) n cnunoBas nosi-

puzanus (b) nas 3neKTPOHOB co cnuHaMu "BBepX” (@) U "BHU3" (A)
3akpbiToit yk-OYHT (0, 9) B TPMILIETHOM COCTOSIHHM B OTCYTCTBHE
(CIUIONIHAS IMHUA) ¥ NP HAnpskenHocTd nosst E= 0,5 B/A (wrpu-
XOBasi JIMHAA)

Fig. 1. A power gap between the lowest free and the highest occupied
molecular orbitals (E; ) (a) and spin polarization (b) for the electrons

with the spins "upwards” (e) and "downwards" (4) of closed us-OCNT
(0, 9) in the triplet state in the absence (continuous line) and at the
intensity of field E = 0,5 V/A (dashed line)

AHanMu3 BU3yalM3allUM 3JICKTPOHHOM TIJIOTHOCTU B MC-
cJe0BaHHOM JAMara3oHe JJIMH MOKa3bIBaeT, YTO CITMHOBAsI
3JIEKTPOHHAST TIOTHOCTh (Pa3HOCTh IIOTHOCTEH 3JIEKTPO-
HOB €O cnMHamu "BHM3" 1 "BBepX") JIOKAIM30BaHA Ha KOJIb-
LIEBBIX CErMEHTAX M IIAMKaX HAaHOTPYOKW. JIaHHBIN pe3yiib-
TaT HAXOAUTCS B COIJIACHMU C paboToi [5].

3akmouenue

C nomoliibio Teopuu GyHKIIMOHAA 3JIEKTPOHHOM IJI0T-
HOCTU HUCCJIeIOBaHA pa3MEpHO-3aBUCHUMasl U ToJieBasl me-
pecTtpoiika 3;1eKTpoHHOU cTpyKTyphl yK-OYHT (0, 9) B uH-
TepBaie ;vH 0,7...3 HM B CUHIJIETHOM U TPUIUIETHOM COCTO-
STHUSIX BO BHEIITHEM 3JIEKTPUUIECKOM TT0JIe HATIPSIKEHHOCTBIO

E=0...0,5 B/A. YcraHoBIeHa MOHOTOHHAs YOBIBAOIIAsT 3a-
BUCUMOCTb 3a30pa MEXAy TPAaHWYHBIMU OPOUTAISAMHU, TO-
TeHIIMajla MOHU3AlUM U CITMHOBOM nossipudauuu yK-OYHT
(0, 9) or nnuHbL. BeIsiBIeHa YyBCTBUTEIbHOCTb CMELIEHUS
IITapka HM31IEH CBOOOTHOI MOJIEKYJISIPHOM OpONTAIN IBYX
CIIMHOBBIX KaHAJOB, OMpeAessiollas yMeHbIIeHUe CIUHO-
BOI TIOJSIpU3allMKU JJISI 3JIEKTPOHOB CO CITMHOM "BBEpX' U
yBEJIMYEHUE MJIs1 BJIEKTPOHOB CO CIMHOM "BHU3". OGHapy-
>K€Ha MHBEPCUsI CITMHOBOM MOJIIPU3AIlMUA TP KPUTUUYECKOM
HaNpsDKEHHOCTU TIOJISI, OTPeNessiionias CMeHy OCHOBHOTO
KaHaJia TMPOBOAMMOCTH Ha 3JIEKTPOHBI CO CITMHOM "BHM3".

Paboma evinoanena npu noddepucke PDDHU, npoexm
Ne 16-32-00926 moa_a.
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Control of the Spin Polarization of Electrons by the Electric Field in the Single-Wall

Ultra-Short Carbon Nanotubes (0, 9)

The theoretical study was carried out of the size- and field dependent alteration of a capped ultra-short carbon nanotube (0.9)
electronic structure in the states with various spin multiplicity. Sensibility of the border orbitals to Stark splitting was discovered,
as well as a spin polarization inversion at the critical external field intensity.
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The spin processes in the low-dimensional systems draw
an increasing attention of the theorists and experimenters,
which is determined by a nano-scale occurrence of a mag-
netic response in the nonmagnetic in volume materials, a pos-
sibility to control the electron-energy spectrum, and the spin-
orbit interaction [1—3]. The interest to the semi-conductor
spintronics is determined by feasibility of development of the
devices combining the non-volatility of memories, small leak
currents and high speed of the active elements [1, 4].

The discovered theoretically uncompensated spin in the
one-wall carbon nanotubes and graphene nanoribbons point
to a possibility of application of such materials for develop-
ment of the element base of the semi-conductor spintronics
[4—6]. Bullard et. al. [4], applying the graph method, dem-
onstrated a possibility of creation of the spin logic gates on the
basis of the graphene nanoflakes with a zigzag border, cut out
of the graphene nanoribbons. The logic function of the gate
is programmed by the form of a cut of the border, while
switching between the logic states is carried out by the influ-
ence of the external magnetic or electric field. Development
of the graphene nanoflakes with an atomic control of the bor-
ders is a complex and so far unresolved technological prob-
lem. An essential progress was achieved in the synthesis of the
ultrashort one-wall carbon nanotubes (us-OCNT) with a nar-
row distribution by chirality and length [7]. These nanotubes
are stabler than the graphene nanoribbons and nanoflakes,
therefore, the presence of the own uncompensated spin in the
zigzag us-OCNT determines the interest to them from the
point of view of development of the element base of the car-
bon spintronics.

A fundamental and practically significant task is achieve-
ment of an appreciable spin polarization of the charge carriers
and detection and control of its value by nonmagnetic meth-
ods, for example, by an external electric field [8]. High po-
larizability determines sensitivity of the electronic of structure
of us-OCNT to the external electric field owing to Stark effect
[9, 10], which is a precondition for control of the spin trans-
port by the external electric field.

The aim of the work is to study a dimensionally dependant
and field reorganization of the electronic structure of the zig-
zag-like us-OCNT (0, 9) Ds;, and D;,; symmetry in the spin
singlet and triplet states.
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Calculation methods. Numerical modeling of the elec-
tronic structure of the singlet and triplet states of us-OCNT
(0, 9) in the range of lengths 0,7...3 nm was done by means
of the electronic density functional theory (DFT) in the pro-
gram complex of Gaussian(09 in the Supercomputer Centre of
Voronezh State University. The electronic density functional
theory is widely used for modeling of the electronic structure
of the carbon nanomaterials. The results agree well with the
experimental data [3, 11—13].

In case of an odd number of i ring segments forming the
skeleton of a nanotube us-OCNT (0, 9) has D5, symmetry, in
case of an even number of i — D;; symmetry. The depend-
ences were investigated of the fundamental parameters on the
length of us-OCNT (0, 9) (a gap between the lowest free and
the highest occupied molecular orbitals of £y, affinity to
electron EA, work function of electons W, ionization poten-
tial /P). The spin polarization for two spin channels was de-
fined as a difference between the density of the electronic
states of the electrons with the spins "upwards" and "down-
wards" at the corresponding level of Fermi.

Results and discussion. The electronic structure of the ba-
sic singlet state of us-OCNT (0, 9) was studied. The difference
of the chirality indexes is multiple to three, however, owing
to the quantum-dimensional restrictions and presence of caps
us-OCNT (0, 9) has a nonzero gap between the boundary or-
bitals. In the range of the number of segments of i = 0...9 the
gap of E;y us-OCNT (0, 9) monotonously decreases from
1,83 down to 0,59 eV, irrespective of the symmetry type. The
potential of ionization and affinity to the electron are monot-
onously changed, when the skeleton of the nanotube is grown.
In the investigated interval of the lengths the ionization po-
tential decreases from 7,56 down to 5,02 eV, the affinity to the
electron increases from 2,68 eV up to 4,10 eV. The resulted
bond energy of us-OCNT (0, 9) is 8,57—8,71 eV/atom, which
testifies to their thermodynamic stability [8].

In the external electric field with £= 0...0,5 V/A the in-
duced charge determines the polarization of us-OCNT. The
dipole moment changes within the range of 0...170 D (debye)
at the number of segments i = 9. High polarizability of us-
OCNT (0,9) determines sensitivity of the electronic structure
to the external electric field. In a strong field the splitting of




the power levels, owing to Stark effect, determines the quad-
ratic reduction of the gap between the boundary orbitals.

The value of the downwards displacement of the energy of
the lowest free molecular orbital of us-OCNT (0, 9) is 0,2 and
0,7 eV in the field with intensity of 0,2 and 0,5 B/A. The field
energy displacement upwards of the occupied molecular or-
bital is about 10 times less and does not exceed the level of
0,02 eV. At the field intensity of £ = 0,5 B/A the value of
modulation of the gap between the boundary orbitals equals
to 0,57 eV of us-OCNT (0, 9) with the number of segments
i=9. Thus, the field reduction of the gap between the bound-
ary orbitals is proportional to the gap between the boundary
orbitals, which agrees with the researches of Stark effect in us-
OCNT (5,5 [9].

Changes of the electronic structure of us-OCNT (0, 9)
occur during the transition to the triplet state, which is due
to the noncompensated by spin electrons. This demands a
research of the spin-dependant parameters of the two spin
channels. The transition determines a reduction of the gap be-
tween the boundary orbitals E; by 0,5...0,1 eV, which points
to an increase of the electroconductivity of the nanotubes.

Sensitivity of displacement of Stark of the boundary or-
bitals of the triplet states of us-OCNT (0,9) to the orientation
of spins was discovered, which determines reduction of the
power gap between the boundary orbitals for the electrons
with a spin "upwards" by 0,02...0,1 eV and a small increase for
the electrons with a spin "downwards" by ~0,01 eV at the in-
tensity of field £= 0,5 B/A (fig. 1, a). The opposite by its sign
field modulation of the gaps between the boundary orbitals of
two spin channels defines the increase of difference of elec-
troconductivity of the electrons with spins "upwards" and
"downwards".

The monotonous decreasing dependency of the spin po-
larization from 5,9 down to 1,3 % at a discrete growth of the
skeleton of us-OCNT (0,9) was discovered. In a strong field
the qualitative dependence remains, however, there are some
specific features. Sensitivity of Stark displacement of the or-
bitals of us-OCNT to the spins’ orientation, defining a reduc-
tion of the spin polarization of the electrons with a spin "up-
wards" and increase for the electrons with a spin "downwards"
was discovered. At the field intensity of £= 0,5 B/A a double
increase of the spin polarization of the electrons with a spin
"downwards" and maximum of 13,7 % was achieved. At the
critical intensity of the field an inversion occurs of the de-
pendence of the spin polarization on the length of us-OCNT
(0,9), thus, the channel of conductivity for the electrons with
a spin "downwards" becomes the main one.

Analysis of visualization of the electronic density in the in-
vestigated range of the lengths shows, that the spin electronic
density (the difference between the densities of the electrons
with spins "downwards" and "upwards") is localized in the ring
segments and caps of the nanotube. The given result agrees
with [5].

Conclusion

By means of the theory of the functional of the electronic
density the dimensionally-dependant and field reorganization
of the electronic structure of us-OCNT (0,9) in the range of

lengths of 0,7...3 nm in the singlet and triplet states in the ex-
ternal electric field with intensity of £ = 0...0,5 B/A were in-
vestigated. The monotonous decreasing dependence of the
gap between the boundary orbitals, potential of ionization and
spin polarization of us-OCNT (0, 9) on the length was estab-
lished. Sensitivity of Stark displacement of the lowest free
molecular orbitals of two spin channels defining a reduction
of the spin polarization for the electrons with a spin "upwards"
and an increase for the electrons with a spin "downwards" was
discovered. At a critical intensity of the field the inversion of
the spin polarization was found, defining the change of the
basic channel of conductivity for the electrons with a spin
"downwards".

The work was done with support of RFFI, project No 16-32-
00926 moa_a.
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Ilocmynuna 6 pedaxyuio 09.06.2016

Paccmompen macconeperoc scudkocmu nod 0elicmeuem no8epXHOCMHbIX AKYCIMUYECKUX G0AH Yepe3 NAOCKUU MUKPOKAHAA C
nopucmoii nepezopookou. IIpedaodcervl nokazamenu 045 KOAUYECMBEHHOU OUCHKU UHMEHCUBHOCMU U S(pheKkmusHocmu macco-
neperoca. [Ipogedero KomnviomepHoe UCCAe006aHUe AUSHUS HA NOKA3AMeAU MACCONEPEHOCA PA3MePOs8 KAHAAA, XAPAKMEPUCMUK
nepeeopooku (ee MOAUWUHBL, NOPUCMOCMU U NPOHULAEMOCMU), A MAKICe 3HAYeHUS Paduo4aACMOMHOU MOUWHOCMU, NOOBOOUMOU K
BCMPEHHO-UWIMBIPEBOMY 2eHepamopy NO8ePXHOCHHBIX AKYCMUYECKUX 80AH.

Karoueevie caosa: komnvromeproe modeauposanue, 1a6opamopus Ha Yune, MUKPOHACOCHL, Me4eHUs: 8 MUKDPOKAHAAAX, NOPUC-
mas cpeoa, noBepXHOCMHble aKycmu4ecKue 601Hbl, aKycmuieckui eemep, ypasHenus Haeve— Cmokca, ypaenenus bpunkmana,

memod SIMPLE

Beenenne

YcrpoiicTBa, OCHOBaHHBIE Ha MPOKAaYKe XUIAKOCTE de-
pe3 MUKpPOKAHAJbI C IOPUCTHIMU TIEPErOpoIKaMU, BXOIAT B
cocTaB MHoOrux "maboparopuii Ha uumne" (lab-on-a-chip).
[TonoGHBIE yCTpOICTBA UCTIONB3YIOT NTPU DUILTPALIMH, TIPO-
BEJEHUM XMMMUYECKUX peaklMi, peaju3aluy aHaJIuTU4eC-
KMX M OMAarHOCTUYECKUX Ipouenyp (cMm., Hampumep, [1]).
HeoTbheMiieMoli 9acThiO TaKUX YCTPOMCTB SIBISIOTCS MUK-
POHACOCHI, KOHCTPYKIMST KOTOPBIX JOJIXKHA TTO BO3MOXHOC-
TU OTBeYaTh TPEOOBAHUSIM TEXHOJIOTMUYHOCTH, KOMITAKTHOC-
TH, 9KOHOMUYHOCTH, HAAEXKHOCTH U T.1. MHOTUM M3 3TUX
TpeOOBaHUI XOPOIIO COOTBETCTBYIOT MMWKPOHACOCHI, HC-
TOJIB3YIOLIME SHEPIUIO MOBEPXHOCTHBIX aKyCTUUECKUX BOJIH
(ITAB), MOCKOJIbKY OHM HPOCTHI B M3rOTOBJIEHUU U HE CO-
nmepxxat aBvKyinmxcs yacreit [2]. Kpome Toro, maHnHbie Ha-
COCBHI MOTYT BCTpauMBaThCsl HEMOCPEACTBEHHO B MUKPOKaHa-
JIBI C TOPUCTBIMM TIEPETOPOIKAMU, 00pa3ysl ¢ HUMU €IMHYIO
cucremy. JIJ1s1 ycrelHo pa3paboTKy U ONITUMM3ALUK TaKUX
cHucTeM HeobxomnMa MHGOPMALKS O BIUSHUM Pa3IMUYHBIX
XapaKTepUCTUK MUKPOKAHAJIOB, MOPUCTHIX MTEPEropooK 1
ITAB Ha MHTEHCUBHOCTb U 3P HEKTUBHOCTh MAaCCONEPEHO-
ca xuakocTteit. OTHUM U3 UCTOUHUKOB MOJYYEHHUs 9TON MH-
dopmannm ABASETCS KOMIIBIOTEPHOE MOEIUPOBAHNE.

MmMmeercd mocTtaToOyHO OOJBIIOE KOJTWYECTBO MMyOIMKa-
1IN, KOTOPBbIE TOCBSIIEHBI KaK MOJEIMPOBAHUIO TEUCHUS
KUAKOCTEH Yepe3 MUKPOKAHAJBI C Pa3IMYHBIMUA TTIOPUCTHIMU
BCTaBKaMmu (CM., Haripumep, [3, 4]), Tak 1 KOMIIbIOTEPHO-
MY MCCIeIOBaHUIO pa3HOOOPA3HBIX MAHUMYJISIIUIA C MUKPO-
1 HAaHOOOBbEMaMU XKUIAKOCTEH, MPOBOAMMBIX C TOMOIIBIO
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ITAB (cM., HanipuMep, [5, 6]). OnHaKO pe3ynbTaThl YNCTEH-
HOTO aHajiM3a OCOOEHHOCTeil MaccomepeHoca XUAKOCTei
noxa aeiictBuem [1AB yepe3 MUMKpoKaHaJIbl ¢ HOPUCTOM Iepe-
TOPOIKOM B JINTEPAType M0 CHUX TTOP MPeICTaBIeHBI He OBLIN.

ITocTpoenne moaenn

B manHo#i pabore paccMaTpuBaeTCsl CUCTeMa, KOTopas
COCTOMT U3 ABYX pe3epByapoB ("UCTOK" 1 "CTOK"), COeAUHEH -
HBIX TIJIOCKMM MUKPOKAHAJIOM C ITOPUCTOM MeperopoaKoil Ha
BbIXOAHOM KOHIIe (puc. 1). Cucrema pazmelliaeTcsi Ha Mo-
BEPXHOCTH MbE303JIEKTPUUYECKOTO KpUCTalla, HaA KOTOPOK
MpeaBapUTeIbHO C(HOPMUPOBAHA BCTPEUHO-ILTHIPEBAst CTPYK-
Typa st reHepauuu [TAB.

MacconepeHoc B cucTeMe 00yCIOBJIeH AECTBUEM aKyC-
TUYECKOTo BeTpa (acoustic streaming). Ilocne momaun nepe-
MEHHOTO HANpsIKEHUSI Ha BCTPEYHO-IUTHIPEBYIO CTPYKTYPY
BIIOJIb TPAHUIIBI pa3/iesia Mbe303JEeKTPUK — KUAKOCTb HAYU-
HAaeT PACIpPOCTPaHSITbCS 3aTyXalolllasi BOJHA P3JIEEBCKOTO
TUTA, KoTopast (GOPMUPYET B KMUAKOCTU HEOTHOPOIHOE aKyC-
TUYECKOE ToJie. DTO MMOoJie BbI3bIBACT ITOCTYIATEILHOE JIBU-
JKEHWE YacTUI] BOJbl, COBMAJAIOLIEE C HAMpaBIeHUEM pac-
npoctpaneHus I1AB.

Hanee mnpenmnosaraercsi, YTO B MCCIAENAYEMON CHUCTEME
ITAB Bo3nmeiicTBYET TOJILKO Ha XUAKOCTb B KaHaJe.

Kanan nmeer pasmepsr D, X Dy>< D,. TIpu 3TOM BBINOJN-
HsleTCst cooTHoweHne D, > D,, 4TO MO3BOJSIET OrpaHu-
YUTHCSI AaHAJIM30M TE€YEHUS TOJIbKO B IIockocth 0XZ, mpo-
XOIsIEeN yepe3 LEHTp KaHala u mneperoponku. Cucrema
KOOpAMHAT BbIOpaHa TaKuM 00pa3oM, YTo ochb X coBmamaer
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Puc. 1. Cxema ucciemayemoii cuctembl: / — KaHaj; 2 — MopuUcTas me-
peropoaka; 3 — Mbe302JIEKTPUUYECKUIM KPUCTAILT; 4 — BEPXHSISI CTEH-
Ka KaHajia; 51 6 — pe3epByaphl "UCTOK" U "CTOK" COOTBETCTBEHHO.
Crpenkoii 0003HaueHO HallpaBieHue pacrpocTpaHeHus I1AB.
Ll TpuxoBbie IpSIMble — U30JIMHWHA TSI MOYJISI OObEMHOM CHJIBI CO
sHaueHussmu max|F|/n, n = 10, 100 (cM. IOMOJHUTEIbHBIE MTOSICHE-
HUST B TEKCTE)

Fig. 1. System diagram: 1 — channel; 2 — porous insert; 3 —
piezoelectric crystal; 4 — upper wall of the channel; 5 and 6 — "source”
and "drain" tanks, respectively. The arrow indicate the direction of SAW
propagation. Dashed lines — contour lines for bulk power module with
the values max|F|/n, n = 10, 100 (explanation in the text)

¢ HampasiieHeM pacnpocTtpanenust [IAB. Hauano cucteMsr
KOOpIMHAT COOTBETCTBYET BXOMHOMY CEUEeHUIO KaHaa. Toi-
LIMHA TTOPUCTOI MeperopoaKu paBHa d.

Jns MaTeMaTUYECKOTo OMMCAaHUsI MaccollepeHoca B Ka-
HaJle UCMOJIb3yeTcsl cucteMma ypaBHeHuii HaBbe—Crokca:

p(U-V)U = V[—pl + (VU + (VU)T] +F, v-U=0, (1)

[1e p — IUIOTHOCTb XXUIKOCTU; 1 — €€ NMHaMuuecKasl BsI3-
koctb; U — BexkTop ckopoctu; p — nasieHue; F — ocpen-
HEHHasl N0 MPOCTPAHCTBY U BPEMEHU OObEMHasl CUJia, CO-
31aBaeMasl B KMAKOCTU HEOOHOPOAHBIM aKyCTUUECKUM MO-
JeM. CorjacHO MPUOIMKEHUIO, MPEMIOXEHHOMY B padoTte
[7], xomnoHeHThl BekTopa F MOryT OBITH 3amucaHbl ciemy-
1M 00pa3om:

_ 2 2 _
Fo= —pk(1 + o )Qrdf)exp2lk(x + 0], F,= oF,
rae kl — MHHMas 4aCTb BOJIHOBOI'O 4YucCJIa 33TyXElIO].L[eI7[

ITAB; o, — ko3 duUMeHT 3aTyXaHus; A — aMIUIUTyJa UC-
xonHoi (Hesatyxatouieit) [TAB; f— ee uacroTa.

TeyeHune XUAKOCTH B TOPUCTOM TEPErOopojKe MOIEIIH-
pyeTcs ¢ TOMOIIIbI0 ypaBHeHU bprHKkMaHa

E((U-V)g) —v. [pr-FE(VU-s-(Vu)T)} -ty
v-U=0, 2

KOTOpBIE COIepKaT Te Ke MepeMeHHbIe, YTO U YpaBHEHUSI
Hasbe—Croxca (1), mpu 3TOM BKJIIOYAIOT B ce0sl JOTIOJIHU-
TeJIbHBIE MapaMeTPhI € U K — MOPUCTOCTb U MPOHULIAEMOCTh
MaTtepuala neperopoiku COOTBETCTBeHHO. Jlanee monaraer-
¢, YTO TIEpPeropoaka UMeeT U30TPOITHYIO MTPOHUIIAEMOCTb.

BxomHbpIMU MapaMeTpaMM MOIENU SIBJISIIOTCSI pa3sMephbl
kaHana (D, u D,), XapaKTepUCTUKU TIOPUCTON MEPEropoAKH
(d, € m x), a Takxe nonBoauMmas K reHepatopy ITAB panno-
4acTOTHasl MOIUHOCTD (Ppp), 3HaUEHME KOTOPOIi onpeessaeT
aMIIuTyny A.

JI7151 YUCIeHHOTO MCCIeN0oBaHWs OMMCAaHHON BBILLIE MO-
JleTv OblIa co3maHa KOMITbIOTEpHAsT TIporpaMMa, B KOTOPOI
JUTsL pellieHust cucteM ypaBHeHu# (1) u (2) ucnosb3oBaics
meroa SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) [8].

Pe3yabTaThl MOEIMPOBAHUA H 0OCYKICHHE

B naHHOM pa3zznene npuBeaeHbI pe3ybTaThbl MOAEIUPOBa-
HMSI, KOTOpbIE TMOJYyYeHBbI JJII CUCTEMBbI, 3alOJJHEHHON BO-
noii. Pacuets! BeimosiHeHbI Jutst 128° YX cpesa kpucrasia HU-
obara yutus (LiNbOs). B aTOM ciiyyae nmapameTphbl 3aTyxa-
fouteii ITAB umeloT cienyiolue 3HaueHus: k, = —2768 M~ !
n o, = 2,47 [9]. Ilpn BelYMCIEHMAX YacToOTa f MoJarajuach
paBHOI 62 MT'1. AMIUIUTYIY A ONIpeeIsUIN U3 SMITUpUYIeC-
Koro cootHoweHus A = aPgp+ b, tne a = 7,5319 um/Br,
b =0,21527 um (cm. [10]).

[ns yno6cTBa mapaMeTpruyecKoro ucciie0BaHUsI MOIEIN
ObL1 BbIOpAH 0NOPHbIL 6apuanm CO CIEAYIOIMMU 3HAYEHUSI -
MU TIapaMeTpOB:

e JUuiMHa KaHana D, =2 MM, miyOuHa KaHana D, = 250 Mxm;
TOJIIIMHA TTopucTol Teperoponku d = 100 Mkwm;
MMOPUCTOCTh MaTepuaa meperoponku € = 0,8;
MPOHULIAEMOCTb MaTepuasa Meperopoiaku k = 1071 Mm%
pamMoYacTOTHAsT MOIITHOCTh, TOJBOAMMAs K TeHepaTopy
ITAB, Pgrr= 1 MBT.

Ecam mpy onmmMcaHuM Kakoro-jimbo BapHaHTa yKa3aHbI
3HAYEHUsI TOJbKO HEKOTOPHIX MapaMeTPOB MOJIEJU, TO Mpe-
roJjaraeTcsi, YTo 3HA4YeHUsSI OCTaJIbHBIX IMapaMeTpOB COOT-
BETCTBYIOT OITOPHOMY BapuaHTYy.

W3 naHHBIX, IIpeaCcTaBIeHHBIX HA PUC. 2, a, CIeIyeT, YTO
B KaHajie BOJM3W €ro BXOMHOTO CEUCHUS TOJ JACUCTBUEM
ITAB ycTanaBiuBaeTCs TedeHHE, B KOTOPOM TPUCYTCTBYIOT
KaK MOTOK M3 pe3epByapa B KaHas (J ), TaK 1 oOpaTHBbIii Mo-
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Puc. 2. PesyantaTel MoaempoBanus Jisi cactembl npu D, = 1 mm
1 D, = 500 MKM: ¢ — JIMHUM TOKA BObI; b — pactipeieieHue MOyJIst
ckopoctu |U| (M301MHIK COOTBETCTBYIOT 3HaueHusiM: max|U|/2", rne
m — 4KCII0, TIOMEYalolliee JIMHUIO)

Fig. 2. Results of simulation for the system with D, = I mm and
D, = 500 ym: a — water flow line; b — distribution of the velocity
modulus |U| (contour lines correspond to the values: max|U|/2", where
m — number, marking a line)
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Puc. 3. 3aBucumMocTb MoKa3aTeJieii HHTEHCMBHOCTH U 3¢ (eKTHBHOC-
TH MAacCCONEPEeHoca BOAbI OT Pa3MepoOB KaHAIa

Fig. 3. Dependence of the intensity and efficiency of the mass transfer
of water from the channel dimensions

Ttok (J ). PacripeneneHue ckopoctu Ha puc. 2, b, 1eMOHC-
TPUPYET, UTO MOTOK Ha BBIXOJE CUCTEMbI, OIpeaessieMblil
Pa3HOCTBIO — J, 3HAUMTEIBLHO YCTyMaeT Mo 3HaUYEHUIO
MIOTOKY J*. OrHourenue Ceﬁr= (JJr —J )/JJr MOXET CITy-
KUTh TToKa3aTesieM 3(h(@EeKTUBHOCTA MPUJIOXEHHUS SHEPTUU
ITAB st MaccomepeHoca BOJbI Yepe3 paccMaTpyBaeMylo
cucreMy. s KOJWYECTBEHHON OIIEHKM WHTEHCHMBHOCTH
MaccorepeHoca MOXHO MCIOJIb30BaTh CPEIHIOI CKOPOCTh
BOZbI B BbIXOJHOM CEYEHMM IOPUCTOI neperopoaxku (U,,).

BaxXHO OTMETUTB, YTO B CUCTeMe (OPMUpPYETCS TaKoe
pacrpeaeneHue TaBlIeHMsI, Y KOTOPOIro M300aphl B OOIbIIEH
YacTU KaHajia MapajulelbHbl BOJHOBBIM (DpOHTaAM aKyCTH-
YeCKOI BOJIHBI, OTXOMASIIEH OT MTOBEPXHOCTH TMhEe303JIEKTPU-
ka. [Ipy 3TOM TOYKa MUHMMYyMa JaBJICHUS pPacIiojioXeHa Y
BXOJIa B KaHaJl, a TOUKa MaKCMMyMa JIEXKUT Ha BEpXHel CTeH-
Ke KaHajia BOJIM3M TePeTOPOIKH.

Ha puc. 3 mpuBeaeHbI 3aBUCUMOCTH TTOKA3aTeIeil MHTCH-
CUBHOCTU U 3 (HEKTUBHOCTU MacCoIepeHoca BOIbl OT pa3-

MepoB KaHana. U3 puc. 3, a crenyer, uto 3aBUcUMOCTH Cypr

u U,,, ot D, IMEIOT HEMOHOTOHHBII Xapakrep. DTO CBA3aHO
C TeM, YTO TMPpU YUIMHEHUN KaHajia MOBBIIICHUIO €ro THI-
PaBIMYECKOTO COMPOTUBJICHUSI TTPOTUBOCTOMT POCT KOJIU-
YyecTBa SHEPTUM, IMoJiydaeMoi KuakocTbio oT ITAB (cMm. pac-
npenenenue |F| Ha puc. 1).

[Ipu yBenuueHuu riryOMHBI KaHajla o0llee THapaBInJec-
KOE COTPOTUBJIEHUE CHUCTEMbl TMaaaeT, OJHOBPEMEHHO C
3TUM IIOBBIIIAETCSA KOJIMYECTBO MOIVIOIIAEMOUN BOION aKyc-
TUYECKOW SHEPruU, YTO AOKHO MPUBOAUTH K MOHOTOHHO-
MY POCTY CpeaHell BBIXOMHOM CKOpOCTHU. Takoil BUI 3aBUCH-
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Moctu Uy, or D, NedCTBUTENIBHO HAOMIOIAETCS B ClIydae
KaHaJIoB, y KOoTopbIx D, > D, (puc. 3, b). OnHako, eciu riy-
OMHa KaHajla HaYMHAaeT 3aMETHO TMPEBBIIIATh ero JAJIMHY, TO
oyukums U,,(D,) cranosurcs yoObiBatoleil. OObsICHEHME
3TOMY MOXHO HaiTu Ha puc. 4. [IpencraBieHHbIe rpacduKu
MOKa3bIBaIOT, YTO MPU U3MEHEHWHU MPOMOPLIUI KaHaIa Mpo-
HCXOIMT TEepecTpoiika CTPYKTYPhl T€UEHUSI Ha BBIXOIE CHC-
TeMbl, npuBofsias npu Dy < D, K NOsABIEHUIO "TipoBaia” B
LIEHTPAJIbHOI YacTy NPpopUIsi CKOPOCTU U YMEHBILIEHUIO e¢
CpeHero 3HaYeHMUsI.

W3 puc. 3, a u 3, b cienyer, 4TO yBeIMYEHUE IIyOHMHBI
KaHaJia BBI3bIBAET PE3KOe TTOHKEHUE Cejf. ITpuuuHoii 3TOTO
SIBJISIETCS TOT (haKT, YTO B pacCMaTpUBaeMOi cuTyaluu (Impu
3HAYEHUSIX MPOHUIIAEMOCTH OKOJIO 1071 M2 u MeHee) JIu-
MUTHPYIOIIUM (DaKTOPOM B CUCTeMe BBICTYMAeT IOTOK Yepe3
MOPUCTYIO NMEePEropoiKy. 3HAUeHUE ITOr0 MOTOKA MPU poc-
Te D, MOXET MEHATBLCA JIMIID MPOMOPLUMOHATBHO COOTBETC-
TBEHHO YBEJIMYMBAIOILIEMYCSI TIOTIEPEYHOMY CEUEHUIO Tepe-
roponku. [Ipu sTom cornacHo dopmyne Hapcu—Beiicoaxa
TUIPaBIMYECKOE COMPOTUBIICHUE KaHalla yObIBAaeT Kak (DZ)_z.
Takum o6pazom, npu yriaybjaeHuM KaHajda 3(HEeKTUBHOCTh
npuioxeHus: sHeprun I1AB w1 mepekadyku BOIBI yepe3
CHCTEMY TajaeT M Bce OoJiblliasi ee 4acTb pacXOAyeTcs Ha
pacKpyyuMBaHUE ABYX BUXpEil: OMHOTO — BO BXOJHOM Ceue-
HMU U IPYTOro, PaCIoNOKEHHOIO CIeIOM, Y HUXKHEM CTeHKU
KaHaja (CM. puc. 2, a).

MogpenrpoBaHue BBISIBUIO OJIM3KHUI K TUTIEpOOINYECKO-
My craja Tokasarejieil MHTEHCUBHOCTH U 3(DGhEKTUBHOCTH
MaccornepeHoca Mpyu yBEJIMYEHUU TOJILIMHBI TIOPUCTOM Tie-
peropoaKku. XapakTep TOJyYeHHBIX 3aBUCUMOCTE 00yCIIOB-
JIEH POCTOM THUAPABIMYECKOTO COIMPOTUBIEHMSI UCCIENye-
MOI CUCTEeMbI MPU YBEJIMYEHUU d.

Puc. 5 neMoHCTpUpyYeT pOCT MoKa3aTteyieil MHHTEHCUBHOC-
™A U 3G (GEKTUBHOCTU MaccorepeHoca BOAbI TIPU TTOBBIILIE-
HMM TPOHUIIAEMOCTH MOPUCTOI Meperopoiaku. BuaHo, uro
MPpY MaJbIX 3HAYEHUSIX TTPOHUIIAEMOCTH U3MEHEHHE TMOoKa-
3aTeJiell MPOUCXOMUT 1O JIMHEWHOMY 3aKOHY, T.€. T€UeHHE
yepe3 Meperopoyiky, KOTopoe, Kak yxe OTMeYaloch, MpU
9TUX YCJIOBUSIX SIBJISIETCS] IUMUTUPYIOIIUM (haKTopoM, TMoj-
yuHsieTcs 3akoHy Jlapcu. I[Ipu yBenmndeHNN K BbIIIE yKa3aH-
HOTO YPOBHSI HAaKJIOH KPHUBBIX Ha rpadukKax TMOCTETIEHHO
crnangaet. [1pu 3TOM 3HaUYeHUsI, K KOTOPbIM CTPEMSITCS Ceﬂn
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Puc. 4. Pacnpenenenne moxyisi ckopoctd |U| B BBIXOAHOM ceveHHH
cucrembl npu D, = 0,5 MM u yeTbipex pasHbIX 3HaYenusx D,

Fig. 4. Distribution of the velocity modulus |U| at the outlet section of
the system with D, = 0,5 mm and four different values D,
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Puc. 5. 3aBucumocTb noka3areJieii HHTEHCMBHOCTH U 3¢ ()eKTUBHOC-
TH MACCONEPEeHOca BObI OT MPOHMIAEMOCTH TOPUCTOI NMEPETOPOIKH
NpH Pa3HbIX 3HAYEHHUAX IJIYOMHBI KaHajia

Fig. 5. Dependence of the intensity and efficiency of the mass transfer
of water from the porous insert permeability at different depths of the
channel

U,,» COOTBETCTBYIOT TIOKA3aTeJIsIM MacCONEpeHoca s Ka-
HaJloB 0e3 meperopojku. B mocnenHem ciyuyae mapameTpbl
TEUYEeHUs 337al0TCsl UCKITIOUMTEIbHO pa3MepaMy KaHaia.

PacueTsl mokasanu, 4To MpY MNOBBILUEHUU PAIUOYACTOT-
HOI MONIHOCTH, MOJABOAMMON K reHeparopy [1AB, nmokaza-
TeJIM UHTEHCUBHOCTU M 3(P(PEeKTUBHOCTU MaccollepeHoca
pPaCTyYT ¢ pa3HOii ckopocThlo. Tak, y BapuaHTa, OTJInvaronie-
rocs oT ornopHoro B 10 pa3 GoblIMM 3HAYeHUEM Prp, 3HA-
ueHust Cppu Uy, yBenmuuBatorest B 1,25 u 1,78 pas coot-
BETCTBEHHO.

3akmouenue

B pabote mpemioxeHbl MmokKazaTeau U1 KOJIMYECTBEH-
HOI OLIEHKM MHTEHCUBHOCTU U 3((HEKTUBHOCTA MAacCCOIIe-
peHoca Bofbl TTon neiictBueM [TAB depes Mmiockuit MMKpoO-
KaHaJl ¢ TopucToit neperopoakoii. [IposeneHo KommbloTep-
HOE MCCJIeIoBaHME BIMSIHUS Ha JaHHbIE TTOKa3aTed pa3me-
POB KaHasla, XapaKTePUCTUK MepPeropoiku (ee TOJIIMHBI,
TOPUCTOCTU U TIPOHUIIAEMOCTH), a TakKXKe 3HAUEHMS paauo-
YaCTOTHOM MOIIHOCTH, MOIBOIMMONM K reHeparopy IIAB.
IMosryyeHHbIE JaHHBIE MOTYT OBITH MCITOJIB30BaHbI TIPU pa3-

pa60TKe 1 OIITUMU3aAlIN MI/IKpO(bIIIOI/UIHI)IX CHUCTEM IJIA pa3-
JIMYHBIX HpPU[O)KeHHﬁ.

annas paboma gunancuposanacs 3a cuem CoenauieHus ¢
Munoopnayxu Poccuu Ne 14.607.21.0047, ynukanvhwiii udeH-
mugurxamop ITHU RFMEFI60714X0047.
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Simulation of a Fluid Mass Transfer under the Action of the Surface Acoustic Waves
through a Microchannel with a Porous Insert

The topic of the article is computer modeling of a fluid mass transfer under the action of the surface waves through a planar mi-
crochannel with a porous insert. The author proposes the model parameters of the channel dimensions, insert behaviors and radio
frequency power applied to the surface of the acoustic wave generator (interdigitated transducer). Navier-Stokes equations and
Brinkman equation were used to simulate the flow of a fluid through the channel and the insert, respectively. The equations were
solved using the implicit finite control volume method. Pressure-velocity coupling was solved with the segregated approaches such
as SIMPLE (Semi-Implicit Method for Pressure-Linked Equations). Indicators for the quantitative evaluation of the mass transfer
were proposed. The impact of the model parameters on the indicators was investigated. Those results can find their application in

designing of the microfluidic systems.

Keywords: scientific computing, lab-on-a-chip, micropumps, microchannel flows, porous media, surface acoustic waves, acous-
tic streaming, Navier—Stokes equations, Brinkman equation, the SIMPLE method
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Introduction

Devices for liquids pumping through microchannels with
porous insert are part of many "labs-on-a-chip". They are
used for filtration, chemical reactions, implementation of an-
alytical and diagnostic procedures [1]. An integral part of such
devices are micropumps, the design of which must meet the
requirements of adaptability, compactness, efficiency, relia-
bility, etc. Many of these requirements are in good agreement
with micropumps, using the energy of the surface acoustic
waves (SAW), as they are easy to manufacture and contain no
moving parts [2]. Furthermore, these pumps may be incor-
porated directly into the microchannels with porous partition
walls, forming a integrated system. The successful develop-
ment and optimization of such systems need information
about the impact of various characteristics of the microchan-
nels, porous walls and surfactants on the intensity and effi-
ciency of the mass transfer of fluids. One of the sources of this
information is a computer simulation.

There are quite a number of publications that are devoted
to modeling of liquids flow through microchannels with dif-
ferent porous inserts [3, 4] and to computer studies of ma-
nipulation with micro- and nanovolume of liquids produced
using SAW [5, 6]. However, the results of numerical analysis
of the features of mass transfer of fluids under the influence
of SAW through the microchannels with a porous insert in the
literature were not provided.

Building of Model

In this paper, we consider a system of two tanks ("source"
and "drain"), connected by flat microchannel with porous in-
sert at the outlet end (fig. 1). The system is placed on the sur-
face of a piezoelectric crystal, on which the interdigital struc-
ture for SAW generation is formed.

Mass transfer is caused by the action of an acoustic
streaming. The leaky Rayleigh wave that forms in liquid non-
uniform sound field begins to spread after applying an alter-
nating voltage to the interdigital structure along the interface
between piezoelectric — liquid. This field causes a transla-
tional movement of water particles, which coincides with the
direction of SAW propagation. Further, it is contemplated
that the SAW in the investigated system affects only on the
liquid in the channel.

The channel has D, x D, X D, sizes. In this case, the rela-
tion Dy > D, is true, which limits the analysis of the flow only
by 0XZ plane passing through the center of the channel and
partition. The coordinate system is chosen so that the x-axis
coincides with the propagation direction of SAW. The coor-
dinate system corresponds to the input channel of the cross
section. The thickness of the porous wall is d.

The mathematical description of mass transfer in a chan-
nel uses the system of Navier-Stokes equations

p(U-V)U = V[—pI + w(VvU + (VO)'] +F, v-U=0, (1)

where p — density of the liquid; u — its dynamic viscosity;
U — the velocity vector; p — pressure; F — the volume force
generated in the liquid non-uniform acoustic field averaged
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over the space and time. According to the approximation pro-
posed in [7], the components of the vector F can be written
as follows:

F, = —pk(1 + o} )QrAf)?exp2lk,(x + 0,2)], F, = oF,

Zz X

where k, — the imaginary part of the wave number of fading
SAW; a, — attenuation coefficient; A — amplitude of the
source SAW; f — its frequency.

Fluid flow in porous insert is modeled using Brinkman
equations that contain the same variables as the Navier-
Stokes equation (1).

S ((U-V)I—SJ) —v. [pr+ E(VU-&-(Vu)T)} - EU,
v-U=0, (2

Thus it includes the additional parameters: ¢ and k — po-
rosity and permeability of the partition material, respectively.
It is believed that the partition has an isotropic permeability.

The input parameters of the model are: the dimensions of
the channel (D, and D,), the characteristics of the porous in-
sert (d, € and «), the radio frequency power supplied to SAW
generator (Pgp), which determines the amplitude A.

The computer program for numerical investigation of the
described model was created in which the SIMPLE method
(Semi-Implicit Method for Pressure-Linked Equations) was
used to solve the systems of equations (1) and (2) [8].

Simulation Results and Discussion

This section describes the simulation results for a system
filled with water. The calculations were performed for 128° YX
of the leaky niobate crystal cut (LiNbO3). In this case, the pa-
rameters of the damped SAW have the values: k, = 2768 m™!
and o, = 2,47 [9]. During the calculations, the frequency f
was assumed to be 62 MHz. The amplitude A4 was deter-
mined from the empirical relationship A = a Pgpp + b, where
a=17,5319 nm/W, b= 0,21527 nm (see [10]).

For convenience of a parametric study of the model, the
reference option with the following parameters was selected:
e channel length D, = 2 mm, depth D, = 250 pum;

e thickness of the porous wall d = 100 pum;

e porosity of the partition material ¢ = 0,8;

e permeability of partition insert k = 107! m2;

e radio frequency power supplied to SAW generator, Ppp =
=1 mW.

If the description of some variant has only certain values
of model’s parameters, it is assumed that the values of other
parameters correspond to the reference variant.

From the information from fig. 2, a, it follows that the
flow, which is installed in the channel near its inlet section un-
der the action of SAW, has the flow from the tank into the
channel (J*) and the return flow (J~). The velocity distribution
in the fig. 2, b shows that the flow at the outlet of the system,
determined by the difference Jt—J significantly inferior to
the value of the flow J*. The relation Copr= Jt=J)/J" can
serve as an indicator of the effectiveness of application of
SAW energy to the mass transfer of water through the system
under consideration. For quantify assessment of the mass




transfer rate you can use the average velocity of the water in
the outlet section of the porous insert (U,,,).

Importantly, that the pressure distribution in the system is
formed by the way, in which the isobars in most part of the
channel are parallel to the wavefronts of the acoustic wave ex-
tending from the surface of the piezoelectric. In addition to
the above, the minimal pressure point is located at the en-
trance to the channel, and the maximum — lies on the upper
wall of the channel near the insert.

Fig. 3 shows the dependences of the intensity of perform-
ance and efficiency of the mass transfer of water from the
channel dimensions. From fig. 3, a it follows that the depend-
ences Copand U, from D, are nonmonotonic. This is due to
the fact that at channel extension, the growth of energy de-
rived by the liquid from SAW opposes to improvement of its
hydraulic resistance (see fig. 1).

At increase of the depth of the channel, the total flow re-
sistance of the system falls, at the same time the amount of
absorbed acoustic energy of water increases, which should
lead to a monotonic increase in the average of an output
speed. Such dependence U, from D, is actually observed in
the case of the channels, in which D, > D, (fig. 3, b). How-
ever, if the depth of the channel begins to significantly exceed
the length, the function U, (D,) becomes decreasing. The ex-
planation for this can be found in fig. 4. The graphs show that
when the channel changes the proportions, the flow structure
in the output of the system changes, resulting at D, < D, to
the emergence of "failure” in the central part of the profile of
velocity and decrease in its average value.

Figs. 3, a and 3, b show that the increase in the depth of
the channel causes a sharp drop in Ceﬂ‘. The reason for this
is that in this situation (at permeability of about 107" m2 and
less), the flow through the porous insert acts as the limiting
factor in the system. The value of this stream with growth
of D, can vary only in proportion respectively to increasing
cross section of the partition. According to the Darcy—
Weisbach formula, the hydraulic channel resistance decreases
as (DZ)_z. Thus, with the channel deepening, the SAW energy
efficiency application for pumping water through the system
drops, and all its major part is spent for unwinding of two vor-
tices: the first, in the inlet section and the second, located
near the lower channel’s wall (fig. 2, a).

The modeling has showed the decline of intensity rates
and mass transfer efficiency by increasing the thickness of the
porous insert close to hyperbolic. The nature of dependencies
is caused by the increase of the hydraulic resistance of the
studied system with increasing d.

Fig. 5 shows the increase in the intensity and efficiency of
the mass transfer of water by increasing of the permeability of
the porous partition. It can be seen that at low permeability,
the change of parameters occurs in a linear law, i.c., the flow
through the partition, which under these conditions is a lim-
iting factor, obeys to Darcy's law. An increase of k above this
level, the slope of the curves in the plots gradually decreases.
At this, the values to which C,rand U,,, tend, consistent for
the mass transfer performance for the channels without a par-
tition. In the latter case, the flow parameters are only given
by the size of a channel.

The calculations have shown that an increase in RF power
applied to the SAW generator, the mass transfer rate and ef-
ficiency indicators grow at different rates. So, at a variant
which differs from the reference one by 10 times of the Ppp
value, Ceﬁf and U, increase by 1,25 and 1,78 times, respec-
tively.

Conclusion

In this paper we propose indicators to measure the inten-
sity and efficiency of the mass transfer of water under the ac-
tion of SAW through a flat microchannel with porous insert.
A computer study of affection of the channel dimensions,
partition characteristics (thickness, porosity and permeabili-
ty), and RF power applied to the SAW generator were made.
The obtained data can be used in designing and optimizing of
microfluidic systems for various applications.

Implementation of this work was funded by the Agreement
with the Ministry of Education and Science of the Russian
Federation No 14.607.21.0047, the unique identifier PNI
RFMEFI60714X0047.
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NCINOAb3OBAHUE PAAUOXAPBECTEPA AASl CO3AAHMUA
MUHUATIOPHOTO MCTOYHUKA INMUTAHUA CEHCOPHOIT O Y3AA

Ilocmynuaa 6 pedaxyuro 09.06.2016

Bce wawje dna numanus coépemennoli 31eKmpoHUKY UCHOAb3YIOM MAAOMOWHbIE UCIOUHUKY AAbMEPHAMUBHOU SHepeuu. B pa-
bome paccmampusaemcs: KOHYenyusi HOCMpPOoeHUs A8MOHOMHO20 6eCnpPOBOOHO20 CEHCOPHORO Y31a C UCIOYHUKOM NUMAHUs Ha OC-
Ho8e 3Hepeoxapeecmepa U ¢ HAKONUMEAIMU dHepeUU HA OCHOBe C8ePXBeMKUX MOHKONAEHOUHbIX KOHOeHCamopHbix a4eek. [Ipuse-
OeHbl pe3yabmamyl UCCAe008aHUL NAOMHOCU MOUWHOCMU PAOUOU3AYyHeHUs 8 pasHom duanasone yacmom. Onucano KOHCMpYK-
MUBHO-MEXHON0_UHECK0e peuleHUe CO30AHUA OMAA0OYHOU NAAMbl UCOYHUKA NUMAHUSA C pAOUOHACTIOMHBIM SHEP20XAPEECMEPOM.
Ilpedcmasneno paspabomanHoe cheyuaiu3upo8aHHoe NPoePamMMHoe obecneyerue 045 NPOBEPKU XAPAKMepUcCmuKk paduoxapeec-

mepa 60 épeMeHHOU obaacmu.

Karoueevie caosa: cencophblil y3en, ucmo4Huk numatus, paouoxapeecmep, dHepeoxapgecmep, MOHUMOPUHe, ANbMEPHAMUBHbLE

ucmoynuxu 3uepeuu, RF-DC-npeobpazosamens, UOHUCMOp

OnHa 13 HanboJiee TTePCIEKTUBHBIX TEXHOJIOTUI 3aKITIO-
YyaeTcsl B UCTOJb30BAHUM SHEPIUM OKPYXKAIOUIETO PaaIuoun3-
JydyeHus. B kauecTBe HeCTaOMJIBHOTO MCTOYHUKA SHEPTUU
IUIST TIOCTPOEHMST MUCTOUYHMKA TUTaHus [1] MUHMATIOPHOTO
6ecrnipoBoaHoOro ceHcopHoro y3na (bCY) MoxXHO ucnosb3o-
BaTh panMoOYacTOTHBIN 3Heproxapsectep. [J1aBHasT 0cOOCH-
HOCTb PaIMOYaCTOTHOTO 9HEProxapBecTepa — 3To ero Adek-
TUBHOCTb, KOTOpAsl 3aBUCUT OT HAJIMYUsI COOTBETCTBYIOLIEH
nHpacTpyKTyphl. CorlacHO IPOBEASHHOMY HCCIeI0Ba-
HUIO [2] Hanbosee MepcreKTUBHBIMMU JIISI CUCTEM cOopa dHEp-
MM OKa3bIBAIOTCA IHAIa3oHbl coToBoi cBsizn 880...960 MTI1y
(GSM900) u 1710...1880 MTI'u (GSM1800). MccnenosaHust
npoBoawu B nuana3one yactor 0,3...3 ['T11, B KoTopslii BXO-
JISIT OCHOBHBIE MCTOYHUKHU [3] u3nydyeHus: uudpoBoe Teje-
BuaeHue, cotopas cBsi3b GSM900/GSM1800, Wi-Fi, 3G.
PesynbraThl ncciaenoBaHus (cM. Tabauily U puc. 1) mo3Bo-
JISIIOT C/ieJIaTh HECKOJIbKO BaXKHBIX BHIBOIIOB. Pe3ynbTaThbl Mc-
cenoBaHUs pamuousnydeHus B JIOHIOHe MOKa3bIBaIOT BO3-
MOXHOCTb UCITOJIb30BAHUA PALINOXapBECTEPOB IIPU IIOCTPO-
€HUU MCTOYHMKA NMUTaHus sl pasnanyHbix BCY.

Ctpyktypa aBToHOMHOro bCY ¢ MCTOYHMKOM MUTAHUS,
B cocTaB KOToporo BXxoauT npueMHuK ¢ RF-DC-npeo6pa-
30BaTeNieM, IpencraBieHa Ha puc. 2. BCY cocrout u3 ma-
JIonoTpebJsioniero 32-pa3psiiHOrO0  MUKpoIpolleccopa ¢
AILIT, npuemorniepenatunka craHaapra IEEE 802.15.4 Zigbee
2,4 I'Tu, HAKOTIUTENSI SHEPTUU — MOHUCTOPA C MaJIbLIMU TO-
KaMU YTeUKU, MaJONOTPEOISIIOIIMMY CEHCOPHBIMU DJIEMEH -
tamu, RF-DC-npeobpa3oBarens, crneuuain3mpoBaHHON
aHTEHHBbI TIpreMa OeCIPOBOAHOIN SHEPTUM U KOMMYHUKAIIY -
OHHOI aHTEeHHBI. BHYTpEeHHSISI CTPYKTypa paaro4acTOTHOTO
SHeproxapBecTepa npeacrapisieTr coboit RF-DC-npeobpa-
30BaTelb, MOBBILIAMIINN MTpeoOpa3oBaTe/ib HAMPSIKEHUST U
KOHTPOJIJIED HAIPSIKEHMS.

Jlns olleHKM BO3MOXHOCTHM MCIMOJIb30BAaHUSI paauoyvac-
TOTHOTO 3HEproxapBecTepa B UCTOUYHMKE nmuTaHus mist bCY
Obla pazpaboTaHa OTJIaJoyHas Iuiata (puc. 3, cM. YeTBep-
TYIO CTOPOHY 00JIOXKM). OTiIamouHas riara rmo3BojsieT pa-
00TaTh C Pa3IMYHBIMU CIELIMATM3UPOBAHHBIMU aHTEHHAMM
npuemMa OecrpOBOAHON 3HEPTUU, Pa3HBIMU HAKOTIUTEISIMU
sHeprun (Li-ion akkymyasTopaMu U MOHHCTOpPaMM), a TaK-
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K€ 3aaBaTh KOHTPOJIbHBIE CUTHAIBI U U3MEPATh MOIIHOCTh
B PEXMME pealbHOro BpeMenu. Ha orinamounoil miare uc-
MOJIb3YETCH HECKOJIbKO CHELMANbHBIX BHELIHUX 3aracaio-
LIMX KOHIEHCATOPOB, KOTOPLIE OMNPENENIAIOT 3HAYEHUE Ha-
KanauBaeMo SHepruu Vap. Kaxablil BHelIHMIA 3amacaro-
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Puc. 1. I110THOCTH MOIIHOCTH PATMOM3IYYEHHS
Fig. 1. Power density of the radio emission

Pe3yabTaTel HCCIEX0BAHUS MOIMHOCTH PAHOM3TyYEHUS
Results of the research of the radio emission power

CpenHsist Makcumalb-
Muamnason IJIOTHOCTh | Hasl INIOTHOCTh
4acToT, MOILIHOCTH, MOILIHOCTH,
Hcrournk MI'y HBT/CM2 HBT/(:M2
Source Range of A Maximal
frequencies, ve;age power aximal
MHz ensity, power density,
nWyem? nWyem?
Hudposoe 470...610 0,89 460
TeJeBUACHUE
Digital TV
GSM900 (MTx) 880...915 0,45 39
GSM900 (BTx) 925...960 36 1930
GSM1800 (MTx)| 1710...1785 0,5 20
GSM1800 (BTx) | 1805...1880 84 6390
3G (MTx) 1920...1980 0,46 66
3G (BTx) 2110...2170 12 240
Wi-Fi 2400...2500 0,18 6
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Puc. 2. Crpykrypa aBronomuoro BCY ¢ HMCTOYHMKOM NUTaHUSA C PaauoOXapBeCTEPOM:
1 — npuemnauk ¢ RF-DC-npeoGpa3oBatenieM, 2 — HaKOMUTETb SHEPTUN (AaKKyMYJISITOD,
HWOHUCTOP); 3 — MUKPOKOHTpPOJLIEP; 4 — paaMonepenaTiuk; 5 — natayuku 1-N

Fig. 2. Structure of an autonomous WSN with the radio-harvester power supply: 1 — receiver
with an RF-DC converter; 2 — energy storage system (accumulator, ionister; 3 — microcontroller;

JInst IpoBeieHUST JTabopaTOPHBIX MC-
MbITAHUA OBLIO CO3JaHO CIIELIMATIbHOE
nporpaMmHoe obecneyenue (ITO) mus
MPOBEPKN XapaKTepUCTHK paaroxap-
BecTepa BO BpeMeHHOU ob6jactu. I10
HanuCcaHO Ha SI3bIKE BBICOKOTO YPOBHSI
C++ u paboraet yepe3 USB ¢ miatoit
cbopa JaHHBIX BBONA/BBIBOJA aHAJIOTO-
BbIX 1 111 poBbIX curHasioB. MHTepdeiic
ITO Bo Bpemsi 1abOPATOPHBIX UCIIbITA-
HUI1 TIpeICcTaBlIeH Ha puc. 5, rpa¢uk [ —
BBIXOJHOE HampsiKeHue, KpuBasg 2 —
HamnpsbKeHWe Ha HaKaruIMBaloIeM KOH-
JgHCcaTope.

Kak BUIHO M3 pe3yJbTaTOB MCCIIENO0-
BaHMSI, BBIXOTHOE HAIPSDKEHWE 3aBHCHUT
OT JOCTYMHOI MOUIHOCTU W3JIyyaTess,
KOTOpasi, B CBOIO OuYepeib, 3aBUCHUT OT
pPACCTOSTHUSI IO WCTOYHMKA H3JTYyYCHUSI.
Bpewmst, npu kotopom RF-DC-nipeo6pa-

4 — radio transmitter; 5 — 1-N sensors

Puc. 5. Uccaenosanne paamoxapsecTepa BO BpeMeHHO# o0jactd, paccrosiaume 10 M ot

HMCTOYHMKA u3aydyeHus 3 Br

Fig. 5. Research of the radio-harvester in the time domain at the distance of 10 m from a radio

emission source of 3 W

LI KOHAEHCATOP UMEET OYeHb MaJible TOKW YTEeUKU — 3TO
LOW ESR/nonuMepHblii TaHTaJOBbIiA KOHIEHCATOp U
MOHUCTOP. 3HAUEHME eMKOCTH 3aIlacalollero KOHIEHCATO-
pa orpenessieT BpeMsi BKIIIOUeHUs (BO BpeMsl JOCTHXXKEHUS
VMAx) ¥ BBIKJIIIOUEHHS SHEProxapsecTepa (BO BpeMs 1OCTH-
xenus Vyn)- TakuMm oOpa3oM, KOHIEHCATOP C MEHbLIEH
€MKOCTBIO 3apsIIUTCSl OBICTpPEE M MO3BOJUT paHbIle IMOJY-
YUTh BBIXOJHOE HalpsbKeHue nmuTaHust. OmHaKo BpeMsl ero
pa3psiia TakxkKe MEeHblle, a 3HAUUT, MEHbIIE U BPeMSI IOCTYII-
HOCTH HAIIpSDKEHUs MTUTAHMSI Ha BBIXOJE.

[1pu mpoBeneHny 1a00paTOPHBIX UCIIHITAHUI MaKeTa OT-
JIAIOYHOM T1aThl OBLIM MCITOJIb30BaHBI IBE CIEIUATIN3UPO-
BaHHbIC aHTEHHKI C PA0OYMM IMAINIa30HOM, HACTPOSHHBIM Ha
902...928 MI'n. XapaKTepuCTUKM CHEIUATM3UPOBAHHBIX
aHTEHH IpreMa 0eCrIpOBOMAHON SHEPTUM M UX OOILIUIA BUM
MpeAcTaBlIeHbl Ha puc. 4 (CM. YeTBEPTYIO CTOPOHY O0JIOX-
ku). Ins uccnenoBanust xapakrepuctuk RF-DC-mnipeo6pa-
30Barelist ObUIM MCIOJIb30BaHbl BHEIIIHUE aHTEHHBI ¢ SMA-
paszbemMoM compoTusiaeHueMm 50 OM, cieraHHbIe HAa CTEKIIO-
tekcronute FR4 m HacTpoeHHbIe HAa paboOTy B JMaIa3oHe
902...928 MTIu.
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yactote 915 MIu. MakcumaabHbI
BBIXOJTHOM TOK OT pagrioXapBECTEPOB —
50 MA, 4TO HOKa3bIBaeT BO3MOXKHOCTh
HCITONIb30BAaHUsl PAaIMOYaCTOTHOTO DHEP-
roxapBecTepa UIsl CO3JAHUs MCTOYHMKA
mutanust bCY.
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Use of a Radio-Harvester for Development of a Miniature Power Source

for a Sensor Node

Nowadays, the low-power alternative energy sources are more and more frequently used in modern electronics. One of the most
promising technologies is the use of the ambient energy of the radio emission. Currently, a radio frequency energy-harvester can be
used as an unstable energy source in the design of the power supply for a miniature wireless sensor node. The main feature of the
radio frequency energy-harvester is its effectiveness, which depends on the availability of the appropriate infrastructure. The paper
deals with the concept of designing of an autonomous wireless sensor node with the power source based on the energy harvester and
with the energy storage unit based on the ultra-thin-film capacitor cells. The results of the investigation of the power density of the
radio emission at different frequencies are presented. The design and technological solutions for development of a debug board of
the power supply with RF energy-harvester are described. The special software developed for testing of the radio-harvester char-

acteristics in the time domain is also presented in the report.

Keywords: sensor node, power source, radio-harvester, energy-harvester, monitoring, alternative power sources, RF-DC converter

One of the promising technologies consists in the use of the
energy of the surrounding radio emission. As an unstable energy
source for designing of the power supply [1] for a tiny wireless
sensor node (WSN) we can use a radio-frequency energy-har-
vester. The main feature the radio-frequency energy-harvester
is its efficiency, which depends on the availability of the corre-
sponding infrastructure. According to the research [2] the most
promising for the systems of gathering of energy appear the
ranges of the cellular communication of 880...960 MHz
(GSM900) and 1710...1880 MHz (GSM1800). The research
was done in the range of frequencies of 0,3...3 GHz, which in-
cludes the following basic sources [3] of radio emission: digital
TV, cellular communication GSM900/GSM 1800, Wi-Fi, 3G.
The results of the research (table, fig. 1) allow us to make sev-
eral important conclusions. The results of the research of the
radio emission in London prove feasibility of use of the radio-
harvesters for designing of the power supply for various WSN.

The structure of an autonomous WSN with the power sup-
ply, the composition of which includes a receiver with RF-DC
converter, is presented in fig. 2. WSN consists of a low-power
32-bit microprocessor with ADC, the transceiver of IEEE
802.15.4 Zigbee 2.4 GHz standard, energy storage system —
ionistor with small leak currents, low-power sensor elements,
an RF-DC converter, a special aerial for reception of the wire-
less energy and a communication aerial. The internal structure
of the radio-frequency energy-harvester includes an RF-DC
converter, a rising voltage converter and a voltage controller.

A debug board was developed for estimation of the pos-
sibility of use of a radio-frequency energy-harvester in a pow-
er supply for WSN (fig. 3, see the 4-th side of cover). It allows
to work with various special aerials for reception of the wire-
less energy, with different energy storage systems — Li-ion
accumulators and ionistors, and also to set the control signals
and to measure power in real time. The debug board employs
several special external accumulation capacitors, which de-
fine the value of the accumulated energy V- p. Each external
capacitor has very small leak currents — LOW ESR/polymer-
ic tantalum capacitor and ionistor. The value of the capacity
of the storing capacitor defines the turn-on time (during
achievement of V 5x) and turn-off time of the energy-har-
vester (during achievement of Vyn). Thus, the capacitor
with a smaller capacity will be charged faster and will allow
us to receive the output voltage earlier. However, the time of
its discharge is also smaller, and that means, the time of avail-
ability of the output supply voltage will also be less.

During the laboratory tests of the debug board two spe-
cial aerials were used with the working range tuned to
902...928 MHz. The characteristics of the special aerials for re-
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ception of the wireless energy and their general view are pre-
sented in fig. 4 (see the 4-th side of cover). For research of the
characteristics of the RF-DC converter the external aerials were
used with SMA connector, resistance of 50 Q on FR4 glass-cloth
laminate, tuned to work within the range of 902...928 MHz.
Special software was developed for the laboratory re-
search, for checking of the characteristics of the radio-har-
vester in the time domain. The software is written in language
C++ and it works through USB with a board for gathering of
the input/output data of the analogue and digital signals. The
interface of the software, used in the laboratory research, is
presented in fig. 5, the red diagram is the output voltage, the
blue diagram is the voltage on the accumulation capacitor.
As one can see from the research, the output voltage de-
pends on the available capacity of the radiator, which, in turn,
depends on the radio emission source. The time, during which
the RF-DC converter allows to obtain 3,3 V voltage at the
output, directly depends on the capacity and leak currents of
the accumulation element — capacitor and ionistor.
According to the research, the use of the background radio
emission for a power supply of the electronic devices does not
depend much on the weather conditions and is an ideal ver-
sion for construction of the self-organizing wireless networks.
The laboratory research of the debug board of the radio-fre-
quency energy-harvester demonstrated the peak efficiency of
the modules of 60—70 % on the frequency of 915 MHz. The
maximal output current from the radio-harvesters was 50 mA,
which proved a possibility of the use of a radio-frequency
energy-harvester for development of a WSN power supply.

The works were done with the financial support of the Min-
istry of Education and Science of Russia (Agreement
No 14.577.21.0134, unique identifier of the applied scientific re-
search RFMEFI57714X0134) with the use of equipment of TsKP
Functional Control and Diagnostics of the Micro- and Nano-
system Technologies on the basis of NPK Technological Center.
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ANHAMUYHECKHUE BOABT-AMITEPHDBIE XAPAKTEPUCTUKA

BUCKEPOB TEAAYPA

Ilocmynuna 6 pedarxyuro 09.06.2016

Tlonyuenst uckepsl (HUMesUOHblE KPUCMALbL) MeAIYPa U3 2a3080U (hazvl Memodom mepmoxumuueckol akmusayuu. Hccae-
006aHbI UMNYAbCHBIE 80AbM-AMNepHble Xapakmepucmuku (BAX) euckepoé mearypa ¢ ucnoav3o8anuem umnyabCo8 ieKmpuyec-
K020 noast mpey2oavHol gopmet oaumensHocmoto 10 mxc. Hameperus nposoduiu npu memnepamype scuoxkozo azoma (T = 77 K).
Ha BAX noseasemcsa pe3kuil uziom npu 3HA4eHUU 21eKMPUHEcKo20 NoAsl, NPeblaouemM nopoeoeoe 3Ha4eHue, Coomeemcmay-
ouee eeHepayuu (OHOHOB 6 KPUCMANIUYECKOM MeArype, m.e. 8 UCCAe0yeMOM GUCKEpe OCYueCmensiemcs aKycmodneKmpoHHoe
83aumooelicmeue 6 CULbHbIX dAekmputeckux noasx. OOuHoYHble BUCKePbl MeAnypa Mocym Gblmb UCNOAb308AHbL 0451 U320MOBACHUS
2/1E€MeHMO68 NPUBOPHBIX CIMPYKMYD AKYCMOINEKMPOHUKU, AKYCIMOONMUKU, a4 MAKice nPU CO30AHUU MUKDOINEKMPOMEXAHUMECKUX

cucmem (MOMC).

Karouesvie caosa: 8UCKepbl. meaaypa, dunamuyeckue 60/1bM-AMNEPHblIEe XAPpAKMepUCMUKU, Kpucmaniusayus, aKycmosiexKm-

POHHOe 83aumodeticmeue

Heocnabepatoiuii MHTEpec K BUCKepaM (HUTEBUAHBIM
KPUCTaJUIaM) pa3IMYHBIX BELIECTB BbI3BaH T€M, YTO OHU 00-
JIAAI0T PSIIOM YHUKATbHBIX CBOWMCTB, OTCYTCTBYIOLIMX B
00BbEMHBIX MOHOKPHCTAJUIAX M TIEHKaX. DTO MOPOAMIIO Ha-
JIEeXIbl Ha IIMPOKOe NMTPUMEHEHUE BUCKEPOB B U3MEPUTEb-
HBIX YCTPOMCTBAX U TEXHUYECKUX MPUIIOoXKeHUsX. MMmeroTcst
COOOIIEHUST 00 3KCIEPUMEHTAIBHBIX 00pa3lax IIpHUOOPHEIX
CTPYKTYD, BBIITOJHEHHbBIX Ha OTAEJbHBIX BUCKepax [1].

Tenmyp OTHOCHUTCS K Y3KO30HHBIM TTOJTYITPOBOTHUKOBEIM
MarepuajiaM (LMpUHA 3amnpelleHHoi 30HbI ~0,34 5B), npo-
3paueH B MH@pakpacHoit obnactu 4...20 MKM, AJEMOHCTPU-
pYeT CWIBHYIO HETMHEMHOCTh ONTUYeCKMX CBOMCTB. Code-
TaHMEe Mbe302JEKTPUUECKUX CBOMCTB C YPE3BbIYAHO 0O0JIb-
MMM 3HaYeHWeM KoaddUImeHTa aKyCTOONTHYECKOTO Ka-
yecTBa (M > 500 - 10715 c3/r) JIeJaeT ero MepCcreKTUBHBIM
MaTepuajioM ISl CO3JaHMSI aKyCTOONTUYECKUX YCTPOMCTB
(mednexTopsl, GUILTPHI), paboTaOIINX B AadbHeM MH(ppa-
KpacHOM auamnazoHe. M3yyeHure MexaHM3MOB poCTa, Uccie-
JIOBaHWE CBOMCTB M BOIPOCH MPAKTUIECKOTO TTPUMEHEHUS
BHMCKEPOB TeJUTypa B HAcTOsIIIee BpeMsl HAXOSITCSI B LIEHTPe
BHUMaHMS MCCIEAOBATEIbLCKUX TPYIN Pa3IUYHBIX CTpaH:
Kwrasa, Uunnu, Kopeu, CILA u ap.

B HacTosiieii paboTe mpuBeIeHBI pe3yJbTaThl CUHTE3a
BUCKEPOB TeJUTypa U UBMEPEHUI 2J1eKTpODU3NIECKUX Mapa-
METpOB.

Panee MbI co0OIlIanmM O TIOMYYEHUM SIUTAKCHUATBHBIX
IJIEHOK TeJIIypa METOAOM TEPMOXMMHUYECKOM aKTHUBAlUM
[2]. TmaBHOI 0COOEHHOCTBIO METOIA SABJISIETCS ObecreueHue
aTOMapHOTO COCTaBa ra3oBOi a3kl TEJUTypa 3a CYeT UCIIOJb-
30BaHUsI BOAOPO/A B CUCTEME IS TEPMOXUMUYECKON aKTH-
BallMu Tpoliecca. JlanpHelillee MccieAoBaHUE MoKasalo,
YTO METOA 00J1a1aeT BOZMOXKHOCTSIMU PETyJIMPOBaHUS Tepe-
CHIIIIEHUST B IIMPOKUX MpeaeiaxX 3a cueT U3MEHEHMS TEXHO-
JIOTUYECKMX MapaMeTpoB pocTa (IaBjeHrue BOJOpOaa B CUC-
TeME, TEMIIEPATYPLI 30HbI TUTJIA 15 M Tou1oXKu 77, nepemnaj
TeMIlepaTyp Mexny 3oHamu AT = T, — T)).

Ha puc. 1, a npencraBieHa MopdooTusi MOBEPXHOCTH
ocalka TeJlTypa Ha MOIOXKKe M3 catonbl. [ToBepXHOCTD CO-
CTOUT U3 XOPOIIIO OrPaHEHHBIX MUKPOKPUCTAJUTMKOB. Takoit
rabuTyCc MUKPOKPHUCTAJUITMKOB CBUIETELCTBYET O MPOTEeKa-
HUU MIPOLIECCOB KPUCTAIO00PA30BaHUS B PABHOBECHBIX YC-
JIOBMSIX B cucteMe "Kpuctamn — nap”. Kak u3BecTHO, paB-
HOBecHas (popMa KpUCTaJIa COOTBETCTBYET €T0 KpUCTaJLIN-
yeckoiil ctpykrype [3]. CormacHo npaswiny Kiopu — Bynbda
Haubosee pa3BUTBIMM Ha TTOBEPXHOCTM KpHCTala OymyT
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JIWYMe BO B3aMMOIEUCTBUU aTOMOB
BHYTPU U MEXIy LIeTIOYKaMU B KpHC-
TaJUIMYECKON CTPYKTYpe Tesypa siBJisi-
€TCd TIPUYMHOM CUJIBHOM aHU30TpO-
MUU  ONTHUYECKUX M  aKYCTUYECKUX
CBOICTB €ro MOHOKpUCTaJIoB. Teynyp
o0nasaeT AOBOJBHO OOJIBUIMM 3Haue-
HUEM KOHCTaHTbl 3JIeKTpOMEXaHU4Yec-
KOU cBSI3U (k2 = 0,31), 6ompuION aHU-
30TPONMUEN YNPYTUX U Mbe303JIEKTPU-
YECKUX CBOMCTB U CPABHUTEHLHO BBICO-
KVMM 3HaYeHUEM TTOIBMXKHOCTU HOCUTE-
neii 3apsiaa (u < 7000 CMZ/(B -¢)) [5—T7].
Kak nokazaHo B pa6orax [8, 9], B Ten-
Jype, KaK ¥ B Mbe30MOJYITPOBOJHUKAX,
HabmogaeTcs 3G GeKT reHepaln aKyc-
TUYECKUX BOJH MPU MPUIOXKEHUN K 00-
pasily CWJIbHOTO 3JIEKTPUYECKOTO MOJISI.
Tl'eHepalst HAYMHAETCS TIPU CKOPOCTSIX
Ipeiicda HocuTeseil 3apsiia, HECKOJbKO
MPEBOCXOISAIINX CKOPOCTh TOMEPEUHBIX
BOJIH. [TosiBIsIeTCSl pe3KMii M3JI0M Ha M-
HaMUYeCcKOl BOJIbT-aMIIEpPHOI XapakTe-
puctuke (BAX) mpu 3HaueHUsIX 27€KT-
PUYECKOTO TOJIS, MPEBBIIIAIOIINX TTOPO-
roBoe 3HAu€HHUE, COOTBETCTBYIOIIECE Te-
Hepaluu (POHOHOB B oOpasle. YcCioBue
reHepaluu ¢GpoHOHOB

Up = “Enop = Ugps
OTKyI1a
Puc. 1. MopdoJorasi noBepXHOCTH CJIOsI TeJIypa HA MOJJIOKKE U3 C0AbI (@), 3apoKaeHne v o1
BuckepoB (b), mecTurpannas (popMa BUCKEPOB; ¢ — OOKOBasi MOBEPXHOCTb, d — KOHell M0~ p= 3B o= 3B ¢))
JIOT0 BHCKepa Eip  Viop

Fig. 1. Morphology of the surface of a tellurium layer on a mica substrate (a), origination of the
whiskers (b), hexahedral form of the whiskers; ¢ — lateral surface, d — end of a hollow whisker

IrPaHU C HAaUMEHbBIIMMU CKOPOCTSIMU pPOCTa, T.e. OrpaHKa
KpUCTaJlJla OTpeaesaeTcsl MeUICHHO pacTYIIUMU TpaHSIMU
(c MUHUMaNbHBIMU UHAEeKcamMu Munepa (hkl)).
OTHOCHUTENbHAs JIETKOCTh B YIpaBJIeHUU IMMapaMeTpaMK
KPUCTAJUIM3aLMK TI03BOJIMJIA BHIOPATh ONTUMAJIbHbBIE TEXHO-
JIOTMYEeCKHUE peXMMbl pocTa BUCKEPOB Tesutypa (puc. 1, b).
Bynbd Takke mokasan, 4To paBHOBecHas (popma CBs3aHa CO
CBOOOJHOI dHeprueil rpaHeii, U MPeAnoaoXui, YTo rpaHu
KpHcTaJUTa OyIyT pacTd CO CKOPOCTSIMM, IPOIIOPIIMOHATH-
HBIMU UX MOBEPXHOCTHBIM 3Heprusam [3]. M3 kpucramio-
XUMUYECKON OCOOEHHOCTU CTPYKTYphI Tejlypa CIeayerT,
YTO CWJIBI CBSI3U BIOJb OCH € U, CJIEAOBATEIbHO, CBOOOIHASI
sHeprust 6azucHoii miockocty (001) B HECKOJIBKO pa3 60Jib-
1Ie, YeM COOTBETCTBYIOIINE 3HAUYCHMS TSI TIPU3MAaTHIECKUX
noBepxHocTeit {100}. Takoe pasnuuue B CBOOOAHOI MOBEp-
XHOCTHOW 3HEpPrMu MeXAy Oa3MCHOW W IpU3MaTUYECKOM
IJIOCKOCTSIMUA TIPUBOAUT K POCTY KpHUCTajia B (popme Tpo-
TSDKEHHBIX BIOJIb OCU € TeKCAaroHaJbHbIX MPU3M — HUTE-
BUAHBIX KpUCTaJIOB (BUcKkepoB) [4] (puc. 1, b, c¢). Xapak-
TepHBIE pa3Mepbl BUCKepoB: nuamerp — 1...100 Mkm, mimHa —
10 MkM...1 cM (!). CkopocTh pocTa BUCKepOB Te TOXOIUT 10
200 mxm/mMuH. [TonOGOPOM TEXHOJIOTUYECKUX YCIOBUN MOX-
HO TakxXe 00eCne4yuTh POCT MOJIBIX BUCKepoB (puc. 1, d).
KoBaneHTHast cBSI3b MeXIy aTOMaMH BIOJIb IIETIOYEK,
VIIOXEHHBIX B IeKCaroH, CyIIECTBEHHO cuJibHee BaH-gep-
BaanbcoBCKO# CBSI3UM MeXy aTOMaMu LIEMOYKU. DTO pas-

546 HAHO- 1 MUKPOCHUCTEMHASA TEXHUKA, Tom 18, Ne 9, 2016

IIe vy, — ApelioBasi CKOPOCTb HOCUTE-
Jieit 3apsiia; u — MOJBMXXHOCTb HOCUTE-
Jeit 3apana; v,y — CKOPOCTh IOmeped-
HBIX aKYCTUYECKUX BOMH; V), — HAMPsDKEHUE SJIeKTpUYec-
KOTO TI0JIsI, TIPY KOTOPOM HAaYMHAETCsT TeHepalust (pOHOHOB,;
| — nnmHa obpa3ia.

M3znom BAX 00yci0BIeH aKyCTORJEKTPUUECKUM TOKOM,
BO3HUKAIOIIM OT 3BYKOBBIX BOJIH, KOTOpbI€ T€HEpUPYIOT
npeiidyrolire HOCUTENH.

IIpencrapiaeHHas OCBEIOMIIEHHOCTb OTHOCUTEJIBHO 3JIEK-
TPO(MU3NYECKUX M YIIPYTUX CBOMCTB MOHOKPHUCTAJUIOB TEJ-
Jlypa MOXET OKa3aThCsl HEOOXOAUMBIM 3a/1€JIOM MPU TECTU-
POBaHUM PE3yJIbTATOB SKCIIEPUMEHTAIbHBIX MCCIIeTOBaHMI
BUCKEPOB TeJITypa, MOJYyYeHHBIX HOBBIM METOIOM OCaXIe-
HUSI TeJUTypa 13 ra3oBoil ¢assl [2].

Bl mpoBeneHbl 3KCIEpUMEHTATbHBIE WCCIeI0BAHMUS
MOBeJIeHYsI TOKA B BUCKepe TeJuTypa NpU MPUJIOXKEHUU K He-
MY CUJIBHOTO (IpEoIIero) 3JeKTPUYECKOro ToJsl, T.e. UM-
MyJibCa JEKTPUYECKOTO MOJIST TAKOU ATUTEIBHOCTH, TIPU KO-
TOPOil TeMreparypa KpucTajljla CYIIEeCTBEHHO HE MEHsIaCh,
a HOCUTEJIM 3apsiia TpuoOpeTaau HEpruto (CKOpoCTh) He-
00X01MMOIi BeJIMUMHBI. Pa3zMepbl BUCKepa COCTaBISUIN: AU~
Ha [ = 0,25 cM, quametp d = 60 Mxm (S5 = 28,3+ 107° CM2).
B nenax mosydeHus TMHAMUYECKHMX BOJIbT-aMIIEPHBIX Xa-
PAKTEPUCTUK HCIIONb30BAIUCH UMITYJIbChl JEKTPUUECKOTO
noJisi, TIpUKJIaabiBaeMble K 00pasily TPeyrojbHOUM (HOpMbl
JUTUTEJIbHOCTBIO 10 20 MKC.

Ha puc. 2 npencraBieHa cxeMa YCTaHOBKM JIJISI CHSITHS
MMIYJIbCHOW M IMHAMMUYECKOU BOJIbT-aMIIEpPHOM XapakTe-




puctuku. 3neck PG — reHepaTop MMITYJIBCOB BJIEKTPUYEC-
KOTO HANpsIXKeHUsT V TIpSIMOYTOJIBHOM M TPEYTOJIbHOM (hopM,
nojaBaeMbIX Ha o0Opasel S U TOKOBOE CONPOTUBIEHUE R;.
Hanpsixenue V'u V¢ TOKOBOro COnpoTUB/IEHUS Yepe3 aHa-
JioroBo-1MdpoBoii nipeodpaszoBatesb (ADC) momaercst Ha
KOMIIBIOTED, TJIe COXPAHSIOTCS U 00pabaThIBAIOTCS JaHHBIE
n3MepeHuii. B pesynbraTe moiaydaeM HeoOXoguMbie Tpadu-
KU Y YUCJIOBbIE 3HAUEHMS DJIEKTPUUECKHUX MapaMeTpoB 00-
pasua. IaMepeHus MpoBOAWIKMCH IIPU TeMIIEpAType KUIKO-
ro azota (T = 77 K).

Ha puc. 3, a npuBeneHa BpeMeHHas peaau3anys HaIpsi-
JKEHMST JIEKTPUUYECKOTO Mojisi (MMITyJibca), MPUKIIaabiBac-
MOTO K JIMTHEHHOMY 3JIEMEHTY (PE3UCTOpY) U BUCKEpY TeJl-
Jypa, a Takxe nuHamudyeckne BAX nuHeENHOro ajieMeHTa U
BHUCKEpa COOTBETCTBeHHO (puc. 3, b, ¢). BungHo, uro mocie
HEKOTOPOro MoporoBoro HanpsbkeHus: BAX Buckepa ctaHO-
BuTcs HeauHelHou. [TomooHsre BAX xapakTepHBI 111 00b-
€MHBIX 00pa310B MOHOKPUCTAJUIOB TeJuTypa.
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Puc. 2. CxeMa yCTAHOBKM /ISl CHATHS HMITYJIbCHOM W TMHAMUYECKO#
BOJIbT-AMIIEPHOI XAPAKTEPUCTHKH

Fig. 2. Circuit of the installation for taking of instrument readings of the
pulse and dynamic CVC
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Puc. 3. @®opma umMny/bca HANPSKEHUs, NPUKJIAJALIBAEMOTO K JIMHEIi-
HOMY 3JieMeHTy 1 BiucKepy Te (a); BobT-amnepHble XapaKTepACTHKHA
JMHeliHoro 3jementa (b) u Buckepa Te (c)

Fig. 3. Form of the voltage pulse applied to the linear element and whisker
Te (a); CVC of the linear element (b) and whisker Te (c)

IToporoBoe 3HavYeHWE HAMPSKeHUsI, HalIeHHOEe M3 9K-
cnepuMmeHTanbHbiXx BAX, paBHo 50,8 B (cm. puc. 3, ¢).
CKOpOCTb 3BYKa B TEJUIYPE Vg = 2,3 * 103 cM/c, IJIMHA BUC-
kepa [ = 0,25 cm. [1o 3TUM JaHHBIM BBIYMCIEHHOE 3Ha-
YyeHHe IOABMXKHOCTH COLJIACHO (opMyIie (lg paBHO p =
=(2,3-0,25-10°/50,8) CM2/(B -¢) = 1140 cm“/(B - ¢).

3Hasl TMOABMXKHOCTb HOCHUTENEH p, MOXHO HAWTH KOH-
LIEHTPALIMIO HOCUTEJIEH:

j= é =env=enuE=enull/,
oTcrona n= eHIII/S' )

BreiOupast mpon3BOJIBLHO TOUKY Ha OMHYECKOM Yy4acTKe
BAX, n3 dopmynsl (2) HaXoguM KOHIIEHTPAIIUIO HOCHUTEIeH
B BUCKeEpe:

n=28.25-1010 cm3.

Huszkue 3HaueHUs MOABMKHOCTA HOCUTEJIEH B BHUCKepe
Tesuypa (pp, = 1140 CMz/(B *C)) IO CPAaBHEHMIO C MOJBUXK-
HOCTIMU B 00BeMHOM Kpucrtajuie (p,, = 1900 CM2/(B ¢)),
BEpOSITHO, OOYCJIOBJIEHBI paccesTHUEeM HOCUTeJIe Ha IMOBEpX-
HOCTH BHUCKepa, KOTJa MorepeyHbie pa3Mephbl BUCKepa CpaB-
HUMEI C JJIMHOM CBOOOTHOTO ITpobera HOCUTENIeH 3apsia.

3akmoyenue

TakuM o00pa3oM, SKCIEPUMEHTAIbHbIE MCCAENOBaHMS
BUCKepa TeJUTypa B CUJIbHBIX 2JIEKTPUUYECKUX TOJISIX MoKas3a-
JIM, 4TO Ha AuHamMudeckoit BAX mosiBiaseTcs M3JI0M C T10C-
JIEMYIOIINM TIOSIBJIEHUEM YJacTKa HEJIMHEIHOTO TOBEICHUSI.
JlaHHBIN pe3yabTaT CBUAETEILCTBYET, YTO B MCCIIEAYEMOM
BUCKEpPE OCYIIECTBISIETCSI aAKYCTOJIEKTPOHHOE B3auMO-
JNEWCTBUE B CWJIbHBIX 3JIEKTpUUECKUX Mojisix. [ToaBUXHOCTD
B 9TUX BUCKepax MEHbIIIE OABUKHOCTU B OObEMHBIX 00pa3-
nax. IIpeanonaraercs, 4To B BUCKEpax M3-3a MaJbIX IOIIe-
PEUHBIX pa3MepPOB CTAHOBUTCS 3aMETHBIM paccesTHHe HOCH-
TeJsieil 3apsiia Ha €ro CTeHKax.

Ha 06aze maccuBa BUCKEpPOB WJIM OTAEJbHOIO BHCKEpa
TEeJITypa MOTYT ObITh M3TOTOBJIEHBI MTPUOOPHBIE CTPYKTYPHI C
VAYYIIEHHBIMU XapaKTepUCTUKAMU TI0 CPaBHEHUIO C P60~
paMu, BBITIOJTHEHHBIMM Ha MacCUBHOM MaTepuaje (TUICHKH,
MOHOKpHUcTa/uibl). Haunbonee mepcrneKTUBHBIM HaM TIpe.-
CTaBJISIETCSl M3TOTOBJIEHUE AKTUBHOTO 3JIEMEHTa TMOJYIPO-
BOJIHUKOBOIO Jaryuka raszos (NO,, CO, NH,, H,S u ap.)
B (bopMe Mool MUKPOTPYOKHU TeJLIypa C KOHTaKTaMH, Ha-
HECEeHHBIMM Ha e¢ GOKOBYIO ITOBEPXHOCTh METOIaMMU MUK-
poTexHosioruu. B aToM ciyyae MOJIeKysbl AETEKTUPYEMOTO
rasa MOTYT aacopOMpOBaThCsl KaK BHYTPHU, TaK U CHAPYXH
MOBEPXHOCTHU, 3HAYMTEJBHO YBEJIUUMBAS TMOJIE3HYIO YIEb-
HYIO TUIOIIAAbh aKTUBHOM IMOBEPXHOCTU, a CJIEIOBATEILHO,
TOBBIIIAS KITIOYEBbIe XapaKTePUCTUKU TaTINKa.

Bo3MoxxHO TakxKe MCITOJIb30BaHME BUCKEPOB Te ¢ sIpKo
BBIpAXXEHHBIMU TTbE303JIEKTPUYECKUMM XapaKTEPUCTUKAMM
BIOJIb OCU OJHOMEPHOM CTPYKTYPHI MPY CO3NAHUU DJIEMEH-
TOB MUKpO3JIeKTpoMexaHnueckux cucteM (MOMCOC).
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Dynamic Current-Voltage Characteristics of the Tellurium Whiskers

Whiskers of tellurium (thread-like crystals) were obtained from the gas phase by the method of thermochemical activation. The
impulse current-voltage characteristics (CVC) of the whiskers were investigated using the triangular shape electric field pulses with
duration of 10 ms. Measurements were done at the temperature of liquid nitrogen (T = 77 K). On the CVC a sharp bend appears
at the value of the electric field, which exceeds the threshold value, corresponding to the generation of phonons in the crystalline
tellurium, i.e. an acoustoelectronic interaction is observed in the strong electric fields of the investigated whisker. Solitary tellurium
whiskers can be used for production of the elements of the device structures in acoustoelectronics, acousto-optics, as well as in de-

velopment of the micro-electromechanical systems (MEMS).

Keywords: tellurium whiskers, dynamic current-voltage characteristics, crystallization, acoustoelectronic interaction

The interest to the whiskers (thread-like crystals) of vari-
ous substances is due to the fact that they have a number of
unique properties, which are absent in the volume monocrys-
tals and films. This generated hopes for application of the
whiskers in the measuring devices and technical applications.
There are reports about samples of the instrument structures
on separate whiskers [1].

Tellurium belongs to the narrow band semi-conductor
materials (the width of the forbidden zone is ~0,34 eV), it is
transparent in the infra-red (IR) area of 4...20 um and it dem-
onstrates a strong nonlinearity of its optical properties. A com-
bination of the piezoelectric properties with a high coefficient
of the acoustooptical quality (M > 500 - 1075 /g), makes it
perspective for development of acoustooptical devices (de-
flectors, filters), working in a distant IR range. Studying of the
growth mechanisms, research of the properties and practical
application of the tellurium whiskers are in the centre of at-
tention of the research groups in such countries as China, In-
dia, Korea, USA, etc.

This work presents the results of synthesis of the tellurium
whiskers and measurements of the electrophysical parameters
of the tellurium whiskers.

Earlier we informed about obtaining of the epitaxial films
of tellurium by means of a thermochemical activation [2]. The
main feature of the method is maintenance of the atomic
structure of the gas phase of tellurium due to the use of hy-
drogen in the system for the thermochemical activation of the
process. The further research proved that it was possible to
control oversaturation in a wide rage due to the change of the
growth parameters (pressure of hydrogen in the system, tem-
peratures of the zone of crucible T, and substrate 7}, change
of temperatures between the zones AT = T, — T)).

Fig. 1, a presents the morphology of the surface of the tel-
lurium sedimentation on a mica substrate. The surface con-
sists from well faceted microcrystals. Such a habit testifies to
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the crystallization in the equilibrium conditions in "crystal-
vapor" system. As is known, the equilibrium form of a crystal
corresponds to its crystal structure [3]. According to Curie-
Woulff, the most developed facets on the crystal surface are
the ones with the lowest growth rates, i.e. the crystal facet pat-
tern is determined by the slowly growing facets (with Miller's
minimal indexes (hkl)).

Relative ease in control of the crystallization parameters
allowed us to choose the optimal modes of growth of the tel-
lurium whiskers (fig. 1, b). Woulff also demonstrated that the
equilibrium form was connected with the free energy of the
facets, and assumed, that the crystal facets grew with the
speeds, proportional to their surface energies [3]. From the
crystal-chemical character of the tellurium structure it fol-
lows, that the bond forces along an axis ¢ and, hence, the free
energy of the basic plane (001) are several times bigger than
the values for the prismatic surfaces {100}. The difference in
free surface energy between the basic and the prismatic
planes leads to a crystal growth in the shape of the hexagonal
prisms — whiskers [4] stretched along axis ¢ (fig. 1, b, ¢). The
typical dimensions of the whiskers are: diameter — 1100 um,
length — 10 um...1 cm. In certain cases the growth of hollow
whiskers (fig. 1, d) is observed.

The covalent bond between the atoms along the chains,
laid in a hexagon, is stronger than Van der Waals bonds be-
tween the atoms of a chain. This distinction in interaction of
the atoms inside and between the chains in a crystal structure
of tellurium is the reason for a strong anisotropy of the op-
tical and acoustic properties of the monocrystals. Tellurium
has a rather high constant of the electromechanical bonds
(k2 = 0,31), big anisotropy of the elastic and piezoelectric
properties and high value of the mobility of the charge carriers
(1< 7000 cm?/(V * s)) [5—7]. As is shown in [8, 9] in the pi-
ezosemiconductors, just like in tellurium, the effect of gen-
eration of the acoustic waves is observed, when a strong elec-




tric field is applied to a sample. The generation begins at the
speeds of drift of the charge carriers several times surpassing
the speed of the cross-section waves. A sharp break appears on
the current-voltage characteristic (CVC) at the electric field
exceeding the threshold level, corresponding to the genera-
tion of the phonons in a sample. The condition for generation
of the phonons means:

Up = “Enop = Ugps

from where
j— U3B j— U3Bl
n= = -, (1)
Enop Vnop
where Upp — drift speed of the charge carriers; u — mobility

of the charge carriers; v,, — speed of the cross-section acous-
tic waves; Vnop — voltage of the electric field, at which gen-
eration of the phonons begins; / — length of the sample.

The break of CVC is caused by the acoustic-electric cur-
rent arising from the sound waves, generated by the drifting
carriers.

The presented awareness concerning the electrophysical
and elastic properties of the monocrystals of tellurium may
appear as a necessary reserve during testing of the results of
the experimental research of the tellurium whiskers received
by sedimentation of tellurium from the gas phase [2].

The behavior of a current in a tellurium whisker was in-
vestigated, when a strong (heating) electric field was applied
to it, i.e. a field pulse of such a duration, at which the crystal’s
temperature essentially did not vary, while the charge carriers
acquired the energy (speed) of the necessary value. The di-
mensions of the whisker were: length / = 0,25 cm, diameter
d=60pum (§=28,3- 1070 cm2). For obtaining of the dy-
namic CVC the pulses were used of the electric field applied
to the sample of a triangular form with duration up to 20 ps.

Circuit of the installation for taking of the instrument
readings of the pulse and dynamic current-voltage character-
istics (fig. 2). Here PG is the generator of pulses of electric
voltage V of the rectangular and triangular forms submitted to
sample S and current resistance R;. Voltages V and V; from
the current resistance through the analogue-digital transducer
(ADT) come to the computer, where the data of the meas-
urements are stored and processed. As a result we get dia-
grams and numerical values of the electric parameters of the
sample. The measurements were done at the temperature of
liquid nitrogen (T = 77 K).

Fig. 3 presents a temporary realization of the electric field
voltage (pulse), applied to the linear element (resistor) and
the tellurium whisker, and also the dynamic CVC of the linear
element and whisker, respectively, (fig. 3, b, ¢). It is visible
that after a certain threshold voltage, CVC of the whisker be-
comes nonlinear. Such CVC are typical for the volume sam-
ples of the tellurium monocrystals.

The threshold voltage, discovered in the experimental
CVC, is equal to 50,8 V (fig. 3, ¢). The speed of sound in
tellurium equals to v,, = 2,3+ 10° cm/c, whisker length —
[l = 0,25 cm. According to the data and formula (1) the
calculated value of the mobility is equal to p =
=(2,3:0,25- 105/50,8) cmz/(V- s) = 1140 cmz/(V- s). Since
we know the mobility of the carriers, we can find the con-
centration of the carriers:

1

j=§=env=enuE=enpl;,

from here

1l
= . 2
TS 2

By selecting any point on the ohmic site of CVC, from for-
mula (2) we find concentration of the carriers in the whisker:

n=82510"% cm™3.

Low mobility of the carriers in the tellurium whisker
(wpe = 1140 c¢cm2/(V - s)) in comparison with the mobilities in
a volume crystal (n,, = 1900 cm2/(V - s)) is possibly due to the
dispersion of the carriers on the surface of the whisker, when
its cross-section dimensions are comparable with the length of
a free run of the charge carriers.

Conclusion

Thus, the experimental research of the tellurium whisker
in strong electric fields demonstrated that on the dynamic
CVC a break appears with emergence of a site of a nonlinear
behavior. The given result testifies to the fact that in the in-
vestigated whisker an acousto-electronic interaction was car-
ried out in the strong electric fields. The mobility in those
whiskers was less than in the volume samples. It is assumed,
that in the whiskers, because of their small cross-section di-
mensions, there appeared an appreciable dispersion of the
charge carriers on the whiskers’ walls.

On the basis of the array or individual whisker of tellurium
can be made device structures with improved characteristics
compared to devices on the massive materials (films, single
crystals). The most promising is the manufacture of active el-
ement of the semiconductor gas sensor (CO,, NO,, NH,,
H,S and others) in the form of hollow microtubules of tellu-
rium with contacts applied on its lateral surface by microfab-
rication. The detected gas molecules can be adsorbed inside
and outside of the surface, greatly increasing useful specific
active surface area and consequently increasing the key char-
acteristics of the sensor. It is also possible to use whiskers of
tellurium with pronounced piezoelectric characteristics along
the axis of the one-dimensional structure for the creation of
elements of microelectromechanical systems (MEMS).
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MCCAEAOBAHUE MATHUTOPE3UCTUBHbLIX HAHOCTPYKTYP
C TMIAHTCKUM MATHUTOPE3UCTUBHbIM DO®EKTOM

Ilocmynuaa e pedaxyuro 09.06.2016

IIpedcmasnensl pezyrsmamol uccre008anuil MHO20CAOUHbIX MOHKONACHOYHbIX MACHUMOPE3UCMUBHBIX HAHOCIMPYKMYD C UeAHM -
CKUM MacHumope3ucmueHovim sgpgpexmom. Ilpusedenvi 0CHOBHbIE XAPAKMEPUCIMUKU U MeXHOA02UHecKUe 0COOeHHOCIU (OpMUPOBAHUS
MASHUMOPE3UCMUBHBIX HAHOCMPYKMYP C PA3MUMHBIM MUNOM MACHUMOpe3ucmueHo2o ggdexma. Onpedenenvl nepcnekmuegsl danb-
Heuwux paspabomox u uccie008aHull MAeHUMOPe3UCMUBHbIX HAHOCMPYKMYP, 00AA0QIOWUX MACHUMOCMPUKUUOHHBIM dDpeKmom.

Karoueesvie caoea: eucanmckuii MaeHUmMope3ucmusHolll dgghexm, npeodbpazoeamens MAeHUMHO20 NOAsl, MACHUMOCMPUKYUSL,

HaHOCMpPYKmypa

HccnenoBanve u oNTUMHU3AIUMU TTapaMeTPOB MarHUTO-
PE3UCTUBHBIX HAHOCTPYKTYP C TMTAaHTCKUM MarHUTOpE3KC-
TuBHBIM (I'MP) addexToM siBisieTcsl aKTyalbHOM 3amayeit
HACTOSIIIETO BPEMEHU, TIOCKOJIBKY B MIEPCIIEKTUBE Ha MX OC-
HOBE BO3MOXHO CO3JIJaHME BbICOKOUYBCTBUTEJbHBIX MPEO0-
pasoBareieii MarHUTHOTO TOJISI U psiia APYTMX MarHUTOIO-
JIYIIPOBOJHUMKOBBIX u3neauit. JlaHHast pabora BeneTcsl cpasy
B HECKOJIBKMX HampaBIeHUSIX ¥ OPUEHTUPOBaHA HAa TEXHO-
JIOTUYECKUE TPOLIECChl U3TOTOBJIEHUS CIIMH-BEHTWIBHBIX
MarHutope3ructuBHbIX (CBMP) HaHOCTPYKTYp, MHOTOC/IOM -
HBIX MarHUTOpe3uCcTUBHLIX (MMP) HaHOCTPYKTYp U CIIMH-
TyHHeJbHbIX MarHuTope3ucTuBHbIX (CTMP) HaHOCTpPYKTYD,
00J1a1a1011IMX TUTAHTCKUM MarHuTope3ucTuBHbIM (I'MP) ad-
(GEeKTOM OT AECITU A0 HECKOJbKUX COTEH MPOLIeHTOB. JIumu-
pyIOIIMe MO3UIIMKU TI0 TTPOM3BOACTBY U3NENNIA HA OCHOBE Ha-
HocTpyKTyp ¢ 'MP addexrom 3aHuMaIoT
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HOK JE€MOHCTpUPYET TepeMarHuuYMBaHue B HAaHOCTPYKType
JIBYX TUIIOB TUIEHOK — MarHUTOMSITKON U MarHUTOXECTKOM.
BenmnunHa MarHUTOpe3uCTUBHOTO 3¢ dekra coctasnsieT 9,7 %
Y 3aBUCHUT OT TOJIIMH U COCTaBa TUIEHOK, BXOJSILIMX B CO-
craB CBMP Hanoctpykrtypbl. Ha puc. 1, b ipencrasiieH rpa-
(uk 3aBUCHMOCTM MarHuTope3ucTuBHOro 3pgpekra CBMP
HAHOCTPYKTYpPbl, MOJYYEHHBI B pe3ysibTaTe UCCIeIOBaHUS
SKCIEPUMEHTATIBHBIX 00pPa3lioB HAHOCTPYKTYP C Pa3IuYHOMN
TOJILIMHON MEIHOM TIJIEHKU.

Ha ocHoBe CBMP HaHOCTpYKTYp CO31a0TCSI MarHUTO-
pPE3UCTHBHBIE MPe0Opa30BaTEIM MarHUTHOTO TOJIsI, MarHu-
TOMETPbl M JPYrMe MarHUTOMOJYIIPOBOJHUKOBBIE MUKPO-
CUCTEMbI, BKJIIOUasi 6uoceHcopsl [1, 2]. TexHomornmyeckuit
npouecc usroropneHuss CBMP HaHocTpyKTyp B psiue hupm
XOpOUIO OTpabOTaH, a U3JEIUsI Ha UX OCHOBE SIBJISIIOTCS Ce-
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et TomumHoi 40...50 nm. HaubGosee ToH-
KOM TUIEHKOM B CTPYKTYpE SBJISETCS MEIlb,
TOJIIMHA KOTOpoii coctapiseT 2...4 HM. Ha
puc. 1, a npeacraBieHa 3aBUCUMOCTb U3-
MeHeHus1 conpotuBieHus CBMP HaHo-
CTPYKTYpbl B MAaTHUTHOM II0JI€ C HaIps-
KeHHoCThIo oT MuHyc 50 1o 400 D. Pucy-
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Puc. 1. PesyabraTsl uccienosannss CBMP naHoCTpyKTYp: @ — M3MEHEHUE CONPOTUBIICHUS
CBMP HaHOCTPYKTYpbl B MArHUTHOM T10JIE, TAe | — MarHUTOMSIrKasi, 2 — MarHUTOXeCTKast
IUIeHKa; b — 3aBUCUMOCTh MarHUTOPE3UCTUBHOTO 3 dekTa oT TomunHbl Mmean B CBMP
HaHOCTPYKTYpe

Fig. 1. Research of SVMR nanostructures: a — SVMR nanostructure resistance in a magnetic
field, where 1 — soft magnetic film, 2 — hard magnetic film; b — dependence of the
magnetoresistance effect from copper thickness in SVMR nanostructure
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Puc. 2. N3menenne conporusienuss MMP HAHOCTPYKTYpbl B MATHHT-
HOM TIoJie, e 1 — npsaMoii, a 2 — o0paTHDI X0/ 10 MATHUTHOMY TOJTI0

Fig. 2. Change in resistance of MM P nanostructure in a magnetic field,
1 — linear, 2 — flyback

PUITHBIMM M YaCTO MCTIOJIB3YIOTCS B y37aX U 0J0Kax paavo-
3JIEKTPOHHOM anmnaparypsbl.

B otmuue or CBMP HaHocTpykTyp, MMP HaHOCTpYyKTY-
DBl UMEIOT B CBOEM COCTaBe HECKOJILKO CJIOEB MEY U B OOILIEM
ciaydae umetor Bun Ta/PyCr/[FeNiCo/Cu],/FeNiCo/Ta(Cr),
rae x — yucio nosropeHuit 6ioka FeNiCo/Cu. Tommna
MEJHOW TUIEHKU B JTaHHOW CTPYKTYpe COCTaBJsIeT OT 2 10
4 HM, a oO1iag TonuHa MMP HaHOCTPYKTYpBl JOCTUTAET
70 um. Ha puc. 2 mpencraBieHa 3aBUCMMOCTb U3MEHEHUSI
cornpoTtuBiieHuss MMP HaHOCTPYKTYpbl, C(DOPMUPOBAHHOI
¢ cembio 610kamu FeNiCo/Cu, mpy MarHUTHOM MOJie OT
muHyc 300 go 300 D. MarHUTOpPe3UCTUBHBIN 3(PGEKT daH-
HOI HAaHOCTPYKTYPHI, TTOTydYeHHOM coBMecTHO ¢ UPM PAH
(r. ExarepunOypr), coctaBui 18 %.

MMP HaHOCTPYKTYpBI 001a1al0T OOJBIIMM MO CpaBHE-
Huto ¢ CBMP HaHOCTPYKTypaMu MarHUTOPE3UCTUBHBIM 3¢-
(exToM, 3a cueT yero Ha MUX OCHOBE BO3MOXHO CO3IaHUE
0oJiee YyBCTBUTEIbHBIX K MAarHUTHOMY TIOJII0 MpeoOpa3o-
Barejiell MarHUTHOTO TMOJsI, Hampumep MpeodpazoBaTesis
AAHO002-02 ¢upmber NVE (CIHA) [3]. HegocTtaTkoM mpeo6-
pa3oBaTeyieii MarHUTHOTO II0JIsT Ha ocHoBe MMP Hano-
CTPYKTYD SIBJIIETCSI BHICOKUI1 TMCTepE3UC U HEJMHEHHOCTbD,
BCJIEICTBYE YETO B OOJIBIIIMHCTBE CIy4yaeB OHU MPUMEHSIOT-
¢S IJIS1 CO3MaHUsI TIOPOTOBBIX Mpeodpa3oBaTesieli MarHUTHO-
ro noyst. TexHomorus co3manust MMP HaHoCTpyKTYyp, Kak 1
texHoJyiornst co3nanusgs CBMP HaHOCTpYKTYp, XOpOIIO OT-
paboTaHa TOJILKO B HeKOTOphiX pupmax. Ha ocHoe MMP
HAHOCTPYKTYp CEpPUHHO BBIMYCKAIOTCSI MarHUTOMOJYIPO-
BOIHUKOBBIC M3AETUST IUISI TIPUMEHEHUSI B MEIUIIMHCKOIM
TEXHUKE, OXPaHHBIX CHCTeMaX M CUCTeMax 0e30MacHOCTH,
aBTOMOOWJILHOM TMPOMBIIIJIEHHOCTH, Ul aBTOMAaTU3alluKi
SHEePreTUYeCKOro XO3SUCTBA, Ha XXeJIE3HOMOPOXKHOM TpaHC-
MopTe, B cUcTeMax OeCpPOBOAHOTO y4YeTa JIEKTPOIHEPTUH,
KOCMHUYECKOI TEXHMKE, B PalMOTEXHUYECKUX YCTPOICTBAX
JUTSI UBMEPEHUSI TOKOB, KOMITBIOTEPHOU TEXHUKE, JJIST MOHM-
TOPMHTA aKKyMYJISITOPHBIX Oatapeil 1 T.1.

Haubonbliiryto monyasspHOCTb B KaueCTBe MaTepuaa st
YYBCTBUTEJILHBIX 3JIEMEHTOB MarHUTOIOIYITPOBOAHUKOBBIX
u3nenuil 3a nocieaHee necsatuwierre noiayymwia CTMP Ha-
HocTpyKTypa, uiu CTMP nepexon. BTo ¢BI3aHO C TeM, UTO
BesmmunHa ['MP agdexra B CTMP HaHOCTpyKTYypax mOCTH-
raeT HeCKOJbKUX COTEH MPOLIEHTOB [4], YTO IMO3BOJISIET HE
TOJIKO KOHTPOJMPOBATh Cjabble 3HAUY€HUsT MarHUTHOTO
noysl B guarazoHe ot 1 HTa mo 1 mTn, HO M IpUMEHSITh

CTMP nepexonsl B KayecTBe siueeK IHEProHE3aBUCUMOI
MaMsTu ¢ MPOU3BOJILHOM BhIOOPKOIL [5]. [1pu dopmupona-
Hun CTMP HaHOCTPYKTYp MCHOJIB3YIOTCS CXOXHE MaTepHu-
aJel 17151 HOPMUPOBAHYS CBOOOIHBIX M 3aKPETICHHBIX (Mar-
HUTOMSITKUX M MAarHUTOXECTKUX COOTBETCTBEHHO) CJIOEB,
kak B CBMP HaHocTpykTypax. OgHako B KayecTBe pasie-
JIUTEJIBHOTO CJIOST UCTIONB3YeTCsl He TOHKas TUIGHKA Menu, a
CJIOI OKCHJA aTIOMUHMST WM OKCUIA MarHUsI TOJIIWHON OT
1,5 mo 5 um. CTMP HaHOCTPYKTYphI B OOLIEM CTydyae UMEIOT
Bun Ta/FeNiCo/CoFeB/MgO/CoFeB/FeNiCo/FeMn/Ta.
TonmmHa AUAIEKTPUIECKOTO CI0S OKCUAA MarHus COCTaB-
nsteT ot 1,5 1o 5 HM, coBokymHas ToaunHa CTMP HaHo-
CTPYKTYpBI cocTaBisieT 35...45 HM. JIJIs MOBEIIIEHUST MAarHU -
Tope3uctuBHOro 3ddexra CTMP HaHOCTPYKTYp MCIIOIL3Y-
€TCsl MAarHUTHBIM OTXHT B BaKyyMe [6]. OTXUT B MATHUTHOM
T10JIe TTO3BOJISAET YBeIMYUTh BeauuuHy I MP agdekra 6omee
yeM B 10 pa3 3a cueT ynmopsimouMBaHUSI CTPYKTYPBI Oapbep-
HOro U (peppOMarHUTHBIX CJIOEB, COBEPILIEHCTBOBAHUS Ka-
yecTBa TpaHUIl pasfesia AaHHBIX cioeB. [lo pesynbraTam
MPOBEICHHBIX MCCISIOBAHUI TEXHOJOTMYECKOTO Tpoliecca
OTXXMTa 3KCIepuMeHTaIbHbIX 00pa3ioB CTMP HaHOCTpyK-
TYp B MAaTHUTHOM T10JI€ MOJyYeHbl 3aBUCUMOCTH, MPEACTaB-
JIeHHbIe Ha puc. 3. Marnurope3uctuBHbiil 3¢ ekt CTMP
HAHOCTPYKTYpPHI IO OTXHWTra cocTaBiseT He Ooiee 10 %
(OOBIYHO 3TO 3HAYEHME COCTAaBJISIET €IMHMIIbI IIPOLIEHTOB).
IMocne mpoBeaeHUsT MAaTHUTHOTO OTXKWTA B BaKyyMmMe 3Haue-
Hue CTMP sddexra nocturaer 50 % [7].

Taxum obGpa3oM, MOJTyYeHHbBIE Pe3yIbTaThl UCCISIOBAHMS
CBMP, MMP u CTMP nanoctpyktyp ¢ I'MP apdekrom
MOTYT CMOCOOCTBOBaTh Pa3pabOTKe CEPUIMHBIX TEXHOJOTUIA
M3TOTOBJIEHUSI TEPCHEKTUBHBIX OTEUYECTBEHHBIX BBICOKO-
YYBCTBUTEJIBHBIX MarHWTOPE3UCTUBHBIX IpeoOpasoBareseit
MarHUTHOTO MOJIs Y psiia IPYTUX U3IEIUN C XapaKTepPUCTH -
KaMM, COOTBETCTBYIOIIMMU MUpPOBOMY ypoBH10. B Poccum
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Puc. 3. 3aBucumocts CTMP 3¢ddpekra 0T BpeMeHH OTKHIA B Mar-
nutHoM mosie 300 D mpu temmeparype 230 °C (a@); 3aBHCMMOCTD
CTMP s¢ekra ot TemMnepaTypbl OTXKUra B MaruuTom noJie 300 O
B Teuenne 10 mun (b) [7]

Fig. 3. Dependence of STMP effect from annealing time in the magnetic
field of 300 Oe at 230 °C (a), dependence of STMP effect from annealing
temperature in the magnetic field of 300 Oe for 10 min (b) [7]
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He UMEeTCsI aHAJIOTOB MOAO0HOM MPOAYKIIUU, TIO3TOMY MPO-
BOAVMbBIC B TaHHOM HaIlpaBJICHUW MCCIICIOBATEIbCKUE pa-
0OThI MO3BOJISAT B OJMKaiilliee BpeMsl cO31aTh MEePCHeKTUB-
Hble TIPUOOpPBHI Ha OCHOBE NpeoOpaszoBaTesieii MarHUTHOTO
nonst ¢ TMP addexrom. Crenyer OTMETUTb, YTO MPEUMY-
mectBoM CBMP, MMP u CTMP HaHOCTpyKTYp Tnepen npe-
00pa3oBaTeIsiIMM Ha OCHOBE aHM30TPOITHOTO MAarHUTOPE3UC-
TUBHOTO 3(deKTa SBISIOTCS KOMITAKTHOCTb, BHICOKUIA YpPO-
BEeHb BBIXOIHOTO CUTHAJIa M Majioe 3HEPronoTpedaeHue.

B nocnennue rombl HabMOOAETCSl TEHACHLIMSI THOpUIM3a-
LIMY pa3IMYHbIX pu3ndeckux 3(pheKToB B OMHOM YCTPOICTBE,
HamnpuMep MarHUTOPE3UCTUBHOTO M MarHUTOCTPUKIIMOH-
Horo 3¢ dekTa. OMHUM M3 HaIlpaBJIeHWI 3TOM UIEH SBIISIETCS
CTPEMHTPOHMKA, B KOTOPOI CBSI3b MEXKIy pa3IMYHbIMU (PU3K-
YECKMMU SIBIIEHUSIMM OCYIIECTBIIIETCS Yepe3 MeXaHMIEeCKYIO
neopMalMIo WIM MEXaHMYeCKOe HaIIpsLKeHUE CBOOOIHOTO
cJ10s1. AHM30TPOIHAs MArHUTOCTPUKLIUS TIPEICTaBIISIET COOOM
JIMHEWHOe U3MEHEeHUe pa3Mepa Tejla B HalpaBIeHUU MPUIO-
>KEHHOTO MarHUTHOTO MoJisl, (huzndeckasi MpUUMHA 3TOTO SIB-
JIGHUSI 3aKJII0YaeTcsl BO BpallleHUM BEKTOPOB HaMarHWYEH-
HOCTM MarHUTHBIX JIOMEHOB (heppOMarHUTHOTO Marepualia
IO IeHICTBMEM BHEIIHET0 MarHUTHOTO TOJSI — 3TO Bpallle-
HUE BBI3BIBAET BHYTpeHHEE HaIpsKeHUE B CTPYKTYpe MaTte-
puaia v, ciaeaoBaTelbHO, ero YInpyryio aedopmaiuio.

CoBpeMeHHbIE TEeXHOJOTMYECKUE BO3MOXHOCTU IO3BO-
JISIIOT peayin3oBaTh (eppOMArHUTHBIE HAHOKPUCTAILIUYEC-
KM€ M HAHOKOMITO3UTHbBIEC CJIOW PA3IMYHBIX COCTABOB, MPU
5TOM CTPYKTYPHBIE 0COOCHHOCTH CJI0EB (pa3Mep KpUCTaJIN-
TOB, HaJMuMe aMopdHON a3kl U HEMArHUTHBIX BKIIOYE-
HUI1, 0cOOBIe CBOMCTBA MEXKPUCTAUIUTHBIX 00IacTeli) oKa-
3bIBAIOT CYIIECTBEHHOE BIUSIHUE HA MATHUTOCTPUKIIMOHHbIE
CBOICTBa CTPYKTYPHI.

OnHuM 13 HanboJjiee MepCreKTUBHBIX MATHUTOCTPUKII -
OHHBIX MaTepUAJIOB IJIsI TPUMEHEHMUS B TaHHOM 00JIaCTH SIB-
nstercs cutaB CoFeB, oGmamaroimiit HEOOXOIMMBIMU CBOIC-
tBaMu. CoFeB saBisieTrcss omHMM M3 OCHOBHBIX (DYHKIIMO-
HaJIbHBIX CJIO€B MPU M3TOTOBJIEHUM TYHHEJLHBIX MEPEX0J0B
C BBICOKMMHU 3HAUYEHUSIMM MarHUTOPE3UCTUBHOTO ddhdekTa.
M3BecTHO, YTO CIIJIaB 00J1a1aeT MATHUTOMSITKUMU CBOIMCTBA-
MM, HAaMarHMYEHHOCTbIO HachlllleHus ~1,5 Ti, Giu3koi K
HYJTIO KO3PIUTUBHOCTHIO B HAMPABJIEHUM TPYITHOM OCU K KO-
SPUUTUBHOCTLIO 2 D B HampaBJIeHUHM JIETKOI ocH [8].

B HayuyHO-MCcIenoBaTeIbcKoil 1abopaTopuy MarHUTO-
MOJIYIIPOBOAHUKOBBIX HaHO- 1 MuKpocucteM HITK "TexHo-

JIOTMYECKUI LIEHTP" BEAyTCs UCCIEA0BAaHUS MarHUTOCTPUK-
LIMOHHBIX CBOMCTB TOHKUX TIeHOK criaBa CoFeB B menmsax
omnpenesieHUs] TEePCHeKTUB AaJbHEUIero IpPUMEHEHUsT B
TeH3ompeobpazosarensix 1 CTMP nepexonax.

HccnenoBanue napameTpoB 9KCIEpUMEHTaTbHbIX HAHO-
ctpykTyp ¢ I'MP adexToM ocylecTBIsII0CH C TOMOIIbIO
npubopoB 1 obopynosanusi LIKIT "®yHKIIMOHAIBHBIN KOH-
TPOJIb ¥ IUATHOCTUKA MUKPO- U HAHOCHCTEMHOM TEXHUKHU"
Ha 6a3e HITK "TexHonornueckuii eHTp".

Paboma evinoanena npu chunancosoli noddepicxe Mun-
obpuayku Poccuu 6 pamxax eocydapcmeennoeo 3adaHus
8.533.2016/F4.
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Research of the Magnetoresistive Nanostructures with a Giant Magnetoresistive Effect

The article presents the results of the studies of the multilayer thin-film magnetoresistive nanostructures with a giant magne-
toresistive effect, and the main characteristics and technological features of formation of the magnetoresistive nanostructures with
different types of the magnetoresistive effect. The authors outlned the prospects for the further research and development of the mag-

netoresistive nanostructures with a magnetostrictive effect.

Keywords: giant magnetoresistive effect, magnetic field transducer, magnetostriction, nanostructure
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Research and optimization of parameters of the magne-
toresistive nanostructures with giant magnetoresistive effect
(GMR) is an urgent task, because on the base of them we can
create highly sensitive magnetic field converters and other
magnetosemiconductor products. This work is carried out in
several directions and is focused on the processes of manu-
facturing the spin-valve magnetoresistive (SVMR) nanostruc-
tures, multi-layer magnetoresistive (MMP) nanostructures
and spin tunneling magnetoresistive (STMP) nanostructures
with giant magnetoresistive (GMR) effect from ten to several
hundred percent. Leading position in production of products
based on nanostructures with GMR effect take Micromag-
netics (USA), Dowaytech (China), NVE (USA).

The basis of SVMR, MMP and STMP nanostructures
forming processes is vacuum magnetron sputtering of thin films
of several targets of metallic and dielectric materials on silicon
wafers of 100 mm in diameter. SVMR nanostructures are of
the form Ta/FeNiCo/CoFe/Cu/CoFe/FeNiCo/FeMn/Ta
with the total thickness of 40...50 nm. The most thin film is
copper with a thickness of 2...4 nm. Fig. 1, a shows the de-
pendence in the change of the SVMR nanostructures’ resist-
ance in a magnetic field from 50 to 400 Oe. Figure shows the
reversal magnetization in the nanostructure of two types of
films — soft magnetic and hard magnetic. The magnetore-
sistive effect is 9,7 % and depends on the thickness and
composition of the films included in SVMR nanostructures.
Fig. 1, b is a plot of the dependence of the magnetoresistance
effect of SVMR nanostructures made during the study of ex-
perimental nanostructure samples with different thickness of
copper film.

SVMR nanostructures are used to create the magnetore-
sistive transducers of magnetic field, magnetometers, and
other magnetosemiconductor microsystems, including bio-
sensors [1, 2]. The technological process of SVMR nanos-
tructures manufacturing well developed, and the products
based on them are serial and often used in units and parts of
electronic equipment.

Unlike to SVMR, MMP nanostructures are composed of
several layers of copper, and generally are of the form
Ta/PyCr/[FeNiCo/Cu],/FeNiCo/Ta(Cr), where x — number
of repetitions FeNiCo/Cu block. The thickness of the copper
foil is 2 nm to 4 nm and the total thickness of MMP nanos-
tructure reaches 70 nm. Fig. 2 shows the dependence in the
change of resistance of MMP nanostructure formed with sev-
en blocks of FeNiCo/Cu, at a magnetic field from 300 to
300 Oe. The magnetoresistive effect of the nanostructure ob-
tained jointly with Institute for Physics of Microstructures of
the RAS (Ekaterinburg) was 18 %.

MMP nanostructures have large magnetoresistive effect
compared with SVMR nanostructures, whereby on their base
is possible to create magnetic transducers more sensitive to
magnetic field, such as AAH002-02 of NVE firm (USA) [3].
A disadvantage of magnetic field transducers based on MMP
nanostructures is high hysteresis and non-linearity, whereby
in most cases, they are used to create threshold magnetic field
transducers. The technology for creating of MMP nanostruc-
tures and SVMR nanostructures is well developed only in
some firms. On the basis of MMP nanostructures commer-
cially available are magnetosemiconductor products for med-
ical, aerospace, computer equipment, security systems, auto-
motive, automation, energy management, railway transport,
wireless electricity metering systems, electronic devices for
measuring of currents, monitoring of batteries and so on.

The most popular sensitive items of magnetosemiconduc-
tor products is STMP nanostructure or STMP transition. This
is caused by the fact that the value of GMR effect in STMP
nanostructures can reach up to several hundred percent [4],
which allows to control the weak values of the magnetic field
in the range of up to 1 nT to 1 mT and apply STMP transi-
tions as a cell of nonvolatile memory with ransom-access [5].
When forming STMP nanostructures, the used similar mate-
rials are used to form free and fixed (soft magnetic and hard
magnetic, respectively) layers in SVMR nanostructures.
However, the layer of aluminum oxide or magnesium oxide
with the thickness of 1,5 to 5 nm are used as the spacer layer
instead a thin film of copper. STMP nanostructures are of the
form Ta/FeNiCo/CoFeB/MgO/CoFeB/FeNiCo/FeMn/Ta.
The thickness of the dielectric layer of magnesium oxide is
1,5 to 5 nm, the total thickness of STMP nanostructure —
35...45 nm. Magnetic annealing in vacuum is used to improve
the magnetoresistive effect of STMP structures [6], which al-
lows to increase GMR effect is more than by 10 times by ar-
ranging of the structure of barrier and ferromagnetic layers,
improvement of quality of the interfaces between the layers.
According to the research process of annealing of STMP na-
nostructure samples in a magnetic field, the obtained de-
pendences are shown in fig. 3. The magnetoresistive effect of
SMTR nanostructure before annealing is not more than 10 %
(it is usually few percent). After magnetic annealing in vacu-
um STMP effect reaches 50 % [7].

Thus, the results of the study of SVMR, MMP and STMP
nanostructures with GMR effect may contribute to develop-
ment of serial production technologies of domestic highly
sensitive magnetic field magnetoresistive converters and other
products with characteristics corresponding to the world level.
In Russia there are no analogues of such products, so ongoing
research will allow to create advanced devices based on mag-
netic field transmitters with GMR effect. It should be noted
that the advantage of SVMR, MMP and STMP nanostruc-
tures to converters on the basis of the anisotropic magnetore-
sistive effect is compactness, high output and low power con-
sumption.

The tendency of hybridization of different effects in a sin-
gle device, such as magnetoresistive and magnetostrictive ef-
fect. One of the areas is straintronics, in which the connection
between the physical phenomena is made through the me-
chanical deformation or stress of the free layer. Anisotropic
magnetostriction represents a linear change of dimension of
the body in the direction of the applied magnetic field. The
physical cause of the phenomenon lies in the rotation of the
magnetization vectors of the ferromagnetic material of the
magnetic domain by an external magnetic field — this rota-
tion causes internal stress in the structure of the material and
therefore its elastic deformation.

Technological capabilities allow to realize ferromagnetic
nanocrystalline and nanocomposite layers of different com-
positions, and the structural features of the layers (crystallite
size, presence of amorphous phase and non-magnetic inclu-
sions, special properties of intercrystalline regions) affect on
the magnetostrictive properties of the structure.

One of the promising magnetostrictive materials is CoFeB
alloy with desired properties. CoFeB is one of the main func-
tional layers of tunnel junctions with high values of magne-
toresistance effect. It is known that the alloy has soft magnetic
properties, saturation magnetization of about 1,5 T, which is
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close to zero, the coercivity in the hard direction and the co-
ercivity 2 Oe in the easy direction [8].

Scientific and Production Complex "Technological Cen-
tre" investigate magnetostrictive properties of thin films of
CoFeB alloy in order to determine the prospects for further
application in piezoconverters and STMP transitions.

The study of parameters of the experimental nanostruc-
tures with GMR effect was carried out using instruments and
equipment of Common use center "Functional control and
diagnostics of micro- and nanosystem engineering" on the ba-
sis of SPC "Technology Center".

The work was supported by the Ministry of Education and
Science of the Russian Federation in the framework of the state
task 8.533.2016/b4.
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Onmumu3uposaro noay4yenue moHKux nieHok Ha ochoge 1H, 1H,2H,2H-nep@pmopokmuimpuxiopcuisana Ha no8epxHocmu oK -
cudoe marwmana u kpemuus. Ilodo6parnsl ycaous 041 cHamus 2udpopooHbIX MOHKUX HAEHOK ¢ NOBEPXHOCMU OKcuda manmana 6e3
3ampazuéanus MOHKUX naeHok Ha nosepxHocmu SiO, 014 c030aGHUA XUMUHECKUX CEHCOPO8 HA OCHO8E N0Ae6020 MPAH3UCMOPA C

3ameopom u3 marmana.

Karoueevie caosa: CUNaH, MOHKUE NAeHKU, nepd)mopupoeaHHbte CO@()L!HEHM}I, mpaejeHue, marwman, no.jesvie MmpaH3uUCmopbsl

Beenenne

B Hacrosiee BpeMsi IIMPOKOE TMPUMEHEHWE HaXOMmsT
CEHCOPbl HA OCHOBE XMMUYECKU YYBCTBUTEJIbHBIX MOJEBbIX
TpaH3uctopoB [1, 2]. JlaHHbIE CeHCOpbl 00JaaIOT PSIOM
MPEeUMYIIECTB, TAKUX KaK MUHUATIOPHOCTb, BO3MOXXHOCTh
WCTIOJIb30BaTh MaCCUB UYBCTBUTEJbHBIX JIEMEHTOB Ha OJl-
HOM 4YHIIe I MyJIbTHAaHaIM3a, BO3BMOXHOCTh aBTOMaTH3a-
11K, paboTa ¢ MajabiMU oObeMaMu IpoOkl [3]. PaboTta Takux
CEHCOPOB MOCTPOEHA Ha TOM, YTO MOBEPXHOCTb U30JUDPY-
IO1LIET0 AUBJIEKTPUKA MOJEBOT0 TPAH3UCTOPA MOKPHITA TOH-
KM cJioeM BellecTBa ((PYyHKIMOHAIM3WPOBAaHA), KOTOPOE
CMOCOOHO 3a7aBaTh CEJEKTUBHYIO aacopOiuio (xeMocopO-
1IMI0) OTPEIeNISIEMbIX MOJIEKYJI U3 CPEIIbI.

B kauecTBe M30JUPYIOUIETO TUAJIEKTPUKA MOTYT BBICTY-
Math pasinyHbie coeauHeHus. CaMbIM pacrpoCTpaHEHHBIM
MaTepuasioM Il TIOJIy4YeHUsI TOA3aTBOPHOTO AMAJIEKTPUKaA
asisiercs SiO,. [ToMMMO HEro, MOTYT OBITh MCIOJIb30BaHEI
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Al,O5 [4], Si3Ny [5], TayO5 [6]. M3 Bcex mpenctaBieHHbIX
coeauHeHuii meHka Ta,O5 obnanaeT MakCUMaabHOM YyBCT-
BUTEJIBHOCTBIO U CAMBIM LIMPOKUM JIMHEMHBIM THAMa30HOM
TpY U3MEPEHUM CUTHAJIA.

[Mpenen oOHapyXeHUS TaKUX TPaH3MCTOPOB B ciydae,
Korma oOlliee YMCIo ancopOMpOBaHHBIX YAaCTULl aHAJIUTa Ha
MTOBEPXHOCTH B CHCTEME BO MHOTO pa3 MEHbIIIC YKCJa Jyac-
TUI] B pacCTBOpPE, 3aBUCUT OT pa3Mepa camMOro TPaH3MCTOpa:
MUWHUMAJIBHO OMpejessieMasl KOHUEHTpaluus aHAIUTa YMEHb-
IIaeTcsl ¢ YMEHbIIEHHEeM TUIONIANN TOJIEBOTO TPaH3UCTOpa.
Hanuune mapasuTHBIX MOBEPXHOCTEM, CITOCOOHBIX TaKXkKe
azicopOMpoBaTh OMpeaeIsieMoe BEIIECTBO, MTPUBOAUT K CHU-
JKEHMIO Mpejesa ooHapyXeHusl ceHcopa. OIHUM U3 CIIOCOo-
OOB yMEHbIIICHUSI BIUSIHUSI Tapa3uTHON TOBEPXHOCTH Ha
Tpenen OOHapyKeHUsI MOXET CIYKUTb XUMUYeCKass MOIU-
(ukalus mapasuTHOI MOBEPXHOCTU (PTOPOPraHUYECKUMM
IPYIINaMu JIJIs1 CO3AaHUsl TOBEPXHOCTU C HU3KOM aacopOoiu-
OHHOI €MKOCTBIO.
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Puc. 1. Cxema H30MpaTe;IbHOr0 HAHECEHHSI TOHKHX ILUIEHOK HA TO-
BEPXHOCTH OKCH/AA KPEMHHUs JUIsi yMEHbLIEHUS MAPA3UTHBIX NMOBEPX-
HOCTeli B CeHCcopax

Fig. 1. Selective deposition of thin films on silicon oxide surface to reduce
the parasitic surfaces in sensors

B Haiueii pabote paccmaTpuBaeTcs Cliydyail, Koraa Heoo-
XOAMMO MUHUMU3UPOBATH MAapa3UTHYIO MOBEPXHOCTh, MPe-
CTaBJISIONIYIO COOO0I OKCUI KpeMHUs. [I1s1 a3Toro Ha Hee Ha-
HOCAT TOHKYI0 camocoOuparourytocsi nephToOpUpOBaHHYIO
MJIEHKY, OCTaBJIsIsl TPU 9TOM OTKPBHITON YYBCTBUTENBHYIO MO-
BEPXHOCTh OKCHAA TaHTajda. DTO BO3MOXHO CAeIaTh OABYMsI
criocobaMu: JTMOO CENIEKTUBHBIM HaHECEHWEeM TUICHKHM Ha
Si0,, 10O HeCceNIeKTMBHBIM HAHECEHMEM IUIEHKM Ha BCe
MOBEPXHOCTH C MOCJIEAYIOIIMM CEJIEKTUBHBIM CHITUEM €€ C
nosepxHocTH Ta,O5. B Haleil paboTe 6bUT BEIOpaH BTOPOWA
crocoO. [ToaToMy 1ieIbl0 1aHHOM PabOTHI SIBJSIACH ONTH-
MU3aLUs YCJIOBUN [UISI OAHOBPEMEHHOTO (POPMUPOBAHUS
ruapodoOHOI caMOCOOMpPaloLIeiCs TUIEHKU Ha TTOBEPXHOC-
T OKCUIIOB KPEMHUS U TAaHTaJIa, a TAKXKE CEJIEKTUBHOE CHS-
The cHOPMUPOBAHHOM MJIEHKHU C TOBEPXHOCTU OKCUJA TaH-
Taja Mo OTHOLIEHMIO K IJIeHKe, chOpMUPOBAHHOI Ha MO-
BepxHoctu Si0, (puc. 1).

Oo0pa3sopanue nepTopupoBaHHBIX IIEHOK

HauGonbluee pacnpocTpaHeHue MpPU CO3JAAHUU CUJIA-
HOBBIX TJIEHOK Ha MOBEPXHOCTU OKCUIOB METAJUIOB MOJY-
YUIM TPUXJIOPOCUJIAHOBBIE TPOU3BOAHBIE B CBSI3U C HX
KOMMEPYECKOM JOCTYITHOCThIO M BHICOKOW pPEeaKIIMOHHOMN
crnocobHocThio. [ToaToMy B 9TOI paboTe ObLT UCIIOIB30BaH
1H,1H,2H,2H-nepdropoktuntpuxinopcunad (PFSCI) ans
ToJIyYyeHUs epMTOPUPOBAHHBIX TOHKUX TJIEHOK.

OCHOBHBIM HEJOCTATKOM MTPUMEHEHUSI CUIAHOB MPU 00-
pPa30BaHUU TOHKUX TUIEHOK SIBJISIETCSI MX BBICOKAsl YyBCTBM-
TEJBHOCTh K BJIAXHOCTH, YTO MOXET MPUBECTH K WX arjio-
Mepaluy U MojJuMepu3aliii Ha MOIJIOXKe, a 3T0, Kak Mnpa-
BUJIO, IPUBOAUT K MHOTOCJIOMHBIM CTpyKTypam [7]. I1oaTo-
My Ha TIEpBOM 3Talle MCCIeOOBaHUM HEOOXOAUMO OBLIO

noaoopaTh YCIOBUS IJIsl MOJTYYEHUS! CIUIOLIHON OMHOCIONM-
HOW TUIEHKU Ha MOBEPXHOCTU OKCHUIOB.

OT1paboTKy HaHECEHUSI IJICHOK IIPOBOIMIM Ha IUIACTUH-
Kax KpeMHUs 7 X 20 MM ¢ MMOBEPXHOCTHBIM ciioeM SiO, wim
TayO5. Bce moBepxHOCTU Iepes HAHECEHMEM CUJIAHOB 00-
pabaTbIBav yIbTpaduoseToM U 030HOM B TeueHue 20 MUH
B yabrpoduoneroBoM ouucturesie UV Ozone Cleaner —
ProCleaner (BioForce Nanosciences, Inc., CIIIA). JlanHas
npolieaypa He TOJbKO OuMIliaja MOBEPXHOCTh IMJIACTMHOK,
HO TaKXe CIoCOOCTBOBAIA YBEJIMYEHNIO KOHLIEHTPALIUM T10-
BepxHOCTHEIX OH-rpyrm.

B kauecTBe sKcnpecc-aHaIM3a MOJHOTHI CUJIAHU3aLUKM U
OLIEHKY TUAPOGOOHBIX CBOMCTB TUTACTUH UCITONB30BAIN U3-
MepeHUe KpaeBoro yrila CMauMBaHUsI IIACTUHBI JeMOHU30-
BaHHOI1 Bonoit Ha mpubope OCA 15EC (DataPhysics Instru-
ments GmbH, I'epmanus).

Hnst onTUMM3AIIUKM  YCIOBHI (POPMUPOBAHUS TIICHOK
PFSCI usMeHsimu BpeMsi ocaXaeHUsI CUJlaHa M3 TOJIyoJia Ha
MOBEPXHOCTU OKCHJA KPEMHUST U TaHTaJla MPU Pa3HbIX TEM-
nepaTypax.

I1pu BapbupoBaHUU TeMIlepaTyphbl pacTBOpa ObLIO yCTa-
HOBJIEHO, YTO ONTUMAJIbHBIM SIBJISIETCSI TEMIIepaTypHbIi aua-
ma3oH 60...80 °C, a onTuManbHOE BpeMsl peaKIui 0Ka3aloch
paBHBIM 2 4, TaK KakK TOCJenyollee yBeJundeHne BpeMEHU
peaklMy MPUBOAUT K HE3HAYUTEIIBHOMY POCTY yIjla CMayl-
BaHus. [J1s1 caMocoOuMpaloIMxcsl INIEHOK, 00pa30BaHHbBIX U3
PFSCI, makcuManbHBIM Yrojl cMayuMBaHHUs cocTaBuia 115°
(puc. 2).

CeyiekTHBHOE CHATHE NEePGTOPMPOBAHHBIX MJIEHOK

Crieayonimm 3TarnoM UcCaeqoBaHus SIBsUIach pa3padboT-
Ka mpoliecca CeJIeKTUBHOTO yaaieHusi rTuApo®oOHOro cios
C TOBEPXHOCTU oKcuaa TaHTajda. I1ocKosbKy mepdTopupo-
BaHHas IUIEHKA KaK Ha moBepxHocTH SiO,, Tak ¥ Ha MoO-
BepxHocTH Ta,O5 MMeeT OIMHAKOBYIO NPUPOLY, JUIS CEJIEK-
TUBHOTO yJQJIEHUs IJIEHKU C OKCUJa TaHTajla HEOOXOAMMO
CTpaBIMBaTb HEOOJIbIION MOBepXHOCTHBIA cioit Ta,O5 B
YCIIOBUSIX, B KOTOPBIX HE TPOUCXOAMJIO ObI CTpaBIMBaHUSI

Yd/o30H
UV/ozone

Cunanusanus
Silanization

20

Tpagnenue
Etching

Puc. 2. V3MeHeHHe KpaeBbIX YIJIOB CMAYMBAHHS HA NMOBEPXHOCTAX
OKCHIA KpeMHHA (CJIeBa) M OKCHIA TAaHTaJa (CMPaBa) HA Pa3IMIHBIX
3Tanax oopadoTKH

Fig. 2. Changing of the wetting contact angles on silica surfaces (left) and
on tantalum oxide (right) at different stages of processing
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Si0,. [y 3TuX 11es1eii 6bUT BEIOpaH PacTBOP MEPOKCUIA BO-
JIopojia ¢ MojlliesauMBaHUeM ero pacTBOPOM aMMuaka. dTta
CMeChb TO3BOJIIET CEJEKTUBHO TpPaBUTh OKCHI TaHTajlla B
npucyrcTBumM okcuaa kpemuus [8]. [lomHoTY ynaneHus mie-
HOK OLICHUBAJIM 110 U3MEHEHMIO KPaeBOro yrila CMaynuBaHUsI
0o0pa3ios.

IIpu o6paboTKe 0Opa3LoB OKCcUAA TaHTajda, MOAUMUILIM -
POBaHHBIX ITepdTOpCHIaHAMU, pacTBOpoM 32 %-ii mepeKu-
cu (06e3 nobaBiIeHMsT pacTBOpa aMMUaKa), UBMEHEHUE yriia
CcMauyuBaHMSI OOpas3loOB ObLIO HE3HAYUTEJIbHBIM KaK TP
MPOBEICHUM peakIMK TP KOMHATHOW TeMIiepaTtype, Tak 1
npu HarpeBaHuM pactBopa no 50 °C. JlanpHeiillee yBeImie-
HUE TeMIlepaTypbl pacTBOpa MPUBOIUIO K OBICTPOMY pa3iio-
JKEHUIO TIEPEKMCH, COTTPOBOKIAEMOMY CUJILHBIM BCIIEHUBA-
HUEM PEAKIIMOHHOM CMECH.

Wcnonp3oBaHue MEepOKCUIHO-aMMHAYHOTO pacTBopa
MPUBOIMIIO K YMEHBIIEHUIO yIjla CMauyuBaHUS MOIU(UIII-
pPOBaHHBIX 00pa31oB OKcuaa TaHTana (puc. 2). beuiu uccre-
JIOBaHBI PACTBOPHI C PA3IMIHBIM COOTHOIIIEHUEM TIEpOKCHUIA
BOIOPO/A, aMMHaKa v BoIbl. CTOMT OTMETUTh, YTO yBEJIUYE-
HMeE IOJIY BOJIbI B PACTBOPAX CYILIECTBEHHO CHMXKAIO CKOPOCTh
TpapjaeHus. JIydluumu okasajuch YCJIOBMSI, TPU KOTOPBIX B
KayecTBe TPaBUTEJIsSI UCIOJIb30Banachk cMech 1:1 25 %-ro am-
Muaka u 32 %-ro nepokcuaa Bogopojaa. BapeupoBaHue Bpe-
MEHU BBIIEPXUBAHUS 00Pa31OB B MePOKCUIHO-aMMUAYHOM
pacTBOpe MoKa3ajio, YTO ONTUMAIbHBIM BpEMEHEM SIBIISIETCS
45 MUH, IO UCTEYEHUU KOTOPOI'O MPOUCXOINIIO CHATUE U~
podoOHOI1 IJIEHKU Ha BCeX UCIbIThIBaeMbIX obpasuax. I[Toc-
KOJIbKY B MPOLIECCE XMMUYECKOW peaklMy MPOUCXOIUT ra-
3000pa3oBaHUe M, KaK CIIEACTBHUE, CKOPOCTb TpPaBJIEHUS B
MEeCTe HaXOXIACHUS Ta30BOTO My3bIpsl Manaja, TO MpU TpaB-
JICHUW 00pa3iioB HEOOXOIUMO MepeMeIInBaTh pacTBOpP.

Vaanenue ruapodoOHOM IVIEHKM B TAKMX XK€ YCIOBUSX C
0o0pa3loB OKCHMIA KPEeMHHUSI HE IPOUCXOAUT (puc. 2), 4To
MOATBEPAUIO MPAaBUJIBHOCTh BbIOOpA pacTBOpa s CeleK-
TUBHOTO CHATHS TUAPOMOOHON MIIEHKU C MTOBEPXHOCTH OK-
culia TaHTana.

3akmouenue

B pamkax manHoi1 paGoTHI OBLJIa IIpOBeIeHa OTpabOTKa
METONMKN (OPMUPOBAHUSI TOHKOW TIUIEHKM Ha OCHOBE
1H,1H,2H,2H-nepdTopokTiTpuXIopcuiaHa Ha IIOBEpX-

HOCTSIX OKCUIOB KPEMHUS U TaHTajla. ¥ CTAHOBJIEHO, YTO OIl-
TUMAJIbHBIM JIJIST TIOJyYeHUST TUAPOGMOOHBIX MOBEPXHOCTEH
SIBJISIETCS BBIIEPXKMBaHE 00pPa3loB B TOJYOJIbHOM PacTBOPE
cunana npu T~ 70 °C B TeueHue 2 4. [TogoOpaHbl yCI0BUS
JUISL CHSITUST TUAPOGOOHBIX TOHKUX IJIEHOK C MOBEPXHOCTH
OKcHIa TaHTaja 6e3 3aTparMBaHUsl TOHKUX IJIEHOK Ha MOo-
BepxHocTH Si0,. JlaHHBIE PE3YJILTATEI MOTYT OBITH UCIIOJIb-
30BaHBI JUTS] YMEHBIICHUST TTapa3uTHBIX TTIOBEPXHOCTEM B MUK-
pocucTeMax Il XUMUYEeCKOTro aHajiv3a, TeM CaMbIM YIyd-
11asl UX CEHCOPHbIE XapaKTEPUCTUKM.

Paboma noddepicana Munucmepcmeom 06pazoeanus u HaAyKu
Poccutickoti @edepauuu (coenawernue No 14.574.21.0114, ynu-
Kanvhbill udenmughuxamop npoekma Noe RFMEFIS7414X0114).
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Formation and Selective Etching of the Self-Assembling Hydrophobic Films

on the Surface of SiO, and Ta,O;

The procedure was optimized for synthesis of the thin films made of trichloro (1H, I H,2H,2H-perfluorooctyl) silane on the surface
of the tantalum oxide and silicon oxide. Conditions were selected for removal of the hydrophobic thin films from the surface of the
tantalum oxide without damage to the thin films on the silicon oxide surface. The results can be used for development of the chemical

sensors based on the field-effect transistors with the tantalum gate.

Keywords: silane, thin films, perfluorinated compounds, etching, tantalum, field effect transistors

Introduction

Sensors based on a chemically sensitive field effect tran-
sistors are widely used [1, 2]. They have a number of advan-
tages such as small size, ability to use an array of sensing el-
ements on a single chip for multi-analysis, automation ability,
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work with small volumes of samples [3]. The operation of
such sensors is based on the fact that the surface of the FET
insulating material is covered with a thin dielectric layer
(functionalized) which is able to set the selective adsorption
(chemisorption) of the defined molecules from the medium.




The various compounds may make the insulating dielec-
tric. The most common material for the gate dielectric is
SiO,. Besides it, Al;O5 [4], Si3Ny [5], Ta,O5 [6] can be used.
Ta, 05 film has a maximum sensitivity and wide linear range
in signal measurement from all the compounds.

The detection limit of such transistors, when the number
of analyte particles adsorbed on the surface is much less than
the number of particles in the solution, depends on the size
of the transistor: minimum detectable concentration of ana-
Iyte decreases with the square of the FET. The presence of
parasitic surfaces, which can adsorb analyte, leads to decrease
in the detection limit of the sensor. One way to reduce the
parasitic effect on the surface on the detection limit can serve
its chemical modification by organofluorine groups to create
the surface with a low adsorbability.

In our work we consider the case when it is necessary to
minimize the parasitic surface, which is a silicon oxide. For
this, the thin self-assembled perfluorinated film is applied on
it, leaving open the sensitive surface of tantalum oxide. This
can be done in two ways: selective application of the film on
Si0,, or non-selective application of the film on all surfaces,
followed by selective removal of it from Ta,Os. In our work,
the second method is selected. The aim is to optimize con-
ditions for the simultaneous formation of self-assembled film
on the hydrophobic surface of silicon oxide and tantalum, and
selectively removal the formed film from the surface of tan-
talum oxide relative to the film formed on the surface of SiO,

(fig. 1).
Formation of perfluorinated films

Most common in creating of silane films on the surface of
metal oxides is trichlorosilane derivatives due to their com-
mercial availability and high reactivity. Therefore, we used the
1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFSCI) to ob-
tain perfluorinated thin films.

The main disadvantage of the silanes in formation of thin
films is their high sensitivity to humidity, which can lead to
agglomeration and polymerization on the substrate, which
leads to multilayer structures [7]. Therefore, on the first phase
of research it was necessary to choose the conditions for ob-
taining of continuous single-layer oxide film on the surface.

Testing of application of the films was carried out on silica
plates of 7 %20 mm with a surface layer of SiO, or Ta,0Os. All
surfaces were treated with ultraviolet and ozone for 20 min
in a cleaner UV Ozone Cleaner — ProCleaner (BioForce
Nanosciences, Inc., USA) before silane applying. The proce-
dure treated the surface of plates and contributed to an in-
crease in the concentration of surface OH-groups.

The measuring of plates’ edge contact angle with deion-
ized water on OCA 15EC (Data Physics Instruments GmbH,
Germany) was used as the rapid analysis of silanization com-
pleteness and evaluation of hydrophobic properties.

To optimize PFSCI films formation, deposition of the si-
lane from toluene on the surface of silicon oxide and tantalum
at different temperatures were changed during measurement.

At varying the temperature of the solution it was deter-
mined that optimal temperature range is 60...80 °C, and the
optimal reaction time is 2 hours because of its subsequent in-
crease leads to a slight increase in the contact angle. For
PFSCI self-assembled films the maximum contact angle —
115° (fig. 2).

Selective removal of perfluorinated films

The next step was to develop the selective removal of the
hydrophobic layer from the surface of tantalum oxide. As the
perfluorinated films on the surface of SiO,, and Ta,O5 has the
same nature, for selectively removal of film from tantalum ox-
ide it is needed to etch a small Ta, O surface layer under con-
ditions, when SiO, etching would not occur. For this purpose,
a solution of hydrogen peroxide with its alkalization with am-
monia was selected. This mixture allows selective etch the
tantalum oxide in the presence of silicon oxide [8]. The com-
pleteness of removal of the films was evaluated by the change
in contact angle of the samples.

When processing tantalum oxide samples modified with
perfluorosilanes by 32 % of peroxide solution (without am-
monia), the change of samples’ wetting angle was low during
the reaction at room temperature and heating to 50 °C. A fur-
ther increase in temperature of the solution resulted in rapid
decomposition of peroxide, accompanied by severe foaming
of the reaction mixture.

The use of ammonia-peroxide solution decreased the wet-
ting angle of the modified samples of tantalum oxide (fig. 2).
The solutions with different ratios of hydrogen peroxide, am-
monia and water were investigated. It is worth noting that the
increase in the proportion of water in solutions significantly
reduced etch rate. The best conditions were when 1:1 mixture
of 25 % ammonia and 32 % hydrogen peroxide was used as
etchant. Varying the time of samples keeping in peroxide-am-
monia solution showed that the optimum time is 45 min, after
which there is removal of hydrophobic film on all samples.
Because during chemical reaction the gasification takes place,
and the etching rate at the location of the gas bubbles de-
creases, the solution must be mixed during the reaction of
chemical etching.

Removal of the hydrophobic film under the same condi-
tions from the silica does not occur (fig. 2), confirming the
correctness of choice of the solution for the selective removal
of hydrophobic film from the surface of tantalum oxide.

Conclusion

Testing of methods for forming of thin films on the basis
of 1H,1H,2H,2H- perfluorooctyltrichlorosilane on the sur-
faces of silicon and tantalum oxides was carried out as part of
the work. It was found, that maturation of samples in toluene
solution of silane at 70 °C for 2 hours to obtain hydrophobic
surfaces is optimal. The conditions for removal of hydropho-
bic thin films from tantalum oxide surface without affecting
the thin films on the surface of SiO,. These results can be used
to reduce parasitic surfaces in microsystems of chemical anal-
ysis, thereby improving their sensory characteristics.

The work was supported by Ministry of Education and Sci-
ence of the Russian Federation (agreement No 14.574.21.0114,
unique identifier for the project No REMEFI57414X0114).
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AIOMUHECUEHTHbIE CBOMCTBA CTPYKTYP, COAEPXXALLUMX MACCHBbDI
KOAAOUAHDBIX KBAHTOBbIX TOYEK CdS, CdSe/ZnS n CdZnSeS/ZnS

Ilocmynuaa e pedaxyuro 09.06.2016

Hccaedosarbl aromuHecyeHmHble c80LICMBa MAccu8os Koaiouonvlx keanmoswvix movex (KKT) CdS, CdSe/ZnS u CdZnSeS/ZnsS,
HAHeCeHHbIX Ha CMEKAAHHbIE U UHble NOON0NCKU, 4 MAKICe BKAOYEHHbIX 8 COCMAE OpeaHu1ecKux usiyuarouux cmpykmyp (OHUC).
Onpedenennl pasmepor KKT, coomeemcmeyroujue paziutHbiM NUKOSbIM IHepUAM AroMmutecyenyuu. Pazpabomanvt aromunopoproie
nokpoimus Ha ocnoee KKT ¢ CRI > 98. Coszdansr cmpykmypor ITO/ TPD/KKT/Alqs/Me u nokasano cywecmeennoe yayvuienue

napamempoe AIMUHeCUeHUUU.

Karouegvie caoea: xonrouonvie Kkeanmosole MOYKU, NIOMUHECUCHUUA, OpeAHUYeCcKue usay4arnuiue cmpyKkmypol

Konnounnsie kBanToBble ToukM (KKT) mo npaBy cuura-
I0TCSl OIHMMM U3 CaMbIX MEPCIEKTUBHBIX HAHOMATEpPUaIoB
COBpeMeHHOI1 a5ieKTpoHuKH [1]. I1pu Bcex mpeuMylecTBax,
XapaKTepHBIX 111 HaHopa3dMepHbIX yacTuil, KKT moryt GbITh
CO3MaHbl C TIOMOIIBIO CPABHUTENIEHO TIPOCTBIX M HEMOPOTUX
METOAUK KOJJIOMAHOIO cuHTe3a [2]. BaxHeinmumMu ocobeH-
HOCTSIMU TTIOAOOHBIX HAHOYACTHUIL SIBJISTFOTCST UX BHICOKHE JTIO-
MUHECLICHTHBIE CBOWCTBA, COYETAIOLIUECS C XOpOLIEH cTa-
OMJIBHOCTBIO K BHEILIHUM 3JIEKTPOMArHUTHBIM M TEIJIOBBIM
BO3IEUCTBUAM [3]. DTO AenaeT ux MepcreKTUBHBIMU JIJIsI CO-
3MaHMSI U ONITUMU3ALUU CBOMCTB JIOMUHOGMOPHBIX MOKPHI-
THIi, OPraHNYECKUX CBETOAUOIOB, YCWIIMTEIE M TeHepaTo-
POB, a TaKKe APYIUX U3aydaroiux cTpykryp [4]. C aT0ii TOU-
KW 3PEHMST aKTyaJlbHBIM SIBJISICTCSI MCCJIeOBAaHUE JIIOMMU-
HecueHTHBIX cBoiicTB KKT, a Takke MacCMBOB MOAOOHBIX
HAHOYACTU1, OCaXIEHHBIX Ha MOMJOXKHU Pa3IMYHOTO TUIIA.

B pabore ObLIM uccaenoBaHbl KOJUIOUIHbIE KBAHTOBBIE
touku CdS, CdSe/ZnS u CdZnSeS/ZnS. Hanuuue mmpo-
KO30HHOI 000JIOUKM 13 ZnS J1aeT BO3MOXKXHOCTD CYILIECTBEH-
HO noBbicuTh ycToitunBocTh KKT K okucieHuto, a Takxke
3HAYMTEIbHO YBEJWYUTh KBAHTOBBIN BBIXOH JIIOMUHECIICH-
IIMM 32 CYET YMEHBIIEHUs KOHIEHTPALMU MOBEPXHOCTHBIX
nedexToB [5]. B kauecTBe momioxkekK B paboTe ObLIN NCITOb-
30BaHbI TUIACTUHBI PA3TUYHBIX MOJYITPOBOTHUKOBBIX M M-
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3JIEKTPUIECKUX MaTePHAJIOB [6], IepCITEKTUBHBIX JJIST CO3/1a-
HMSI Ha UX OCHOBE OPTaHMYECKUX CBETOM3ITyYaIOIINX TUOI0B
(OLED) u npyrux JIOMWHECHEHTHBIX MPUOOpOB. 3HAYM-
TeJbHAasl YacTh 00pa31oB ObliIa cO3/1aHa Ha OCHOBE CTEKJISTH-
HBIX U KBapleBbIX MOMIOXEK 6€3 MCTI0Ib30BaHUS OTIOTHH-
TeJbHBIX coeB. OcaxaeHue TouyeK MPOBOAUIOCH METOIOM
LEeHTPUDYTUPOBAHUS UM MUKPOKATIEIbHBIM HAHECEHUEM C
MPUMEHEHNEM ISl YaCTHU CTPYKTYP MOCIEAYIOIIeTo OTXKMIIa B
WHepTHOU cpene [7].

[nsa co3maHHbIX 00pa3loB ObLIM MCCIEIOBaHBI U TPO-
aHaJIM3UPOBAaHbl UX JIIOMUHECIIEHTHBIC CBOMCTBa, a TakXke
M3y4YeHBI CTIEKTPbI MTPOMYCKAHUS U MOTJIOIIEeHUSsI, OTIpenesie-
HbI BEJIMUMHBI KBAHTOBOM 3(D(EKTUBHOCTU. DKCIIEPUMEHTHI
MIPOBOAWINCH C IIPUMEHEHNEM YCTAaHOBKMU [8], co3maHHOM Ha
OCHOBE MOHOXpoMaTropa AUMPaKIMOHHOIO ABYXPElIeTOY-
Horo CJ1JI-1, 1mo3BoJIsIIONIero 00eceYnTh ONTUYECKOe pas-
peiieHue Ha ypoBHe 0,01 HM, a TakKe CIIEKTPOMETPOB ObIC-
TPOTO CKaHUPOBaHUsI, 00eCIeYnBalOIINX TTPOBEIEHNE SKC-
npecc-u3MepeHuit. Jnsa nsydeHus BAUSHUS TTpoliecca BO3-
OyXIEeHMSI YaCTUIL Ha WX JIOMUHECLIEHTHbIE CBOICTBA ObLT
HCIOJIb30BaH HAbop pa3WYHBIX MCTOYHMKOB HaKauyKu,
BKJIIOYAIOIIMI TBEPAOTENbHBIN J1azep Ha ocHoBe Nd:YAG ¢
reHepalueil BTOpoii rTapMOHMKM Ha JUIMHE BOJHBI 532 HM,
TOJTYITPOBOIHUKOBBIE JIa3ephbl ¢ PAOOYMMM JJTMHAMU BOJTHBI




1 © 91
[10]

w1

A [12]

.q/
[/

Peak energy of the luminescence, eV

1 15 2 25
Pazmep uacruu, Hm
Particle size, eV

Iukosan yneprus MOMHHecueHunn, 3B

Puc. 1. 3aBucumMoCTb MUKOBOI HEPTHH JTIOMHUHECIIEHIIMH OT pasmMepa
KOJUIOMHBIX KBAHTOBBIX TOY€eK Ha ocHoBe CdSe. ToukaMu moka3aHbl
JIaHHbIE MPOCBEYMBAIOLIEH 3JIEKTPOHHOU MHKpocKomuu [9—12]

Fig. 1. Analysis of the dependence of the luminescence peak energy from
the size of colloidal quantum dots based on CdSe. The dots — the data
of the transmission electron microscopy [9—12]

445 1 405 HM, cBeTOM3TyJalolIye JUOALI C JIMHAMHU BOJIH OT
280 10 360 HM U pTyTHYIO Jamiy. [ yBeIM4YeHUs YyBCTBU -
TeJIbHOCTU YCTAHOBKU MPUMEHSIIACh CUCTeMa CUHXPOHHOTO
neTeKTupoBaHUsl Ha ocHoBe ycuutens Stanford SR-810.

Baxneiimee 3HaueHue umeeT pasmep KKT, mockonabky
OH HE TOJIbKO 3a/1aeT UX JIIOMUHECLIEHTHbIE XapaKTePUCTH-
KU, HO U OTIpeNessieT BO3MOXKHOCTb BBEACHUS TaKUX YaCTHIL
B HAHOCTPYKTYpUPOBaHHbBIE MOBEPXHOCTU. 151 ompenesne-
HUSI pa3MepoOB YacTUIl B UCCIIENyeMbIX oOpasliax 1 dHepre-
TUYECKUX COCTOSIHWI B HUX OBIJIO MPOBEASHO MOAEIMPOBa-
HUE UX CBOMCTB C yUETOM BO3HUKAIOIIUX B HUX 3KCUTOHHBIX
a¢dpexToB. OIHUM M3 IIMPOKO MCIIOJNB3YEeMBEIX CIIOCOOOB
onpeneneHus pazmepoB KKT sBisieTcss MeTon, OCHOBaHHBII
Ha aHaJM3e TIOJIOKEHUS TIepBOro MUKa B CIIEKTpax IMOIJIO-
IIEHUS] U JIIOMUHECUEHIIMU. AHAIN3 3KCIEepUMEHTaTbHbIX
IaHHBIX [9—12], MOJyYeHHBIX METOIOM IPOCBEYMBAIOLIECH
5JICKTPOHHON MUKPOCKOIUHU, TTO3BOJIMI

BbBISIBUTH JBa BapHaHTa 3aBUCUMOCTU Fr——-==-—-=---=

& — JU3JIEKTPUYECKAs TIPOHULAEMOCTD CPEMbI; &) — SJIEKT-
pudeckas mocTtosiHHas. [lomoOHBIA moaxom majl BO3MOXK-
HOCTb TOJYYUTh HauboJjiee TOUHbIE pe3ybTaThl JJIs YACTHUILL
¢ AuaMeTpaMu He MeHee 1,6 HM. {7151 psioa Apyrux SKCIepu-
MEHTaJIbHBIX JaHHBIX HAWJIYYIIUM 00pa3oM MOIXOAUT YIpO-
LLEHHAs anmpokcuManusi (TuHus 2), Ipu KOTOPOM 3JIEKT-
POHHO-IBIPOYHOE B3aMMOJEHCTBUE CUMTAETCs MpeHeOpe-
>KUMO MauibIM [14]. Takoe nmpubauxeHue no3BojsieT NpUuMe-
HATB Pe3yJIbTaThl MOACTUPOBAHUS JJISI YACTHUIL C pa3MepaMu
ot 0,6 10 4,2 um. HaGmogaeMoe 9KCIepuMEeHTaIbHO pasiin-
Yyre MeXIy 3aBUCUMOCTSIMU JUIMHBI BOJIHBI JTIOMUHECLICHLIN U
OT pa3Mepa yacTull R MOXeT OOBbSICHATHCS HaJIU4MeM B3au-
moneiictBusg Mexny KKT. C aToit Touku 3peHuss Hauboee
TTOAXOASIIIIMM BapUaHTOM ISl O00JIOUEYHBIX CTPYKTYP SIBJISI-
€TCSl BTOPOi TUIT 3aBUCUMOCTH.

Bbrun orpaboransl Metonuku ocaxaeHuss KKT Ha mox-
JIOXXKH, TIO3BOJISIIONINE COXPAHUTD UX BHICOKUE U3TyJaTeTb-
HbIe CBOMCTBA 0€3 CYIIECTBEHHBIX MOTePb B 3((PEKTUBHOCTU
JIIOMMHECIEHIINM JIJIST BCeX TUIOB yacTull. YacTb 06pa3iioB
ocaxneHHbIX 0e3000m04euHbIx KKT nemMoHcTprpoBaay Ha-
JINYKE TOTIOTHUTEIHOTO TIMKA U3JTyYeHUS B JUTMHHOBOJIHO-
BOI1 yacTu criekrpa [15], 4To 0ObsSICHEHO BIMSIHUEM I1epexo-
JIOB C y4aCTHEM MOBEPXHOCTHBIX COCTOSIHUI. B psine ciryyaeB
CYIIIECTBOBaHUE TMOAOOHOTO MHUKA CJeMyeT MpU3HaTh HElO-
CTaTKOM HCCleayeMoro Marepuaia. Tem He MeHee, B paboTe
3TOT 3(PPEKT UCIOIB30BaH IJIsI CO3AaHMs MAJOKOMITOHEHT-
HBIX OeIbIX TIOMUHOMOPHBIX MOKphITUil. Ha puc. 2, a npen-
CTaBJIeH CIEKTpP JIIOMUHECLUEHLIMU TaKoro JOMHHOMOpa c
nBeroBoit TeMneparypoii 5500 K. ITapameTps! iBeTonepena-
YU TaKUX MOKPBITUI OJIM3KU K XapaKTepUCTUKAM OeJbIX CBe-
TonuonoB Ha ocHoBe InGaN.

Jist yaydilleHus LIBETOBBIX XapaKTepMCTUK U 3(Pdex-
TUBHOCTH JIIOMUHECLEHIIMU CO3/1aBaeMbIX JIOMUHOMDOPHBIX
CJI0€B OBIJIO MPOBENCHO MOJIETMPOBAHUE CBOMCTB KOMOMHU-
poBaHHbIX MaccuBoB KKT, comep:kallimx HaHOYaCTUIIbI pa3-
JIMYHOTO COCTaBa M pa3MepoB. PacueTsl mokaszaiu, 4To Cy-
IIECTBYET BO3MOXKHOCTb CO3IaHUsI JTIOMUHOGOPOB, KO3hdu-
uveHT uBetornepeaaun CRI B KoTopbix OyaeT mpakTU4ecKu
paseH 100. 1151 co3maHusT TITIOKPBITAI ¢ BBICOKUM MHIECKCOM
CRI 6611 TpoBeNieH psii 9KCMEPUMEHTOB, MO3BOJIMBILUX OI-

JUTMHBI BOJIHBI JIIOMUHECLIEHIIUM OT pa3-
Mepa yactull (puc. 1). PesynbTaThel MO-
JeTMPOBAaHUSI MOKa3aJu, 4YTO TEpPBbIi
BapHaHT 3aBUCUMOCTU (IUHMSA [) Hau-
JIy41LIMM 00pa3oM MOXKET ObITh OMKCAH B
npubavkeHn 3(pHeKTUBHON Macchl ¢
YYETOM BO3HUKHOBEHUSI B KBaHTOBOM
Touke 3KcuToHa Banbe — MoTTa 1 Ha-
JINYMST KYJTOHOBCKOTO B3aUMOJIEUCTBUS
MEXIy HOCUTENISIMU 3apsiga. B atoMm ciy-
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Puc. 2. MaioKoMIOHEeHTHbIe Oebie JIOMAHO(OPHbIE MOKPHITHS HA OCHOBE KOJUIOHMIHBIX
KBaHTOBbIX ToYeK CdSe (a) u cTPYKTYpBI ¢ yaydiieHHbIM uHAeKcoM nseronepenaun CRI (b)

Fig. 2. Low-component white luminophor coatings based on colloidal quantum dots CdSe (a)
and the structures with an improved color rendering index CRI (b)
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Puc. 3. Opranmyeckue cTpykTypsl Ha ocHoe cioes TPD u Alq; (@) m cTpykTyphl, conep-
JKalye MacCHBbI KOJUIOMIHbIX KBaHTOBBIX Touek CdSe (b)

Fig. 3. Organic structure based on TPD and Alq; layers (a) and the structures containing arrays
of colloidal quantum dots CdSe (b)
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Puc. 4. Cuekrpsl norJjioumenns (IITPUXOBbIE JHHAH) U JIOMAHECHEHIUH (CILIOUIHbIE JIHHUH)
opranudeckux ciaoes B cocrase cTpyktypsi ITO/TPD/KKT/Alq;/Me (a) m cnekTpsi Jio-

MHMHECIHEHIMM MACCHBOB KOJUIOMIHbIX KBAHTOBBIX TOYEK pa3ju4Horo pasmepa (b)

Fig. 4. Absorption (dotted lines) and luminescence (solid line) of the organic layers composed
the structure of 1TO/TPD/TCS/Alqs;/Me (a) and the luminescence spectra of colloidal arrays

YMHOTO OCaXACHUS WU LEeHTpUdyru-
pOBaHMEM HAHOCHUJICA TPAHCIOPTHBIN
cioii TPD wnim PEDOT:PSS. B ka-
YECTBE OCHOBHOTO CJIOSI MCTIONB30BAJICs
Alqg;. BepXHUM KOHTAaKTOM CIIyKWJI Me-
Tajmyeckuii cimoit (Mg, Al), co3naBae-
MBbIif METOIOM BaKyyMHOTI'O PE3UCTUBHO-
ro HamnbUICHUS.

I'pacduky moriomeHusT 1 JTIOMUHEC-
LIEHIMU CJIOEB CTPYKTYPhl TMPUBEAEHbBI
Ha puc. 4, a. Uudpamu 1 u 2 o6o3Have-
Hbl rpaduku s TPD u Algy coorseTc-
TBeHHO. BHeceHUe MaccuBa KOJUIOWI-
HBIX KBAaHTOBBIX TOUEK M3MEHUJIO 30H-
HYI0 AMarpammy CTPYKTYpPbI, YJIy4IlIUB
cobrpaeMoCTh HOCUTEJIeH 3apsina B ee
akTUBHOI 00sacTu. CIIeKTPHI IIOMUHEC-
neHuun maccuBoB KKT mokaszaHbl Ha
puc. 4, b. BkimoueHre KBAaHTOBBIX TOUEK
B COCTaB CJIOeB M03BoJMJIO B 1,5...2 pa3a
TMOBBICUTh TIapaMeTphbl JIIOMUHECIIEH-
LMW U YIPaBJISATh CHEKTPOM MX U3IY-
YeHUsI B COOTBETCTBUM C MU3MEHEHUEM
pa3Mepa TOYEK, BHECEHHBIX B MaCCHB.
ITokazaHo, YTO TpPU UCIOIBL30BAHUM
maccuBoB KKT MoxeT OBITH moJydyeHa
JIIOMUHECIIEHLIMST B PACIIMPEHHOM J1a-
na3oHe UIUH BOJH (oT 450 1o 750 HM).

Paboma evinoanena 6 pamxax HHUP
npoeKkmuoll uacmu  20cyo0apcmeeHH020
3adanuss Munobpnayku Poccuu 6 cghepe
Hay4Hou desimenvHocmu, npoekm
Ne 16.1307.2014K.

Concok TepaTypbl

1. Shirasaki Y., Supran G. J., Bawen-

of quantum dots of varying size (b)

penenuth Ko3ddUIMEeHTHI, 3agaBaeMble HAYaJlbHOM KOH-
LIEHTpalMel YacTUIl B pacTBOpe, UX 3(PGHEKTUBHOCTHIO JIIO-
MMHECIIEHIINM, a TaKKe BIUSHUEM Ha 3TH TlapaMeTpbl Me-
TOIMK OCAXACHUSI MACCUBOB YacCTHII, MCIOJb3yeMO MOi-
JIOXKW W TIOCJENyIIIero orxkura. Takxke pacCMOTPEHBI
MPOIECCHl B3aUMOJeHCTBHSI HAHOUYACTHUIL PAa3IMYHOTO THUIIA,
BXOJSIIIMX B COCTaB MaccHUBa. DTO TMO3BOJIWIO CO3/1aTh JIO-
MMHOGOPHBIE TOKPBITHSI, KOAMDGULIMEHT LIBETOTIepenayn B
kotopbix CRI > 98. Ha ocHOBe co3naHHBIX MTOKPHITUI ObUTH
pa3paboTaHbl CTPYKTYPhl, COOTBETCTBYIOLIIME 3TAJIOHAM CBE-
YeHUs C [BETOBBIMU TeMItepatypamu 6504 u 5500 K, a tak-
K€ COJIHEUHOMY M3Jy4eHMI0 Ha moBepxHocTu 3emau. Ha
puc. 2, b ipeacTaBiIeH CIIEKTP JIOMUHECIIEHIIMU CTPYKTYPHI
¢ LBeTOBOI TeMmnepartypoii 5500 K.

KKT nepcriekTuBHBI KaK MaTepuaibl, MOAUDULINPYIO-
mue 1 yaydiaiomue napamerpsl OLED-cTpykryp. B pabote
OBl CO3MAaHbl CTPYKTYPbl HA OCHOBE MOJMMEPHbIX U MaJlo-
MOJIEKYJISIPHBIX OpraHWYeCKUX cjioeB (puc. 3), B 4acTh KO-
TOPBIX ObUIM BHECEHBI MACCUBBI KOJJIOMAHBIX KBAaHTOBBIX
touek CdSe pasznmmuHoro pasmepa. B KauecTBe moOmIOXKN
HCIOJIb30BaJIOCh CTEKJIO WM KBapll ¢ HAHECEHHBIM KOHTaK-
THBIM CJIOEM OKCUJIa MHAusI-0J0Ba. Ha Hero MeTomom Baky-
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Luminescent Properties of the Structures Containing Arrays of the Colloidal
Quantum Dots of CdS, CdSe/ZnS and CdZnSeS/Zn$S

The luminescent properties of the arrays of the colloidal quantum dots (CQD) of CdS, CdSe/ZnS and CdZnSeS/ZnS, deposited
on glass and other substrates or included in the organic emitting structures (OES) were investigated. The sizes of CQOD corre-
sponding to different luminescence peak energies were determined. CQD phosphor coating with CRI > 98 was developed. The
ITO/TPD/CQD/Alq 3/ Me structures were created and a significant improvement of the luminescence parameters was demonstrated.

Keywords: colloidal quantum dots, luminescence, organic luminescence structures

Colloidal quantum dots (CQD) are considered among the
most promising nanomaterials for electronics [1]. Among the
benefits, typical to the nano-sized particles, the CQD can be
created by using a relatively simple and inexpensive colloidal
synthesis methods [2]. The most important features of these
particles are their high luminescent properties with good sta-
bility to external electromagnetic and thermal effects [3]. This
makes them promising for creating and optimizing the phos-
phor coating properties of organic light-emitting diodes, am-
plifiers and oscillators, as well as the other radiating structures
[4]. From this point of view, it is the actual to study CQD lu-
minescent properties, as well as arrays of such nanoparticles
deposited on substrates of various types.

The article studies CQDs of such types: CdS, CdSe/ZnS
and CdZnSeS/ZnS. The presence of the wide-gap shell of
ZnS allows to increase the resistance CQD to oxidation, sig-
nificantly increase the luminescence quantum yield by reduc-
ing the concentration of surface defects [5]. The substrates of
various semiconductor and dielectric materials are used as the
plates [6], looking to create organic light emitting diode
(OLED) and other fluorescent devices. A considerable part of
the samples is based on glass and quartz substrates without ad-
ditional layers. Deposition of points was carried out by cen-
trifugation or microdroplets application using subsequent an-
nealing in an inert environment for some structures [7].

The luminescent properties of the samples were studied
and analyzed for their creation, transmission spectra and ab-
sorption were studied, the values of the quantum efficiency
were determined. The experiments were performed with the

use of the installation [8] on the basis of the diffraction mon-
ochromator double-lattice SDL-1, which allows to perform
the optical resolution of 0,01 nm; spectrometers of quick scan
to ensure conduction of rapid measurement. The set of dif-
ferent pump sources comprising solid state laser with Nd:
YAG with the generation of the second harmonic at a wave-
length of 532 nm, semiconductor lasers with operating wave-
lengths 445 and 405 nm, light-emitting diodes with wave-
lengths from 280 to 360 nm and a mercury lamp were used
to study the effect of excitation of the particles on their lu-
minescent properties. A synchronous detection system based
on Stanford SR-810 amplifier was used to increase the sen-
sitivity of the apparatus.

The key importance has CQD size because it sets their lu-
minescence characteristics and determines the possibility of
introduction of particles into nano-structured surface. The
simulation of their properties, taking into account emerging
excitonic effects was made to determine the particle’s size in
the samples and their energy states. One of the commonly
used methods of determining the CQD size is to analyze the
position of the first peak in the absorption and luminescence
spectra. Analysis of the experimental data [9—12] obtained by
transmission electron microscopy revealed two variant of lu-
minescence wavelength dependence upon the particle size
(fig. 1). The modeling showed that the first dependence var-
iant (line /) can best be described in the effective mass ap-
proximation, taking into account the emergence of exciton in
the quantum dot of Wannier-Mott, and the Coulomb inter-
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action between the charge carriers. In this case, the energy of
the emitting photon can be determined by the formula [13]:

2
E:Eg+_h_{i+_1_J_
SR> \m. my,

where E, — the width of the forbidden zone of the bulk ma-
terial; R — radius of the quantum dot; m, and m,, — effective
mass of an electron and a hole; e — electron charge; ¢ — di-
electric constant of the medium; &, — electric constant. This
approach made it possible to get the results for particles with
diameters of not less than 1,6 nm. For a number of other ex-
perimental data, a simplified approximation fits best (line 2),
at which the electron-hole interaction is negligible [14]. This
approach allows to use the modeling for the particles with siz-
es ranging from 0,6 to 4,2 nm. The observed difference be-
tween the dependences of the luminescence wavelength from
the particle size R can be explained by the presence of the in-
teraction between the CQDs. From this point of view, the
most appropriate option for the shell structures is the second
type of dependence.

CQD deposition techniques on the substrate were prac-
ticed, allowing to preserve their high emission properties
without significant loss of luminescence efficiency for all par-
ticles. Some samples deposited nonenveloped CQDs showed
the presence of additional emission peak in the long-wave-
length part of the spectrum [15], that explained by the influ-
ence of transitions involving the surface states. The existence
of this peak should recognize the lack of material. However,
the effect of this is used to create low-component white lu-
minescence coatings (fig. 2, a). Color options of such coatings
are similar to those of white LEDs based on InGaN.

Simulation of the properties of CQD combined arrays
containing nanoparticles of various compositions and sizes
was made to improve the color characteristics and the lumi-
nescence efficiency of the luminescence layers. Calculations
have shown the ability to create luminophors, CRI color ren-
dering index which is almost equal to 100. To create a high
CRI index covers a number of experiments, which allowed to
determine the coefficients, given the initial concentration of
particles in solution, their luminescence efficiency, as well as
the influence of the deposition of arrays of particles, the used
substrate and subsequent annealing were made. The interac-
tion of different types of nanoparticles that make up the array
were also considered. It made possible to create luminophor
coatings, which color rendering index CRI > 98. The struc-
tures corresponding to emission standards with color temper-
atures of 6504 K, 5500 K (fig. 2, b) and solar radiation on the
earth's surface were designed on the base of the established
coatings.

CQDs are promising as materials, modifying and improv-
ing the parameters of the OLED-structures. We have created
structures based on polymers and low-molecular organic lay-
ers (fig. 3), some of which contain CdSe CQDs arrays of dif-
ferent sizes. A glass or quartz layer with a contact of indium
tin oxide were used as the substrate. The transport layer of
TPD or PEDOT: PSS was deposited on it by vacuum depo-
sition or centrifugation. As the base layer Alq; was used. The
metallic layer (Mg, Al) produced by vacuum sputtering resis-
tive served as upper contact.

The graphs of absorption and luminescence of the struc-
ture layers shown in fig. 4, a. The numbers 7 and 2 designate
plots for TPD and Alqs. Adding the CQD array have changed
the band diagram of the structure, improving the collection of
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the charge carriers in its active region. The luminescence
spectra of CQDs arrays are shown in fig. 4, b. Inclusion of the
quantum dots into the layers allowed 1,5...2 fold increase the
luminescence parameters and to control their emission spec-
trum in accordance with change in size of dots included in
the array. It is shown that by using CQD, the luminescence
can be obtained in an expanded wavelength range (from 450
to 750 nm).

The work was performed as part of R&D project of the state
order of the Ministry of Education and Science of the Russian
Federation in the field of scientific activities, the project
N. 16.1307.2014K.
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BAPbMPOBAHUE MATHUTHbIX CBOMCTB NAEHOK NMEPMAAAOS

Ilocmynuna 6 pedaxuuro 30.05.2016

Paspabomana mexuonoeus 10KanbHO20 I1eKMPOXUMUHECKO20 OCANCOCHUS U3 XAOPUOHO20 IAEKMPOIUMA U NOAYYEHbl NACHKU
nepmannos Nig Fe g c macnumnbimu ceoiicmeamu, anar02UMHbIMU CE0LCMEAM 006eMHbIX 00PA3U08, PAGHOMEPHbIE NO MOAUURE U
C MANbIMU HARPAJICEHUAMU Oe3 8biCOKOmeMnepamypHoeo omuicuea. OnmumanvHovie MaeHUMHble C0UCMEa NAeHOK NepManios ¢ co-
cmaeom NigiFe g noaynaromes npu snexmpoocaxcoenuu ¢ 06pa3oeanuem HAHOCMPYKmyp U y4eme 6AUAHUA MACHUMHO0 NOAA
3emau. B MaecHumonoaynpogoOHUK08bIX UHMESPAAbHbIX MUKPOCUCIEMAX HACHKU NePMANI0s UCHOAb3YIOMCA O YCUACHUS Mdae-
HUMHO20 NOAsL U NOBLIUEHUS YYBCMEUMEAbHOCU MACHUMOYYECMBUMENbHOR0 INEMEHMA.

Karoueevie caosa: anekmpoaum, nepma/mozi, ANeKmpoxumuvecKoe ocam@enue, MazHUmMHble Ce0UCmea

Beenenne

MarHuTomnoNyrnpoBOJHMKOBbBIE MUKpOCHCTEMBbI [1] B
CBOEM COCTaBE MCITOJb3YIOT MACCUBHBIE BJIEMEHTHI yCUJIe-
HUSI MarHUTHOTO TOJIsI — KOHIEHTPATOPhI, 3HAYMUTEJTbHO
MOBBIIIAIOIINE WHAYKIMIO MarHUTHOTO ITI0JII B JIOKAJIbBHOM
001aCT! MarHUTOYYBCTBUTEILHOTO 3JIEMEHTA, YTO ITO3BOJIS-
€T B HECKOJIBKO pa3 MOBBICUTDL YYBCTBUTEJIbHOCTh K MArHUT-
HOMY TIOJIIO M PaCIIMPUTH 00JIACTH UX IMPUMEHEHMSI.

Jns co3naHusi MUHUATIOPHBIX KOHIIEHTPATOPOB MarHUT-
HOTO TIOJISI UCTIOJIB3YIOT MarHUTOMSTKHE MaTepHuasibl ¢ MU-
HUMaJbHON KO3pLETUBHOCThIO. Hambonee pacmnpoctpa-
HEHHBIM MaTepuaJioM ISl KOHIICHTPATOPOB SIBJISIETCS Tep-
MaJ1oil [2], KOTOphIil (hopMUpPYETCS TYyTEM 3JIEKTPOXUMU-
YECKOT0 OCaXIEHUSI B JIOKAJIbHBIE 00JIACTH, OTpaHUYEHHbIE
¢GOTOPE3NCTUBHON MaCKOM.

3aBHCHUMOCTb COCTABA U MATHUTHBIX CBOWCTB
IUVICHOK NepMaJIIof OT peKUMa OCAXKIACHHSA

MarHuTHbIE CBOMCTBA IUIEHOK INEPMaJUIOs MCCIEN0Ba-
JIMCh B 3aBUCMMOCTM OT YCJIOBMI OCaXIEHUSI B 3JIEKTPO-
XMMUYECKON YCTAaHOBKE. DJIEKTPOJIUT B TajbBaHUYECKOM
BaHHE NIEPEMELINBAJICSI MATHUTHOM MEIIAJIKOM, U TIPU 3TOM
aBTOMATUYECKU TOJJEPXKMUBANACh TeMmeparypa. AHO; W3
HUKENEBOM (DOJIBIM U KATOJ, C HUKEJIEBBIM KOJIbLIEBBIM 3JI€K-
TPOAOM, KOHTAKTUDYIOIUMM C METAUIM3MPOBAHHON HUKe-
JIEM TUIOLAAKONM KPEMHMEBOM IUIACTMHBI, PACIOIaraloTcs
BEPTUKAJILHO.

CKOpOCTb OCaXJIEHMs U COCTaB IEPMaJUIOEBOM TUIEHKM
3aBUCAT OT IJIOTHOCTH TOKA, MPOTEKAIOUIETO Yepe3 00nacTu
KaToJa, OrpaHuYeHHbIe POTOPE3UCTUBHOM Mackoii. I1pu co-
CTaBJIEHUN PACTBOPA XJIOPUAHOTO 3JIEKTPOJINTA OTHOLIEHUE
aTOMOB HMKeJIs U XeJle3a B HeM paBHO 4,26 (ompenensercs
OTHOUIEHMEM MOJIAPHBIX MAacC YKa3aHHBIX 2JIEMEHTOB B UC-
MOJIb3yEMBIX COJISIX), YTO COOTBETCTBYET OTHOLUEHUIO TEX XKE
aneMeHTOB B cruiaBe NigiFejg. DkcnepumenTanbHo ycra-
HOBJIEHO, YTO MPU BHIODAHHOM COOTHOUIEHUM COAEPXaHMS
coneit Hukensa un xenesa (Cy;/ Cg,) yBETMYEHNE UX KOHLIEH-
Tpauuu Majno usMmeHsieT pH. Perynuposka pH nposonurcs
N00ABJIEHUEM COJISIHOM KMCJIOTHI B COCTaB 3JIEKTPOJIMTA.
OcaxaeHue U3 XJOPUIHOTO IEKTPOIUTA C CONSTHON KHCIIO-
TOM MmoKa3ayio, 4to 3jekTponut npu pH = 1,7 £ 0,2 He co-
JEPXKUT LITaMa, TUIEHKa He 3arpA3HsETCS OCalKaMM XKeJes3a
U Cepbl, 3JIEKTPOJIUT CTAOMIILHBII U 1AET BBICOKYIO CKOPOCTb
pocTa IJIEHOK.

M3MeHeHue CKOPOCTH OCAXKAEHUS TIPU BHICOKOM TeMITe-
paType 2JeKTPOJUTa YMEHbILIAET 3aBUCUMOCTb COCTaBa Iljie-
HOK OT TUIOTHOCTH TOKa (puc. 1), 4TO TO3BOJISIET PeTyIu-
pOBaTh COCTaB B IOCTATOYHO Y3KOM IMANa3oHe U3MEHEHUs
TOKa JUIsl TIOJYYeHUsl TUIEHOK, OJIM3KMX MO COCTaBy K Mep-
Mmainoio Ng Fe g, T.€. 111 KOHTPYSHTHOrO OCaXIEHUS TIPU
MJIOTHOCTM TOKa Ha KaTtone 26 MA/CM2 U TIpA CKOPOCTH
ocaxneHus 320 HM/MUH.

C u3MeHEeHVEeM COCTaBa TUIEHKU M3MEHSIOTCSI MarHuT-
Hble cBoiicTBa. Ha puc. 2, a nmpeacrtaBieHbl 3aBUCUMOCTH
yaeTbHOW HaMarHW4yeHHocTu B/h (h — ToNUMHA TUIEHKU
NepMajlios) U KO3PLUUTUBHOM cuiibl H - OT conepXaHUs Xe-
Je3a B mieHke nepmaiiosi Fe. Tlpu ckopoctn 200 HM/MUH
U comepxkaHuu xeje3a 12 % KpuBble HAMATHMYMBAaHUS Ha
puc. 2, b UMEIOT XapaKTep, COOTBETCTBYIONIUI ABYM hazam
Ni u NisFe. ITpu ckopoctu 320 HM/MUH 1 COAEPXAHUN XKe-
ne3a 19 % KpvBble HAMarHMYMBaHUSI Ha PUC. 2, ¢ UMEIOT Xa-
pakrTep, cooTBeTCTBYIOmMIA oxHoM hase NizFe(Ni) ¢ pac-
TBOPeHHbIM HuUKeneM. PparMeHT a30Boil aUarpaMMbl

| 400 , 28 !
: o ¥, nm/min P‘v?.,"x’oﬂ/‘> :
| ‘9‘( - 25 |
I — [
: 300 ; 55 :
| 250 |
| : - 19 |
: 200 : :
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| 150 i |
I 1 i [
I 100 A + 13 [
| f 1 |
! 50 i - 10 |
| o) J, mA/cm2 |
| 0 : . A |
| 10 15 20 25 30 |

Puc. 1. 3aBucumoctb cKopocTH V 3JIeKTPOXMMHYECKOTO OCAKAEHUS
U conepxanus xene3a Fe mieHok mepManios oT IJIOTHOCTH TOKa J
B xa0puaHoM asnekrpointe ¢ Cy;/ Cp. = 4,26 npu remnepartype 70 °C,
pH=19

Fig. 1. Dependence of speed V of the electrochemical sedimentation and
content of iron Fe of the permalloy films on the density of current J in
the chloride electrolyte with Cy;/Cp, = 4.26 at 70 °C, pH = 1,9
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Puc. 2. 3aBucuMoOCTH yaeJibHOH HAMATHMYEHHOCTH IJIEHOK B/h M KOIPUMTUBHOM CHUJIbI HC IUDIEHKN C COCTaBOM, omuskuM K 19 %

OT cozepxkaHus xkeJe3a Fe B miienke nepmaiios (a); 3aBUCMMOCTb HAMATHHYEHHOCTH OT HA- KeJjie3a, MMCIOT MaJyl0 KO3PLUTHBHYIO
NPSZKEHHOCTH MarHUTHOTO TOJIsi LISl 00pa3ioB ¢ coaepxannem xeiesa 12 % (b), 19 % (c) cuny — menee 0,2 B (puc. 5).
Fig. 2. Dependences of the specific magnetization of films B/h and coercion force H on the

content of iron Fe in a permalloy film (a); dependence of magnetization on
on the content of iron of 12 % (b), 19 % (c)

CIUIaBa HUKEJIb-XKeJIe30 COoracHo [3] mpuBeneH Ha puc. 3.
Ha ¢asoBoit quarpamme BuaHO, uto coctaB 11 % Fe nexur
Ha rpanuue pactsopumoctu Ni B NizFe n Hukenb moxer
BBIIEJISITCST B OTAEIbHYIO (hasy.

XapakTepHass OCOOEHHOCTh KPUBOII HaMarHUYMBAHMS
IUICHOK TIepMajlyIos — M3JIOM BO3HUKAET IMPU COAEPXKaHUU
xeje3a MeHee 18 %. HenuHeiltHOCTh peoOpa3oBaHUs I103-
BOJISIET MPU HEOOXOAMMOCTU MCIIOJIB30BaTh €€ [IJIsI KOPPeK-
LIMM TIpeoOpa3oBaHUs HETMHEMHOCTH JaTYMKa Y TTOJTyYeHUs
JIMHEMHOCTU TIpeoOpa3oBaHUS MUKPOCUCTEMbBI NATYUK —
¢dopmupoBaTeib MATHUTHOTO TTOJIS.
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Puc. 3. ®parment (dazosoii auarpammsl cniasa Ni—Fe
Fig. 3. A fragment of the phase diagram of Ni— Fe alloy
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the magnetic field  Bppgume maramTHoro moss 3emiin
HA 3JIEKTPOOCAKICHHE

B mnpoiiecce HaHeceHUsT MArHUTHBIX TTOKPBITUI ClIeayeT
YUUTHIBATh BJIWSIHUE MAaTHUTHOTO TOJs 3eMJIM U OpUEHTa-
LIMIO TaJIbBAHWYECKOW BaHHBI 110 OTHOLIEHUIO K 3TOMY TO-
0. [TpoBeeHO 3MEKTPOXMMUYECKOE OCaXKACHUE TepMa-
JIOSI TIpU BbIOOpE OpUEHTALIMU TUIACTUH B BAHHE MepreHIU-
KyJISIpDHO W TlapajjieibHO MarHUTHoMy noo 3emiau. [lpu
OpMEHTAlMM TIJIOCKOCTH KaTola B BUIE META/UIM3UPOBAH-
HOM KPEeMHMEBOM MJIACTUHBI MEPIEHANKYJISIPHO MarHUTHO-
My TOJTI0 3eMJIU BABOE CHUXKAETCSI aHU30TPOITUSI MATHUTHBIX
CBOWCTB IUIEHOK TMEpMasios B TJIOCKOCTU TUIACTUHBI, CY-
IIECTBEHHO 00Jiee OJHOPOMHOI CTAHOBUTCSI MOPGOIOTHUs
MOBEPXHOCTH, MMOBEPXHOCTh TUIEHKM POBHAS M OIHOPOAHAs
¢ pa3MepoM asemeHTa Mopdosoruu 5 Mmxm. [lpu 45°-it opu-
€HTallMd MarHWTHOM MHIYKLMY M TIJIACTUHBI HAOII0MaeTCst
syercTast MopdoJIorus ¢ pa3MepoM 3JIeMeHTa MOP(MOJIIOruu
150 MKM.

Ipotiecc ocaxxaeHUst TIJIEHKU MPOUCXOIUT HE TTOCTONHO,
HE 3a cyeT cToa0YaToi KpUCTaUIM3aluu, a 3a c4eT oopaszo-
BaHUsI HAHOPA3MEPHOM 3€PHUCTON CTPYKTYpbl C IJIAAKOU
MMOBEPXHOCTHIO PAaBHOMEPHBIX I10 TOJILMHE ITIeHOK. ObOpa-
30BaHUE 3¢PeH MPOUCXOIUT B XKUAKOM (a3e, Kak B Mepechl-
1IIEHHOM PacTBOpE, U TIOTOM 3epHa OCeal0T Ha MOBEPXHOCTHU
IJIEHKU C YYETOM MAarHUTHBIX MOMEHTOB 3€pEH U HallpaBJie-
HMSI MATHUTHOM MHIYKIIMM MAarHUTHOTO MOJisI 3eMJIN.

Bimsanne MeIM HA MArHUTHbIE CBOHCTBA ILIEHOK

HNmeerca coobuieHue [4], yto HeOojblIas mobOaBKa B
SJIEKTPOIUT MeHee 1 MM/ coneil Menu ymeHbllIaeT KO3p-
LIUTUBHYIO cuiy IieHoK nepmaiost ¢ 0,5 no 0,03 B. Cuyu-
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Puc. 4. 3aBucuMocTh OT HANPSKEHHOCTH MATHUTHOTO MOJISI HAMAr-
HUYMBAHHA IUIEHOK NEPMAJLIos, MOJYYeHHBIX NPH 3JIEKTPOXHMHYEC-
KOM OCaxJIeHMH M3 XJopuaHoro 3jekrposuta ¢ pH = 1,7 (a) n
pH = 1,3 (b)

Fig. 4. Dependence on the intensity of the magnetic field of magnetization
of the permalloy films during electrochemical sedimentation from the
chloride electrolyte from pH = 1,7 (a) and pH = 1,3 (b)
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Puc. 5. 3aBucuMocTh OT HANPSDKEHHOCTH MATHUTHOTO MOJISI HAMAar-
HAYMBAHHSA IJIEHOK NMEpMaJLIos ¢ conepxkannem xeae3a 18,7 %, no-
JIyYEHHBIX HTPH JJIEKTPOXAMHYECKOM OCAKICHMH H3 XJIOPHIHOTO
ajiekTpoanta ¢ pH = 1,9

Fig. 5. Dependence on the intensity of the magnetic field of magnetization
of the permalloy films with the content of iron of 18,7 % during the
electrochemical sedimentation from the chloride electrolyte with pH = 1,9

Ta€TCsd, 4YTO MEIAb YBCIMYMBACT ITIOCTOAHCTBO Mar HUTHOM
IIPOHUIAEMOCTH B Y3KMX MHTCPBaJIaX HANIPAXKECHHOCTU Mar-
HUTHOTIO ITIOJIA, IMOBBLIIIACT TCpMOCTa6I/UII>HOCTI: 1 yaACJIbHOC
COIIPOTUBJICHUE.

B Len1X CHIKEHUSI KOSPLIMTUBHOM CHUITBI B TUIEHKAX Tep-
MaJutost ¢ GOJIBIIMM COIepKaHUEM KeJle3a MPOBeIeHBI 9KC-
MEPUMEHTHI C I00aBJIECHMEM XJIOPUAA MEAU B XJIOPUIHBIN
SJIEKTPOJIUT TIPH BJIEKTPOXUMHUYECKOM OCAKIEHUU. DKCITe-
PUMMEHTBI TMOKAa3aJlk, YTO OCAXIEHWE U3 DIEKTPOJUTA, CO-
aepxautero CuCl, - 2H,O ¢ gozamum 0,73; 1,9; 3,8 MM/,
BIUSAET Ha COCTaB IUIEHOK — MeIb BBITECHSIET XKEJIEe30 U3
npouecca ocaxaenus. CoaepxaHre MeId aHOMAaJbHO BO3-
pacTaeT, a colepXaHue XKejle3a yMEHbBIIAeTCsT, COOTBETCTBEH-
Ho, Fe — 52 % (Cu <1 %); Fe — 35 % (Cu=5 %); Fe —
6 % (Cu=21%).

KospuntusHas cuia ¢ 3,6 D B IJIeHKE C BBICOKHM CO-
Niep>XaHueM xeje3a yMmeHbluaetcsa oo 1,9 O npu nobaske
1,9 MM/n CuCl, - 2H,O B aekTpoaut. DPGHEKT CHUXKEHUS
KOPUUTUBHON CHWJIBI IIPY Majioii 100aBKe MEIU B 3JIEKTPO-
JIAT JUTS OCAKACHUS TIEPMaJLIOs TTOATBEPXKAAETCS, HO COIPO-
BOXIIAETCs1 pOCTOM Je(HEeKTOB Ha OCaXK1aeMO IJIEHKE B BUIE
JNEHAPUTOB Ha yrjax objacTeil ocaxkaAeHUs TUIEHOK MepMa-
JIosT Ha TpaHuile ¢ poropesuctoM (puc. 6). CocTtaB IeHIPH-
TOB MaJIO OTJIMYAeTCs OT COCTaBa TJICHKMU.

[NonyyeHue Maoi KOSpUUTUBHOM CUJIBI B IUIEHKAX Mep-
Majuios 6osee a3(pheKTUBHO NMpu aMopdu3aluy CTPYKTYPHI,
YeM Mpu 100aBKe MEIM.

Kaxk mokazaHo Ha puc. 7, KoHueHTparop 13 10 MKM IIeH-
KU 2JIEKTPOOCAXKAEHHOTO MEPMAILIOS, MOJYYEHHOTO B ONTU-

Puc. 6. JIenapuTnbl Ha Kpasx 00JacTeil 0caxIeHns nepMaLios Ha rpa-
Huue ¢ dorope3ucToM mnpu aodasieHun B dektpout 1,9 mM/a
CuCl, *2H,0

Fig. 6. Dendrites at the edges of the areas of sedimentation of the
permalloy on the border with the photoresist during addition in the
electrolyte of 1,9 mM/I of CuCl,+2H,0
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Puc. 7. 3aBucHMOCTb CHTHAJIA IPEOOPA30BATEISI MATHUTHOTO MOJIS HA
octHose AMP 3dpekra: / — 6e3 KoHLIEHTpaTOpa; 2 — C IJICHOUYHBIM
KOHIIEHTPaTOpOM

Fig. 7. Dependence of a signal of the converter of a magnetic field based
on AMP effect: 1 — without the concentrator; 2 — with the film
concentrator
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MaJIbHOM peXuMe, B 5 pa3 YBEeJIMYMBAECT YYBCTBUTEIHHOCTD
npeodpa3oBaTesi MarHUTHOIO I10JIs1 Ha ocHoBe AMP ad-
dexkra.

3akmouenue

B pesynbrate mMpoBeneHHBIX UCCIIEIOBaHMIA:

e 0TpabOTaH TEXHOJOTMUYECKUIA TTPOLIECC JIOKATBLHOTO 2JIeK-
TPOXUMUIECKOTO OCAKICHUS W3 XJIOPWUIHOTO 3JIEKTPO-
JIMTa ¥ ITONyYeHHl IIeHKu nepmasios NigiFeg ¢ mar-
HUTHBIMU CBOMCTBAMU, aHAJIOTMUYHBIMU CBOMCTBAM 00b-
€MHBIX 00pa3lioB, PABHOMEPHBIX O TOJIIIUHE U C MaJTbl-
MM HaIpspKeHUSIMU 6e3 BBICOKOTEMIIepaTypHOTO OTXKHTA;

e ONTHUMAaJIbHbIE MATHUTHBIE CBOMCTBA TJIEHOK TepMaJlIos
¢ cocraBoM Nig;Fe g monyyarorcs npu yyere BIMSAHUS
MarHUTHOIO MOJIsl 3eMJIM U DJIEKTPOOCAXXKIEHUU C oOpa-
30BaHUEM HAHOCTPYKTYD;

e B MarHUTOTOJYIPOBOAHUKOBBIX WHTETPAIBHBIX MUKPO-
cucreMax IuieHkH nepmamios Nig Fe g ucnonbsyrorcsa
JIIST TIOBBILIEHUS YyBCTBUTEJILHOCTH MAarHUTOYYBCTBU-
TEJIBLHOTO 3JIEMEHTA 3a CUET YCUJICHWSI MarHUTHOTO TI0JIS.
HccnenoBanue napaMeTpoB KOHIIEHTpaTOpa MarHUTHO-

TO TIOJSI TIPOBOAWMJIOCH C HCITOJNIb30BAaHUEM OOOPYIOBaHUS

LIEHTPa KOJUIEKTMBHOIO MOJIb30BaHUsI "MOYHKIMOHAIBHBII

KOHTPOJIb ¥ TMaTHOCTHKA MUKPO- ¥ HAHOCUCTEMHOM TEXHU-

k" Ha 6aze HIIK "Texnomormyeckmii meHTp". TommuHy

IJIEHOK KOHIIEHTPATOPOB U3MEPSIIM C MOMOILIbIO aHaIU3a-

Topa MukpocucteM MSA-500. UccnegoBaHne MarHUTHBIX

XapaKTEePUCTUK — KOIPIIUTUBHON CHJIBI U TIOTOKA MarHUT-

HOTO MOJIsl, ONpeAeasseMOro HaMarHMYE€HHOCTbIO KOHIIEHT-

paToOpoOB B COCTaBe TUIACTHH, MPOBOIUIOCH C MCITOIb30Ba-

HueM ycraHoBku MESA-200. MccnegoBaHue cocrapa Iuie-

HOYHBIX KOHLIEHTPATOPOB MAarHUTHOTO TOJIsSI TPOBEACHO C
TTOMOIIIbIO SHEPTOANCIIEPCUOHHOTO PEHTTEHOBCKOTO MMUK-
poaHanu3zatopa PhilipsXL 40.

PesynbraThl nccnenqoBaHus JOJIOKEHHI HA 5-1 MexmyHa-
pPOIHOI HayYHO-TeXHUYecKol KoHdepeHlu "TexHomornu
MMKPO- ¥ HAHOBJIEKTPOHUKH B MUKPO-HAHOCUCTEMHOM TeX-
Huke" [5].
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Variation of the Magnetic Properties of the Permalloy Films

The technology of the local electrochemical deposition from the chloride electrolyte was developed and permalloy films of
NigiFe 9 were obtained with the magnetic properties similar to the 3-D models, even in thickness, with small tensions and without
a high-temperature annealing. The optimal magnetic properties of the permalloy films with composition of Nig;Fe ;9 are obtained
due to electrodeposition and formation of the nanostructures with account of the impact of the Earth’s magnetic field. In the magnetic
semiconductor integrated circuits the permalloy films are used to strengthen the magnetic field and increase the sensitivity of the mag-

netic sensitive element.

Keywords: electrolyte, permalloy, electrochemical deposition; magnetic properties

Introduction

The magnetic semiconductors [1] use in their composition
the passive elements for amplification of the magnetic field —
the concentrators enhancing the induction of the magnetic
field in the local area of the magnetic-sensitive element, in or-
der to raise sensitivity to this field and expand the areas of
their application.

For creation of the tiny concentrators of the magnetic
field the soft magnetic materials are used with the minimal
coercitivity. A wide-spread material for the concentrators is
the permalloy [2] formed by the electrochemical sedimenta-
tion in the areas limited by a photoresistive mask.
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Dependence of the composition and magnetic properties
of the permalloy films on sedimentation

The magnetic properties of the permalloy films were in-
vestigated in an electrochemical installation in different sed-
imentation conditions. An electrolyte was mixed up in a bath
by a magnetic mixer, the temperature was maintained auto-
matically. The anode from a nickel foil and the cathode with
a nickel ring electrode contacting with the nickel-metallized
platform of a silicon plate, were installed vertically.

The speed of sedimentation and composition of the per-
malloy films depend on the current density in the areas of the
cathode limited by a photoresistive mask. In the solution of




the chloride electrolyte the relation of the atoms of nickel and
iron equals to 4,26 (it is determined by the relation of the mo-
lar weights of the specified elements in the salts), which cor-
responds to the relation of the elements in Nig; Fe g alloy. It
was experimentally established, that in the chosen correla-
tion of the content of the salts of nickel and iron (Cy;/ Cg.)
an increase of their concentration does not change much the
level of pH. The pH level is adjusted by adding of the hy-
drochloric acid to the electrolyte. The sedimentation from
the chloride electrolyte with the hydrochloric acid demon-
strated that at pH = 1,7 £ 0,2 the electrolyte did not contain
slime, the film was not soiled with the deposits of iron and
sulphur, and the electrolyte was stable and it ensured a high
growth rate of the films.

Change of the speed of sedimentation at a high tempera-
ture of the electrolyte reduces the dependence of the compo-
sition on the current density (fig. 1), which allows to control
the composition in a narrow enough range of the change of
a current for reception of the films close in composition to the
permalloy of Ng;Fe g, i.e. for a congruous sedimentation at
the current density on the cathode of 26 mA/cm2 and the
speed of sedimentation of 320 nm per minute.

With a change of the composition of a film the magnetic
properties also change. The dependencies of the specific mag-
netization B/h (h — is the thickness of a permalloy film) and
coercive force H-on the content of iron in the permalloy film
Fe (fig. 2, a). At the speed of 200 nm/min. and the content
of iron of 12 % the magnetization curves (fig. 2, b) have the
character corresponding to the two phases of Ni and NisFe.
At the speed of 320 nm/min and the content of iron of 19 %
the magnetization curves (fig. 2, ¢) have the character corre-
sponding to one phase of Nis;Fe (Ni) with a dissolved nickel.
A fragment of the phase diagram of a nickel-iron alloy ac-
cording to [3] is presented in fig. 3. It is visible that the com-
position of 11 % Fe lays on the border of solubility of Ni in
NisFe, and nickel can be singled out into a separate phase.

A characteristic feature of the curve of magnetization of
the permalloy films is a break at the content of iron less than
18 %. The nonlinearity of the transformation allows us to use
it for correction of the transformation of nonlinearity of the
sensor and reception of linearity of the transformation of a
microsystem sensor — magnetic field generator.

The composition and magnetic properties of the permal-
loy films depend on pH of the electrolyte. Reduction of pH
below 1,5 leads to formation of two phases of nickel and iron
in a deposit, the magnetization curves have a big coercive
force and a small magnetization induction. The magnetic
properties of the films with thickness of 13 pm (fig. 4) have
the curve dependences of the magnetization induction for the
permalloy films, deposited on a silicon plate in the form of the
local areas and obtained in identical conditions, but in the
electrolytes with pH equal to 1,7 (fig. 4, @) and 1,3 (fig. 4, b).
Different kinds of the curves in fig. 4 (curve a corresponds to
the content of iron in a film of 19 %, b — 11 %) testify to a
change of the correlation of the content of nickel and iron, to
dependence of the magnetic properties of the permalloy films
on the chemical nature of electrodeposition of the films.

It was experimentally established, that during a magnet-
ization measurement in small fields with induction less than
5 oersted the films with a composition close to 19 % of iron,
have small coercitive force — less than 0,2 Oe (fig. 5).

Influence of the magnetic field of the Earth
on the electrodeposition

During deposition of the magnetic coatings it is necessary
to take into account the influence of the magnetic field of the
Earth and orientation of a galvanic bath in relation to it. Dep-
osition of the permalloy was done during selection of the per-
pendicular orientation of the plates in a bath and parallel to
the magnetic field of the Earth. During orientation of a cath-
ode plane in the form of a metallized silicon plate perpendic-
ularly to the magnetic field of the Earth, the anisotropy of the
magnetic properties of the permalloy films in a plane of the
plate decreases two times, the surface morphology becomes
more homogeneous, the film surface becomes even and ho-
mogeneous with the size of the element of the morphology of
5 um. At a 45-degree orientation of the magnetic induction
and of the plate, the cellular morphology with the size of an
element of the morphology of 150 um is observed.

The deposition of the films occurs not as a layer by layer
process, not due to the columnar crystallization, but due to
formation of a nano-sized granular structure with a smooth
surface of the films, even by thickness. Formation of the
grains occurs in the liquid phase as in a supersaturated solu-
tion, and the grains are deposited on the film surface with ac-
count of the magnetic moments of the grains and direction of
the magnetic induction of the magnetic field of the Earth.

Influence of copper on the magnetic properties of the films

As is known [4], a small additive in electrolyte of less than
1 mM/1 of salts of copper reduces the coercive force of the
permalloy films from 0,5 down to 0,03 Oe. It is believed that
copper increases the constancy of the magnetic permeability
in the narrow intervals of intensity of the magnetic field, raises
the thermostability and the specific resistance.

In order to decrease the coercive force in the permalloy
films with a big content of iron, experiments were done of
adding the copper chloride to the chloride electrolyte during
the sedimentation. The experiments demonstrated that the
sedimentation from the electrolyte containing CuCl, - 2H,0
with the doses of 0,73; 1,9; 3,8 mM/I influences the compo-
sition of the films — the copper supersedes iron from the sed-
imentation process. The copper content increases abnormal-
ly, while that of iron decreases, Fe — 52 % (Cu < 1 %); Fe —
35% (Cu =5 %); Fe — 6 % (Cu=21 %).

The coercive force with 3,6 Oe in a film with a high content
of iron decreases down to 1,9 Oe, if 1,9 mm/I of CuCl, - 2H,0
is added to the electrolyte. The reduction of the coercive force
due to a small additive of copper in the electrolyte for sed-
imentation of the permalloy proves to be true, but it is ac-
companied by a growth of defects on a film in the form of
dendrites at the corners of the areas of sedimentation of the
permalloy films on the border with the photoresist (fig. 6).
The composition of the dendrites does not differ much from
the film composition.

Obtaining of a small coercive force in the permalloy films
is more effective in case of amorphization of the structure,
than in case of a copper additive.

A concentrator from 10 pm of a film of the electrodepos-
ited permalloy received in the optimal mode increases 5 times
the sensitivity of the converter of a magnetic field on the basis
of AMP effect (fig. 7).
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Conclusion

As a result of the research works:

e the process of the local electrochemical sedimentation
from the chloride electrolyte was developed and permalloy
films of NigFe9 were obtained with the magnetic prop-
erties similar to the properties of the volume samples, even
by thickness and with small tensions without a high-tem-
perature annealing;

e the optimal magnetic properties of the permalloy films
with composition of Nig; Fe;g were obtained with account
of the influence of the magnetic field of the Earth and
electrodeposition with formation of the nanostructures;

e in the magnetic semiconductor integrated microsystems
the permalloy films of Nig;Fe 9 were used for increase of
the sensitivity of the magnetic-sensitive element due to the
magnetic field strengthening.

The thickness of the concentrator films was measured by
means of MSA-500 microsystem analyzer. The research of
the magnetic characteristics — coercive force and the mag-
netic field flow defined by magnetization of the concentrators
in the composition of the plates, was done with the use of
MESA-200 installation. The research of the composition of
the film concentrators of the magnetic field was done with the
help of PhilipsXL 40 energy-dispersive x-ray microanalyzer.
The research of the parameters of the magnetic field concen-
trator was done with the use of the equipment of the collective

use centre of The Functional Control and Diagnostics of the
Micro- and Nano-system Technologies on the basis of The
Technological Center.

The results of the research are reported in [5].
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IAEKTPO®U3UNYECKUE CBOMCTBA TOHKMX MAEHOK
MATEPUAAOB ®A30BOM MAMATU HA OCHOBE
XAAbKOTEHUAHbBIX MOAYINMPOBOAHUKOB CUCTEMbl Ge—Sb—Te

Ilocmynuna 6 pedaxyuio 09.06.2016

Hcenedosarvr memnepamyphbie 3a6UCUMOCIY Y0eAbHO20 CONPOMUBNCHUS U 60AbM-AMNEPHbIX XAPAKMEPUCIIUK MOHKUX NACHOK
Mmamepuanoe hazoeoii namamu na ocrose GeySh,Tes u Ge,Sh,Tes, neeuposannoeo Bi, Ti u In. Yemanoeneno naauuue mpex oua-
NA30H06 C PAAUMHOL 3ABUCUMOCHIbIO MEJICOY MOKOM U HANPAXCEHUEM, 00YCAOBACHHbIX PASAUMHbIMU MEXAHUSMAMU NEPEHOCA HOCU-
meneil. Hccredosanvi mexanusmvl u kunemuxa kpucmanausayuu Ge,Sb,Tes u enrusanue na nux neeuposanus Bi, Ti u In. Haubonee
nepcneKmueHbIM MAMepUanom cpeou Ucc1e008anHbIX 015 NpUMeHeHUs 8 ycmpoticmeax namamu seisemca Ge,ShyTes + 0,5 mace. % Bi.

Karouegvte caosa: gasosan namams, Ge,SbyTes, xanrvkoeeHuoHble noAYNPOEOOHUKY, dAeKmpoduauHeckue ceolicmea, mep-
Mu4ecKue colicmea, KUHemuKa Kpucmaniusayuu, 1eeuposanue
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Beenenne

B HacTosiiee BpeMsi ppIHOK 3HEProHe3aBUCUMbIX 3aro-
MMHAIONIUX YCTPOWCTB TMHAMWYHO pa3BuBaeTcs. [1pu aTom
HauOOJbIIYIO €r0 AOJI0 3aHMMAaeT (UIBII-TIaMsTh, KOTOpast
HaXOAWT ITMPOKOE MPUMEHEHNE B OTHOCUTELHO HETOPOTHX
YCTPOMCTBAX MacCcoOBOrO MoTpedsieHus: U pOBbIX (GoTO- U
BUZIEOKaMepax, MOOUJIbHBIX TesedoHax, Tuieepax u T. 1.

OnHaKo HeCMOTpPSI Ha BBICOKME O00BbeMbl MPOM3BOACTBA,
(y1I-TTAaMATE 06J1amaeT psiIoM HemocTaTKoB. OTHOCHUTENb-
HO HEOOJIbIIIOE YUCIIO IIMKJIOB 3aMUCU U CTUPaHUs (OT 104
bi (o) 105) MOpUBEIO0 K TOMY, YTO MOTPEOUTEIN, MHTEHCUBHO
WCTIOJIB3YIOIIMe AAHHBIM TUI 3allOMUHAIOLINX YCTPOMCTB,
CTOJIKHYJIUCh € MpobaeMoil nmotepu mHbopmanu. Huskast
CKOpPOCTh 00pabOTKM JAHHBIX CYIIECTBEHHO OrpaHUYMBAET
BO3MOXXHOCTHU €€ WCIIOJIb30BaHUsSI, HallpMMEpP, B KauyecTBe
OMNEpaTUBHOM MaMsATH, a HEBBICOKAS paaMallMOHHAs CTOM-
KOCTb — B KOCMMYECKOW M BOeHHOM orpaciisax. HakoHerr,
(byo1I-TeXHOOTUST TPAKTUYECKU ToAo1IIa K (prusnyeckomy
TIpenieNTy YMEHBIIEHUST pa3Mepa sTdeeK MaMsITH, YTO TIPeTsITCT-
BYET JaJbHEeMIIeMy YBEJIMUEHUIO TUIOTHOCTH 3alMChIBaeMOit
nHdopmauuu.

B cBs3u ¢ 3TUM B nocienHee BpeMs MOBBIIIEHHBIA WH-
Tepec BBI3BIBAIOT PAaOOTHI MO CO3MAHUIO YCTPOMCTB SHEPTO-
HE3aBUCHUMOI1 MTaMsITH HOBOTO IMOKOJIEHUSI — CErHETOICKT-
puueckoii (Ferroelectric Random Access Memory unu FRAM),
MarHuTope3uctuBHoi (Magnetoresistive Random Access Me-
mory wini MRAM), pe3uctuBHoit (Resistive Random Access
Memory uniu RRAM), dazosoii (Phase-change memory nin
PCM). OnHuM u3 HauboJjiee MepCreKTUBHBIX BUIOB 3HEP-
TOHE3aBUCHUMBIX 3alIOMMHAIONIMX YCTPOICTB B HAcCTOsIlee
BpeMsi cuuTaeTcsl ¢pazoBast mamsTh [1, 2], KoTopas 1o psay
rokasateJyieil MO0 yxe MPEeBOCXOMUT, JMOO B MEPCIEKTURE
MOXeET MPEB30MTH CYIIECTBYIOIIME U pa3padbaTbiBaeMble BH-
nbl maMsiTu. bojiee Toro, oHa npeTeHmyeT Ha TO, YTOOBI CTaTh
YHMBEpCAJIbHOM MaMsITbhIO, coUYeTalolleli B ce0e JOCTOMHCTBA
SHEepProHe3aBUCUMOM MaMATU U OBICTPOICMCTBYIOIIEH TUHA-
MUWYECKOU MaMsITH, 00JamarolIeil K TOMY XK€ MOBBIIIEHHONH
panvalMOHHON CTOMKOCTHIO.

IIpuHuun geiicTBUs (a3oBoOM MaMITH OCHOBAH Ha 00-
patuMoM (ha30BOM MEPEXosie Marepuaia u3 aMmop@Horo co-
CTOSIHUSI B KPUCTAJUIMYECKOE U OOpaTHO MON AeicTBUEM
BHEIIIHUX HU3KO3HEPreTUYECKUX BO3ACUCTBUI (J1Ta3epHOTO
MU3IYYeHUs] WU 3JIeKTpuyeckoro Toka). [lepexom compo-
BOXIAeTCsl pe3KUM U3MEHEHUEM ONTUUYECKUX U/WJIU DJIEKT-
PUYECKUX XapaKTePHCTUK, YTO JAeT BO3MOXKHOCTh pasie-
Ttk Jorudyeckue "0" u "1". B anekTpuueckoii (azoBoii ma-
MSTH KPUCTATMYECKOE COCTOSIHME C HU3KUM COTIPOTHBIIC-
HueM (~kKOM) COOTBETCTBYeT jiorndyeckoit "1", a amopdHoe
COCTOSIHME C BBICOKMM comnpotuBieHueMm (~MOwm) — noru-
yeckoMy "0".

3a mocieqHue HECKOJBKO JIET B TEXHOJOTUM (ha30BOit
MmaMsITU JOCTUTHYT 3aMeTHBIN Tporpecc. MccienoBanust B
obnactu PCM akTUBHO BenyT psa KOMIIAHWI, B YAaCTHOCTU
koHuepHbl Intel, IBM, Samsung, Philips, ElpidaMemory,
STMicroelectronics, Ovonyx. Kommanust Samsung o0bsiBU-
J1a o mpousBoacTBe MukpocxeM PCM emkocthio 512 Mout
111 MOOUJIBHBIX TeiepoHoB. [1o olieHKaM, mepexol OT MC-
noyib3oBaHus ¢uaii-mamMatd Tuna NOR na PCM no3Boaut
Ha 30 % cHU3WUTH YpOBEHb dHepromnoTpedneHns u Ha 40 % —
3aHMMaeMoe MpocTpaHcTBO [3]. B cBsa3u ¢ TeM uto B Poccun
PCM TtexHon0rMsI OTCTaeT, aKTyaJbHEIM SIBJISIETCSI YCKOpe-

HUE UCCIeIOBaHUI U pa3pabOTOK, HAITPaBIEHHBIX HA CO3Aa-
HME OTeYeCTBEHHOM TeXHOJOrMU (a30BOI MaMSITH.

OmHaKo HECMOTPSI Ha aKTUBHBIE MCCIIEAOBAHUS U OYe-
BUIHBIE YCIIEXU, JOCTUTHYThIE B MOCIEIHUE TOAbI, JIEKTPH -
yeckas (pazoBasg maMsATb OO CUX IOP HE MPOU3BOOUTCS B
MPOMBILIIEHHBIX MaciuTabax. OObSICHSIETCSI 9TO HEOTpado-
TAHHOCTBIO TEXHOJIOTUM M HaJIUYMEeM CHeln(pUuIecKux Tpe-
0OBaHUIt K MaTepuasiaM U TeXHoJoruu Ha3oBoii mamsiTu, 3a-
YacTylo MPOTUBOPEYAIMX APYT Apyry. B pesynbrate auiib
OTpaHWYCHHBIN KPyr MaTepUaioB MPUTOACH JUISI YCTPOICTB
(azoBoit mamsaTU. B Hacrosiuee Bpemsi Hawiydllive mnapa-
METpPbl YCTPOMCTB (pa30BOIl MaMSITH ITOJYyYEeHHI Ha OCHOBE
Ge,Sb,Tes (GST225) [4—6]. OnHako cpoiictBa GST225 He
SIBJISIIOTCSI ONITUMAJIbHBIMU KaK MO0 CKOPOCTU U TeMIlepaType
KPUCTAJUIM3alMK, TaK U 10 3JIeKTPOMU3NIECKUM XapaKTe-
pUCTUKAM.

OpnHa 13 mpobJieM TexXHOoJIoruu (ha30Boil MaMsITU CBA3aHa
C HEOOXOJMMOCTBIO TTOBBIIIEHUSI CKOPOCTH 00pabOTKM JaH-
HBIX JI0 YPOBHSI, CPAaBHMMOTO C OTIEPATMBHON IMaMSIThHIO.
Bpems 3anucu B ycTpoiicTBax a3oBoi MaMsiTU B HACTOSIIIEE
Bpems onieHuBaeTcsa B 100 HC [7], B To BpeMsl Kak B oIlepa-
TUBHOI namsiTu (Random Access Memory unu RAM) oHo co-
crapyser ~10...50 He [1].

st nanbHelero cCopeplieHCTBOBAHUS TEXHOIOTUU (ha-
30BOI MaMSITU HEOOXOAUMO MMETh BO3MOXKHOCTh IleJIeHar-
paBJIeHHO M3MEHSATh CBOMCTBA Marepuana. B To ke BpeMst
KCIIOJIb30BaHKE [UIS1 3TOr0 TPALAMLIMOHHOIO METO/A JIETMPO-
BaHMSI 3aTPYAHEHO M3-32 HEUYBCTBUTEIbHOCTH OOJIBIIIMHCT-
Ba XaJIbKOT€HUAHBIX CTEKJI0OOpa3HbIX MOJYNPOBOJHUKOB
(XCIT), B ToM uncine GST225, K BBeIEHUIO TIPUMECEHA.

st u3aMeHeHus 371eKTpodU3NUECKUX CBOICTB U CKO-
POCTU KPUCTAUIM3AallMM HaMM TIPEIJIOKEHO JIETMPOBaTh
GST225 npumecsimu Bi, Ti u In. Jlerupytoine npumecu Obl-
JIX BBIOPAaHbBI UCXOIA U3 CIELYIOLIMX MpenrnonoxeHuit. Jle-
rupoBanne GST225 snemeHTaMu, M30MOPGHBIMH WJIM M30-
BaJleHTHbIMU K Ge, Sb wiu Te, 10/KHO UATH IO MEXaHU3MY
3aMmelieHus. VIcrnonab3oBaHWe JETUPYIOLIUX SJEMEHTOB C
ATOMHBIMM paginlycamMu, OJIM3KUMU K pamuycam atoMoB Ge,
Sb wiu Te, MOJKHO BHOCUTh HaMMEHbIIKME aedopMalliu B
MaTpuIly Matepuaja. B To Xe BpeMsl pasiuuue paaumycoB
aTOMOB MOXET MPUBECTU K MOAU(PUKAIUYA MATPULBI MaTe-
puana. 3MeHeHue 2Hepruu cBsi3eil ¢ COCEAHUMM aTOMaMU
B pe3yJsibTate 3ameliieHus atomoB Ge, Sb unu Te nerupyto-
LIEH IPUMECHIO TOJKHO PUBOAUTD K U3MEHEHUIO CKOPOCTU
U TeMmIeparypsl (a3oBoro mepexona. M3BecTHO, YTO HalIM-
yre Oosee caabbIX CBs3eil B MaTepuasax MPUBOIUT K yBe-
JIMYEHUIO CcKopocTh Kpuctauimsauuu [8—10]. BBenenue
aToMa C 3JIEKTPOOTPHUIIATEIbHOCTHIO, OTJIMYAIOIICHCS OT
aJieKTpooTpuliaTeibHOCTH aToMoB Ge, Sb unu Te, n0KHO
CITOCOOCTBOBATD TEpepacIpeeeHUIO TMJIOTHOCTHU 3apsiZioB B
Marpuie GST225 1 u3aMeHeHUI0 MeXaHU3MOB MepeHoca HO-
cureneit 3apsaa. Cienyer ckazaTh, UTO B KPUCTAJUIMYECKOM
pemetke GST225 umeercs no ~20 % BakaHCUil B OAPEILIET-
ke Ge u Sb. B ¢BsI31 C 9TUM JIETUPYIOIIUI 3JIEMEHT MOXET
3aHuMaTh B perretke GST225 moaoxeHusI Kak aTOMOB, TaK
U1 BaKaHCUIi, pa3IMuyHbIM 00Opa30M BIMsSl HA CBOWCTBA Ma-
Tepuaa.

Bi u Ti gBasiiorcss M30MOP(MHBIMU W W30BaJICHTHBIMU
anemeHTamu ¢ Sb u Ge, B To ke Bpems In u Sb Haxomsrcs
B omHOM Tiepuofe [Tepruoauueckoit CUCTeMbI M UMEIOT OJIM3-
K1e aTOMHbIE PaJUYChl, UYTO MO3BOJISIET MPEANOIOXKHUTE MTPO-
XOXIEHUe JIETUPOBaHUS TT0 MeXaHU3My 3amelieHus1. Kpome
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Toro, ToHkue TuieHKH Ti m TiN HMCIIONB3yIOTCS B KayecTBE
KOHTaKTHBIX CJIOEB K MPOrpaMMUPYEMbIM MaTepuaiam B
syeiikax (azoBoit mamsatu [11, 12], 9To MOXET IPUBECTH K
HemnpenHaMepeHHOMY JIETUPOBAHUIO U TpeOyeT MccieaoBa-
HUS BIWSIHUSI HA KWHETUKY KPUCTAJUITM3ALMU U DJIeKTPOGH-
3MYECKUEe CBOICTBA.

B c¢BsI3M ¢ BhIIeCKa3aHHBIM 11€JIbI0 JAaHHOU pabOTHI SIB-
JISII0Ch M3ydeHme BausgHUS JerupoBaHus Bi, Ti m In Ha
9JIeKTpoU3nUYecKre CBOMCTBA MU KUHETUKY KpHUCTALIU3a-
MU TOHKUX IUIeHOK Ge,Sb,Tes.

DKCHepUMEHTAJIbHAS YaCTh

Cuntes marepuanos Ge,SbyTes 6e3 nernpyrommx npu-
Meceit 1 ¢ comepxxanueM 0,5 macc. % Bi, Ti u In mpoBonmics
U3 MaTepuajoB TIOJYIPOBOTHUKOBON CTEMEHW YUCTOTHI
[13]. BeiOOp KOHILIEHTpALUU pUMECEe OOYCIOBJIEH TEM, UTO
paHee HaMu ObLIO IOKa3aHo, uTo BBeAeHUe B Ge,Sb,Tes ma-
neix KoHueHTpauuii Bi, Ti u In (0,5...1 Mmacc. %) conpoBox-
JaeTcsl aHOMaJIbHbIM U3MEHEHUEM MHOTUX CBOMCTB [14—17].

OcaxneHne TOHKUX TIEHOK OCYIIECTBISZIOCh C TIOMO-
1IbI0 BaKYyMHO-TEPMUUYECKOTO MCTApEHUS CUHTE3UPOBAaH-
HOro Matepuaina. TemrmepaTypa MOMIOXKHA BO BPeMsl OCaX-
neHus He npesbitnana 50 °C.

Penrrenodaszobsbiii ananus (PPA) (Rigaku D/MAX,
CuK,, A = 0,15481 Hm) mokasan, 4YTO HEJIETMPOBAHHBIH
CMHTE3UPOBAHHBII MaTepual UMEET TPUTOHAIbHYIO MOIM-
dukanuro Ge,Sb,Tes. Beenenue Bi mprBoauT K MOSABICHUIO
TpUroHajbHoi Moaudukaunmu BiySbyTes, uro ykaspiBaeT Ha
3amelleHne Sb BucMyToM. OcaxxaeHHbIe CIIOU UMEIU aMOp-
dnyto cTpykTYypy. OTKUT TOHKUX TUIEHOK MPU TeMIIepaTypax
Boile 150 °C npuBOOMI K KPUCTA/UTU3ALIMU CJIOEB.

HccnenoBaHus ¢ TTOMOIIBIO METOIOB pe3ephopIoBCKO-
ro obparHoro paccesHus (E; = 1,0 MaB, E, = 2,7 M3B,
¢ = 135°) W pEHTreHOCHEeKTPaJbHOTO MUKpOaHaIn3a
(CAMEBAX, Cameca) nokasaju, YTO OTKJIOHEHUE COCTaBa
TOHKHUX TUIEHOK OT 3aJaHHOro He MpeBbIano =5 %.

H3zyyenue s1ekTpodpu3nueckux XapakTepUCTUK MPOBO-
IIWJIOCh Ha TJIaHApHBIX oOpasliax, KOTopbie MpPeaCTaBIsIN
€000l OKHMCIEHHYIO Si ITOMIOXKY CO C(hOpMUPOBAHHBIMU Ha
ee noBepxHocTU Al anekTpoaamu. [ToBepx MeXIIEKTPOIHbIX
MPOMEXYTKOB OCaXXIAINCh XaJIbKOTeHUAHbIE TOHKHUE TIEH-
KM, TIOKpbIBaeMble B ganbHeiem cinoem SiO,. Kontponn
TeOMETPUUYECKUX TMapaMeTpOB MPOBOIUJICS Ha PacTPOBOM
9JIeKTpoHHOM MuKpockone (POM) Carl Zeiss NVision 40 u
aToMHO-cujioBoM Mukpockone (ACM) NT-MDT SolverPro.
TonumHa MccaenyeMbIX TUIGHOK HaxomuJjach B IHAama3oHe
ot 60 10 80 HM.

DnexkTpodusnyeckue XapakTepUCTUKU TOHKUX TJIEHOK
HCCIEMOBAINCh Ha CIEHMATU3UPOBAHHOM CTEHIE, TIpe-
CTaBJISIIOIEM COOOM JBYXDJEKTPOAHYIO CXEMy Ha OCHOBE
Oyioka yrpaBieHus1 HampspkeHreM NI6008 u mukoammep-
merpa KEITHLEY 6486. 3MmepeHue TeMIiepaTypHBIX 3a-
BUCUMOCTEN YAEIbHOTO CONMPOTUBJIEHMS MPOBOAWIOCH MPU
Hanpsokenun 0,7 B(E=1- 103 B/cm) B nnama3oHe oT KOM-
HaTHO# TemnepaTypbl 10 200 °C mpu CKOpOCTH Harpepa
1 °C/muH. Bonbr-ammnepHbie xapakrepuctnku (BAX) wuc-
cnenoBanuch B auamnazoHe 0,1...10 B ¢ marom 0,1 B u or
koMHaTHO# Temrmepatypsl g0 70 °C ¢ marom 10 °C.

M3yyeHre MeXaHM3MOB M KWHETUKUA KPHUCTAJUIU3ALNKU
Ge,Sb,Tes 6e3 erupyrolux npumeceii ¢ cogepxanuem Bi,
Ti u In 0,5 macc. % mpoBogmiock Ha auddepeHITnaTEHOM
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ckanupywomeMm Kamopumerpe (JICK) Shimadzu DSC-50.
ITpu moaroroBke o6pa3lloB TOHKKE TJIEHKU COCKpebdanrch
¢ Si MomoXKy ¢ IOMOIIBI0 carupoBOro CKpebka M 3a-
npeccoBbiBaIMCh B Al Turiae. Macca HaBecKM COCTaBJsuIa
MOPSIIKA HECKOJIbKMX MUJUTMTPaMMOB. MI3MepeHus py TeM-
neparype oT KomHatHoit no 200 °C mpoxonwyin B MOTOKE
azora (20 MJI/MUH) C UCIIOJIb30BAaHUEM Pa3JIUYHBIX CKOPO-
creil Harpesa B nuamnaszoHe ot 5 1o 90 °C/muH.

PesynbTaTsl 1 nX 00CyKaeHHe

Ha puc. 1 (cM. TpeTbio CTOPOHY 00JIOXKHM) U B TaOi. |
MpencTaBieHbl Pe3yabTaThl MCCIEIOBAHUS TeMIepaTypPHbIX
3aBUCUMOCTEN yIeIbHOTO COMIPOTUBICHUS TOHKUX TIJIEHOK
GST225, neruposansbix Bi, In u Ti, rne 7, n Ty —
TEeMIepaTypbl Hayajda M OKOHYaHUs (a30oBOTo IMepexoja,
AT, =T, — Ty, pg Y p, — YAEIBHOE CONPOTUBIIEHUE IIPU
temrepatype 20 u 200 °C cooTBETCTBEHHO.

H3MepeHusT TeMITepaTypHBIX 3aBUCUMOCTEH YIEJIbHOTO
COIPOTUBJICHUSI TTIOKA3aJI1, YTO KPUCTALIU3ALIUS COMTPOBOXK-
JAeTCsl Pe3KMM YMEHbBIIEHUEM YIeJbHOTO COMPOTUBICHMS
(cM. puc. 1), uto KoppeaupyeT ¢ pesyabratamu POA u ACM
HWCcCleN0BaHUMI, NTaHHBIMUA ONTUYECKMX M3MEPEHMH, MOy~
YeHHBIMHU paHee MeToIoM aJuiicomerpun [18], a Takxke
pesynbrataMu uccienoaHusi TepmModIC. CooTHolueHue
MEXAy VYIOETbHBIMU COMPOTUBAEHUSIMU MaTepUaJoB B
aMOp(hHOM U KPUCTAJUIMYECKOM COCTOSTHUSIX TIPEBBIIIIAET 10*
(cM. Tabsa. 1), 4TO UMeeT BaxKHOE 3HAYCHUE JUISI HAIEXKHOM
pabotsl ycrpoiictB PCM.

IMonyyeHHble TeMmepaTypbl Hayaja KpUCTAUIM3ALUU
(T,) xopolIO KOPPEIMPYIOT C TEMIIEpAaTypaMu, OIpelesIeH-
HBIMU MeToAOM AuddepeHIINaTbHON CKaHUPYIOIEH Kaso-
PUMETPUM.

Hamepenus BAX njist TOHKHMX aMOp(@HBIX TIJICHOK MCCIe-
JlyeMbIX MaTepuajoB B auarasoHe temmepatyp ot 20 go 80 °C
MOKa3ajiu, YTO XapaKTepHUCTUKU ISl BCEX COCTAaBOB 00Jiama-
10T OiM3KMMU 3aBUcUMOCTAMU. Ha puc. 2 (cM. TpeTbio CTO-
poHY 00JI0KKM) mpeacTaBieHbl BAX mpu pa3HbIX TeMmepa-
Typax it TOHKUX TieHok GST225.

Ha BAX Tonkux miueHoK XCII MOXHO BBIIEIUTH TPU Xa-
pPaKTEepHBIX y4yacTKa, COOTBETCTBYIOIINX HU3KOM, CpeTHE 1
BBICOKOI HAIPSKEHHOCTU 3JIEKTPUUYECKOTO TOJIsI, YKa3bl-
BaOIIMX Ha Pa3jIMYHble MEXaHU3MBI TIepeHOCca HOCUTENIeH
3apsiaa.

Bbl10 ycTaHOBIEHO, YTO MPU HU3KOM HANPSKEHHOCTH
anekTpudeckoro nojs (£ < 10° B/cMm) oMmuueckue 3aBUCH-
MOCTHU HaOJIONAIOTCS [UTISl BCeX MCCIEAYEMbIX COSAVMHEHMIA.

Tabnuma 1
XapaxTepnc"rmm HCCJEJ0BAHHBIX TOHKHMX IJIEHOK
Table 1
Characteristics of the investigated thin films
Cocras T,— T, °C| AT,, °C o oo, ,
Composition ~ Q-cm | Q-cm Pa/Pe
p~ T

GST225 132...139 7 2,8-10% 1,0 | 2.8-10*

GST225+ 140...143 3 2,5-10°| 0,8 |3,1-10°
0,5 mass. % Bi

GST225+ 127...140 13 |51-10% 46 | 1,1-10°
0,5 mass. % Ti

GST225+ 136...153 17 | 1,1-10%| 1,9 |58-10%
0,5 mass. % In




HenuneitHast 3aBUCMMOCTb TOKa OT HaIPSDKEHUS TIPU Cpe/l-
Hell HampsoKeHHOCTU TTOJIST (103 < E < 10 B/cMm) moxer
OBITH OIMCAHa CTEIIEHHOM 3aBUCUMOCTBIO, XapaKTepPHOM IS
TOKOB, OIpaHUYEHHBIX ITPOCTPAHCTBEHHBIM 3apsiioM. B 00-
JIaCTU BBICOKUX Tojieit (£ > 10* B/cMm) Habmonanzack 3KCMHo-
HeHIMaIbHasT 3aBUCUMOCTh. Mexanuam Ilyina — ®Ppenkens,
MepeHoC HocuTeel 3apsiaa Mo NeJOKAIM30BAaHHBIM COCTO-
STHUASIM, a TaKKe TTePKOJISLIMOHHAS TTPOBOANMOCTD SIBIISTIOTCS
BO3MOXHBIMU TIpUYMHAMM JaHHOW HelumHeiHocTn BAX.
st yTouHEeHUsT MeXaHU3MOB MepeHoca HOCUTeNel 3apsiaa B
00J1aCTH BBICOKUX TTOJIE HEOOXOMMMO TIPOBECTH IOTIOTHU-
TeJbHBIE UCCIEeTOBAHMSI.

IMonyuennsie JCK KpuBbIe mJIsl MCCIETOBAHHBIX COCTA-
BOB Iipu ckopoctu HarpeBa 10 °C/MuH mpeacTaBicHbl Ha
puc. 3. XapaKTepuCTUKH MMKOB KPUCTALIM3AIUM YKa3aHbI
B Tab. 2.

IMuxku mpotecca KpucTanau3auu aMmopdHBIX TUIEHOK,
KOTOpbIE aHAJIM3UPOBAINCH B NAHHON paboTe, HaXoHsATCs
B mmamasoHax 140...150 °C mns GST225, 163...174,2 °C
mns GST225 + 0,5 mace. % Bi, 135,9...150,3 °C mnsa
GST225 + 0,5 macc. % Ti, 144,2...157,1 °C nnsa GST225 +
+ 0,5 macc. % In.

Jns1 u3ydeHuss MeXaHU3MOB U KUHETUKMU KPUCTAJUIM3a-
uuu Ge,Sb,Tes u Biusnus na Hux neruposanus Bi, Ti u In
MpUMeHsIIach METOMKA, MpeaoXeHHas HaMu B padoTe [19].
ITpu 3TOM IS OTTMCAHUST KWHETUKY (Pa30BbIX TTEPEXOI0B UC-
nosib3oBasioch ypaBHeHue Konamoroposa — JI’koHCOoHa —
Mena — ABpamu [20]. B aToMm ciyyae moJist mpopearupoBaB-
1LIETO BeILeCTBA WIM CTeTNIEHHU MpeoOpa3oBaHUsl 3alMChiBaeT-
cs CeayloluM oopa3oMm:

o= 1— exp(—kt"), (1)
rme k — KOHCTaHTa CKOPOCTH peaKLnu; ¢ — BpeMsl; # — KH-
HETMYECKMI MoKa3arejb, CBI3aHHBIN ¢ MeXaHU3MaMu (op-
MUPOBAHMSI U POCTA 3aPOIBIIICH.

JI1s1 TepMUYECKM aKTUBUPYEMBIX IIPOLIECCOB KOHCTaHTA
CKOpPOCTH pPeaKkIMM CBsI3aHA C TEMIIepaTypoil ypaBHEHHEM
AppeHuyca:

-E
k= Aexp(—”) Q)
RT/’

rie A — TIPensSKCIIOHEHUMANbHBIA MHOXMTEND;, E, — 3¢-
(ekTUBHAsI SHEPrus akTUBAIMKM; R — Tra3oBas MMOCTOSTHHAS.

Tab6uuua 2
XapaKkTepuCTKH MHKOB KPHCTALIH3AIUA
JUISl MCCJIEIOBAHHBIX TOHKHX TJIEHOK
Table 2
Characteristics of the crystallization peaks
for the investigated thin films

XapakTepUCTUKU MUKa KPUCTAUIU3ALUMU
Cocran Characteristics of the crystallization peaks
Composition Hauano, °C | Makcumym, °C Kowner, °C
Beginning, °C| Maximum, °C | Termination, °C
GST225 140,0 145,3 150,0
GST225+ 163,0 169,1 174,2
0,5 mass. % Bi
GST225+ 135,9 142,9 150,3
0,5 mass. % Ti
GST225+ 1442 150,9 157,1
0,5 mass. % In
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Puc. 3. JICK KpuBble 1jIsl UCCJEJOBAHHBIX TOHKHX IJIEHOK, M3Me-
peHHble mpu ckopocTH Harpesa 10 °C/mun

Fig. 3. DSC curves for the investigated thin films, measured at the speed
of heating of 10 °C/min
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Puc. 4. 3aBucumocty 3¢ (PeKTHBHOI 3HEPTHA AKTHBALIMH OT CTENEHH
npeoopasoBaHus

Fig. 4. Dependences of the effective energy of activation on the conversion
degree

CyTbh NpeIoXeHHONW METOIMKM 3aKJII0oUaeTcsl B MpOBe-
neHun nuddepeHInaIbHON CKaHUPYIOIEH KaJlOpHUMETPUUN
HCCIIeIyeMOTo MaTepuraa Mpy pa3HbIX CKOPOCTSIX Harpesa 1
COBMECTHOM MCITOJIb30BaHUM Oe3MOIECIbHBIX U MOAEIbHBIX
METOIOB MPU aHAIK3E MOJIyUEHHBIX pe3ylIbTaToB. B maHHOMI
paboTe HaMM MCIOJb30BAIUCh GE3MOAETbHBI N30KOHBEP-
croHHBI MeTon O3aBel — DrHHA — Yoia 1 MOAEIbHbIM
meton Koarca — Pendepna [19]. Takoii moaxon mo3BosieT
HaiiTn 3(GEKTUBHYIO SHEPrul0 aKTUBALIMKM U TPEAIKCIIO-
HEHLMAIbHBI MHOXUTENIb B 3aBUCUMOCTHU OT CTEIIEHU IIpe-
00pa30BaHusI, a TAKXe OINpeAeIUTh MOACb PeaKIH.

HaiineHHble 3aBUCUMOCTH 3(PDEKTUBHON 3HEPIUU aK-
TUBALIMM OT CTENEHU Npeodpa3oBaHMS C IMOMOILBIO METOA
O3zaBbl — OynnHHa — Youna npeacrabieHbl Ha puc. 4.

Kak BugHO U3 puc. 4, sHeprusi akTUBallUU KPUCTAJUTH-
3alMK JJISI BCEX COCTABOB MOCTOSIHHO YMEHBIIAETCSI B XOJe
peakuuu. DTO MOXET ObITh OOYC/IOBJIEHO OJHOBPEMEHHBIM
MPOTEKAaHUEM JBYX ITPOLIECCOB — 3apOiAblllie00pa3oBaHUs U
pocTa 3apobliieii. Bkiiang mepBoro mpoiecca yMeHbIIaeTcs,
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B TO BpeMs KakK BKJIajJ BTOpOro yBeiaunuuBaercs. [Ipu stom
SHeprust aktuBanmu s coctaBa GST225 + 0,5 mace. % Bi
CYIIECTBEHHO OOJIbIIIe, YeM IS IPYTUX cocTaBoB. Kpome To-
ro, Juisi coctaBa ¢ In HaGiogaeTcss HE3HAUUTETbHOE U3Me-
HEHUE 3HEePruy aKTUBALMUM HA HAYaJIbHOM 3Tare KpucTal-
JIN3alun. DTO CBUJIETEILCTBYET O 0oJiee CUJIbHOM BIUSIHUU
AHIMA 110 CPABHEHMIO C APYITMMU MaTepuaJaMy Ha CTaIuro
3apoJplliieo0pa3oBaHus, 3aMEJIEHUN TTPOLIEcca 3apOobliiie-
00pa3oBaHUs M 3aMa3fAblBAaHUM Havajla CTaaAuM aKTUBHOTO
pocTa 3apOoAbIILIeit.

CornacHo Mojyd4eHHBIM ¢ momolibio Merona Koarca —
Pendepna pesynbraTaM Hanbosee xapakKTepHbIMU IS TaH-
HOTO MaTepuaja 0Ka3aJuch MOJEJIN BTOPOTO U TPETHETO I10-
PSIIKOB peaklyM, IJIsi KOTOPBIX MPUHSTO JOMYILIEHUE, YTO
MPOUCXOAUT CHOHTAHHBIA POCT 3apoblilieil 0e3 MepeKphl-
™ [21].

Kpome Toro, ucnosnab3oBaHWE€ HAUIEHHBIX C MTOMOILIBIO
merona OszaBel — PauHHA — Yosuia 3HadyeHU 3hHeKTUB-
HO1 SHEepPruu aKTUBAIIMY TTO3BOJIMJIO HANTH 3HAYEHUS TIpe]I-
5KCMOHEHIIMAJbHOTO MHOXMUTEJSI B 3aBUCUMOCTHU OT CTerle-
HU TIpeoOpa3oBaHusI. YCTaHOBJEHO, YTO MPEI3KCIOHEHI-
aJIbHBI MHOXUTEIb M SHEPTUsSI aKTUBALIUM CBSI3aHbI JIMHEH -
HOM 3aBUCUMOCTBIO:

Ind = aE, + b, ©)

IIe a U b — KOHCTaHTHI.

Takas B3auMocBsA3b napameTpoB A n E, oOycioBieHa
adbdexkTom KomrieHcauuu [21, 22], xapakTepu3yolnM I10-
BEJIEHUE PEAKIIMOHHON CUCTEMBI, TPU KOTOPOM YBEJTUYEHUE
WY YMEHBIIIEHWe 3HePTMU aKTUBAIIMU YaCTUIHO WJIW TTOJI-
HOCTBbIO KOMIIEHCUPYETCS M3MEHEHUEM TIPEeI3KCIOHEHII-
aJTbHOTO MHOXKUTEJIS.

[MonyyeHHble KMHETHYECKME TTapaMeTphl (3¢ dheKTuBHAs
SHEPIUsl aKTUBALUU, MPEIIKCIOHEHIIUATbHbI MHOXHWTEb
1 MOJENb peakliM, TaK Ha3blBaeMblii KWHETMUECKUI TPUII-
JIET) MCMOJb30BaIUCh ISl OLIEHKU BO3MOXHOIO BpeMEHU
KPUCTAJUIM3aUM TSI UCCIeTOBAaHHBIX aMOPMHBIX TOHKMX

10 net
10 years

TUIEHOK (a 3HAYWT, U BpeMEHU XpaHeHUsI nH(popMauu 1 00-
pPabOTKM TaHHBIX B YCTpoHCTBaxX (Ha3zoBoii maMsITH Ha UX OC-
HoBe) 1o ¢opmyie [20]

1= gla)/[Aexp(—E/(RT))], “4)

roe g(o) — MHTerpaibHas popMa MOJEIN PEeaKIUU.

PacueT mpoBoauiics ¢ MCMOIB30BAaHUEM CIIEAYIONIUX J0-
yleHuit. JIs uccineqoBaHHBIX MaTepUaioB pa3HUIIA MEX-
Iy MPOBOAMMOCTSIMU B aMOP(hHON U KpUCTAJUIMYECKOn ¢a-
3ax cocrapisieT 34 mopsnka [23], HO Ipu ITOCTeTIEHHOM W3-
MEHEHUU CONEepXKaHMUSI KPUCTA/UIMUECKOoi 1 amopdHoii ¢a3
MPOBOAMMOCTb TaKXe MEHsieTcsl mocTeneHHo. Hamu Oblio
CIeJIaHO TIPENIOJOXEeHNEe, UTO TIePEXO]l MEXIY JOTUYECKU -
Mu "0" 1 "1" TpOUCXOAUT MPU U3MEHEHUU ITPOBOAMMOCTH Ha
1...2 mopsimka. DTO MO3BONIMIIO HAM OLICHUTH CTEIIEHB IIpe-
o0pa3oBaHUs, TIPA KOTOPOM TIpomcxomauT mepexom oT "0"
Kk "1", mo dopmyne [24]

a = (Ins — Inc,)/(Inc, — Inc,), (®)

TZIE G, G, — MPOBOAMMOCTY aMOP(MHOI ¥ KPUCTAJIMYECKOI
¢a3; c — NpoBOAMMOCTh (ha3bl CO CTENEHbIO Mpeodpa3oBa-
HUSA o.

C ucrnosb3oBaHWEM JaHHOTO ypaBHEHMSI ObLIO paccuu-
TaHO, YTO mepexon Mexay Jornueckumu "0" u "1" ocyiect-
BIISIETCS TIPU cTeneHu TpeobpasoBanus 0,45. Jlnsg maHHOM
CTEeTIeH! C UCTOJIb30BaHUEM HANNEHHBIX KWHETMYECKUX Ta-
paMeTpoB OBLIM OILICHEHBI BpeMEHa KPUCTAJUIM3ALUM ISt
HCCJIEIOBAHHBIX aMOPMHBIX TOHKUX IJIEHOK 110 hopmyiie (4).
TemriepaTypHble 3aBUCHMMOCTUM BpEeMeH KPUCTAJUIM3alNKU
MpeaCcTaBJIeHbl HA puC. S.

Haubonee memieHHbI OpoLecC KPUCTALIM3ALUU ¢ 00-
Jlee caboil TeMrepaTypHOM 3aBUCHMMOCTBIO HaOIIomaeTcs
s GST225 + 0,5 macc. % In, 4to KoppenupyeTr ¢ OTMe-
YEHHBIMU BBIIIE OCOOEHHOCTSAMM TIOJYYEHHBIX IS 3TOTO
MaTepHalia pe3yJbTaToB M CBS3BIBAETCSI HAMM C 3aMETHBIM
BJIMSTHUEM 3apOJiblllie00pa3oBaHusl B IPOlecce KPUCTAIM -
3alUu.

HeoOxoauMo OTMETWUTH 3HAYUTENb-
HO€ OTJIMYMe 3aBUCHMOCTU BpeMEeHU
KPUCTAJUIM3alIMM OT TEeMIIepaTyphl IJIst
ToHKUX TIeHok GST225, nerupoBaH-
Heix 0,5 macc. % Bi. Ina maHHOTO CO-
cTaBa XapakKTepHO HauOOJIbllee BpeMmst

KPUCTAJUIM3ALIUU NPU KOMHATHOMU TeM-

| roa
I year

-4 00 .
10 100 ue
100 ns

nepaType, omnpeeisioliee BpeMs XpaHe-
Hus uHpopMarnuu. [Ipu 3TOM Bpemst
KpUCTA/UIM3allMM 0ojiee Pe3KO YMEHb-
aeTcsl ¢ yBeIWYeHUEM TeMIIepaTypsl 1

1 0'] I | HC

I ns

Bpems Kpuctaiu3anuum, ¢
Crystallization time, ns

CTAHOBMTCSI 3aMETHO MEHBIIIE, YeM IS
IPYTMX COCTABOB.

PacuyeThbl TOKa3bIBAIOT, YTO TS AaH-
HOTO COCTaBa BpeMsl KPMCTaIM3aLUn
npu temrneparype Bbie 235 °C cocraB-

Temneparypa, °C
Temperature, °C

Puc. 5. 3aBucumoctn BPEMEH KPUCTA/LUIU3ALUH OT TEMIIEPATYPbI AJIA UCCJICTOBAHHBIX TOHKHUX

IJIEHOK

Fig. 5. Dependences of the time of crystallization on the temperature for the investigated thin films
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YeCcKOro MMHUMyMa. B CBSI3M ¢ 3TUM HEOOXOIUMO MMETH B
BUJY, UTO MPU TAKUX MAJIbIX BpEMEHAX ONPEAEISIONIYIO POIb
HauMHAeT UTpaTh 3apoJblllie00pa3oBaHue, a He POCT KpHUC-
TaJUIUTOB, KOTOPOE HE TMOAUYMHSIETCSI 3aBUCUMOCTU AppeHU-
yca. CornacHo juTepaTypHbIM AaHHbIM, miass XCII tpynHO
MOJIYYUTh MaTepuabl (a30BOil MaMITH C WHIYKIIMOHHBIM
nepuonoM MeHee 10 HC. DTO BpeMsi U ClielyeT B3SITh 32 HUXK-
HIOIO TPaHUILY TIPU pacueTe BpeMEHU KPUCTAJUIM3ALUKN STUM
METOJIOM.

HauGonbimrast rTeMmneparypHasi 4yBCTBUTEJIbLHOCTb CKOPO-
ctu Kpuctamzauuu ot GST225 + 0,5 mace. % Bi o0bsic-
HSIETCS HAaMOOJIBIIIMM 3HAYEHHWEM DHEPTUM aKTUBALIUU.

3akmouyenue

Takum o6pa3om, uccaenoBaHbl TeMITepaTypHbIE 3aBUCH -
MOCTU YIEJIbHOTO COIMPOTUBIEHMSI U BOJBT-AaMIIEPHBIX Xa-
PaKTEPUCTUK TOHKMX TUIGHOK MaTepuasioB (a30BOl IMaMsSITH
Ha OCHOBE XaJIbKOTEHUIHBIX MOJIyNpoBOAHUKOB Ge,Sb,yTes
0e3 serupylouux npumeceit u ¢ comepxxanuem Bi, Ti u In.
M3ydeHo BnusiHUE JIeTUPOBAHUS Ha 3JIEKTPOU3NUECKUE Xa-
DPAKTEPUCTUKU TOHKMX TUIEHOK. YCTaHOBJIEHO HAJTMYUE TPeX
JIMAIa30HOB C Pa3IMYHON 3aBMCUMOCTBIO MEXIy TOKOM W
HanpspkeHUueM, OOYCJIOBJICHHBIX Pa3IMYHBIMM MeXaHU3Ma-
MU TepeHoca Hocuteseil. [TomyyeHHble pe3ysbTaThl MOKa-
3BIBAIOT, YTO BJIEKTPO(PU3NIECKHE CBOMCTBA TOHKUX IJICHOK
MOTYT CYILECTBEHHO U3MEHSITbCS B pe3yJibTaTe JierupoBa-
HMS, YTO BaXKHO UIA LIeJieHAIIpaBJIeHHON ONTUMU3AIINY TeX-
Hoyioruu (pa3oBOIi MaMSITH.

C nomoupo nuddepeHINaTbHON CKaHUPYIOIIel Ka-
JIOPUMETPUMN UCCIeNOBaHbl MEXAaHM3MbI 1 KMHETHUKA KPUC-
taymsauun Ge,SbyTes U BIMAHME HA HUX JIETMPOBaHUA
0,5 macc. % Bi, Ti u In. C ucnoab3oBaHveM 6e3MOIeIbHO-
ro U30KOHBepCcuOHHOro Metoaa O3aBel — dnuHHa — Yoi-
Ja u momenbHoro Metona Koarca — PeadepHa HalimeHbl
KWHETUYeCKHe MapaMeTphl, XapaKTepU3ylollhe MpOolecC
KPUCTAJUITM3alIUK, KOTOPBIE MCITOTb30BAUCh I OLEHKU
BO3MOXXHOI'O BpeMEeHU XpaHeHUsI UHpopMaluu 1 o0pabdboT-
KM JAHHBIX B YCTpOiicTBax (pa3oBoil MaMsITU Ha OCHOBE UC-
clieOBaHHBIX MaTepuayioB. [IpoBeeHHbIE OLIEHKU CBUIE-
TEJbCTBYIOT O BO3MOXHOCTHU YBEJIMUYEHUsI CKOPOCTU 00Opa-
OOTKM JaHHBIX B sueiikKax (a30BOil MaMATH OO YPOBHS,
CPaBHUMOTIO C onepaTuBHON mamsaThio. [Ipu 3ToM Haunbo-
Jiee TIEPCTIeKTUBHBIM MaTepualioM CpPelM MCCIeTOBaHHBIX
apnsietcss Ge,SbyTes + 0,5 mace. % Bi.

Paboma evinoanena npu noddepucke Cosema no epanmam
Ilpesudenma P® (MK-8105.2016.8).
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Electrophysical Properties of the Thin Films of the Phase Memory Materials Based
on the Chalcogenide Semiconductors of Ge-Sb-Te System

The article is devoted to the studies of the temperature dependences of the resistivity and current-voltage characteristics of the
thin films from the phase memory materials based on the chalcogenide semiconductors of Ge,Sbh,Tes and Ge,Sb,Tes, doped with
Bi, Ti and In. The effect of doping on the electrical properties of the thin films was studied. Three ranges with different current-
voltage relationships explained by different carrier transport mechanisms were established. The mechanism and kinetics of crys-
tallization for Ge,Sb,Tes and the effect of doping by Bi, Ti and In were investigated with the use of differential scanning calorimetry.
The kinetic parameters characterizing the process of crystallization were evaluated, which made it possible to estimate the number
of crystallizations of the amorphous thin films. It was discovered that among the studied materials the most promising for application
in the phase memory devices was Ge,SbyTes + 0,5 mass. % Bi.

Keywords: phase memory, Ge,Sb,Tes, chalcogenide semiconductors, electrophysical properties, thermal properties, crystalli-

zation kinetics, doping

Introduction

The market of the non-volatile memories is developing
dynamically. Its biggest share is occupied by the flash mem-
ory, which finds wide application in the relatively inexpensive
devices of mass consumption: digital photo- and video-cam-
eras, mobile phones, players, etc.

Notwithstanding the big volumes of production, the flash
memory has a number of drawbacks. A relatively small number
of cycles of recording and erasing (from 104 up to 105) led to
the fact that the consumers, who use the given type of mem-
ory, face the problem of information loss. Low speed of data
processing essentially limits the opportunities of its use, for
example, for the main memory, and its low radiation resist-
ance — for the space and military branches. At last, the flash
technology has practically approached its physical limit of the
size of the memory cells, which hinders the further increase
of the density of the recorded information.

In this connection, great interest is aroused by the works
for development of the non-volatile memory devices of a new
generation — the ferroelectric (Ferroelectric Random Access
Memory or FRAM), magnetoresistive (Magnetoresistive Ran-
dom Access Memory or MRAM), resistive (Resistive Random
Access Memory or RRAM), and phase (Phase-change Mem-
ory or PCM). One of the promising kinds of the non-volatile
memory is the phase-change memory (PCM) [1, 2], which by
a number of indexes already surpasses or can surpass in future
the existing and presently developed kinds of memories. More
than that, there are reasons to believe that it can become a
universal memory, combining the advantages of the non-vol-
atile memory and high-speed dynamic memory, and also a
high radiation resistance.

The principle of operation of the phase memory is based
on a reversible phase transition of a material from an amor-
phous state into a crystal one and back under the influence of
the external low-energy influences (laser radiation or electric
current). The transition is accompanied by a sharp change of
the optical and/or electric characteristics, which allows us to
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separate the logical "0" from "1". In the electric phase-change
memory a crystal state with a low resistance (~kQ) corre-
sponds to the logical "1", while the amorphous state with a
high resistance (~MQ) — to the logical "0".

The phase-change memory technology has achieved a
considerable progress. A number of companies, including In-
tel, IBM, Samsung, Philips, ElpidaMemory, STMicroelec-
tronics and Ovonyx are involved in PCM research. Samsung
announced its manufacture of PCM microcircuits with of
512 Mbit memory for the mobile phones. According to esti-
mates, the transition from the use of NOR to PCM will allow
to lower the power consumption by 30 % and reduce the oc-
cupied space by 40 % [3]. In Russia the PCM technology lags
behind, and acceleration of R&D for creation of the domestic
phase memory technology is a topical problem.

Notwithstanding the active research and the achieved suc-
cess, the electric phase memory is not commercially available.
This is explained by imperfection of the technology and the
requirements to the materials and technology of the phase-
change memory, which frequently contradict to each other.
Only a limited circle of materials is suitable for the phase mem-
ory devices. The best parameters of the phase memory devices
are received on the basis of Ge,Sb,Tes (GST225) [4—6].
However, the properties of GST225 are not optimal by the
speed and temperature of crystallization and the electrophys-
ical characteristics.

One of the issues of the phase-change memory technology
is connected with the necessity to increase the speed of data
processing up to the level, comparable with the main mem-
ory. The recording time in the phase-change memory devices
is estimated as 100 ns [7], while in the main memory (Random
Access Memory or RAM) it equals to ~1050 ns [1].

For improvement of the phase-change memory technol-
ogy it is necessary to purposefully change the properties of the
materials. At the same time the use of the traditional method
of doping is complicated because of the insensitivity of the
majority of the chalcogenide glassy semiconductors (CGS),
including GST225, to introduction of doping.




In order to change the electrophysical properties and the
speed of crystallization we proposed to dope GST225 with Bi,
Ti and In, which were chosen on the basis of the following as-
sumptions: doping by the elements, isomorphic or isovalent to
Ge, Sb or Te, should proceed according to the substitution
mechanism, the use of the doping elements with the atom ra-
diuses close to those of Ge, Sb or Te should introduce the
least possible deformations in the matrix. At the same time,
the differences in the atoms’ radiuses can lead to a modifica-
tion of the matrix of the material. A change of the energy of
bonds with the neighboring atoms as a result of replacement
of atoms of Ge, Sb or Te with an alloying impurity should lead
to a change of the speed and temperature of the phase tran-
sition. As is known, the presence of the weaker bonds in the
materials leads to an increase of the speed of crystallization
[8—10]. Introduction of an atom with the electronegativity
differing from the electronegativity of the atoms of Ge, Sb or
Te, should promote a redistribution of the density of the
charges in the matrix of GST225 and a change of the mech-
anisms of transfer of the charge carriers. It is necessary to
mention, that in the crystal lattice of GST225 there are up to
~20 % of vacancies in the sublattice of Ge and Sb. In this
connection, the doping element in a lattice can occupy the
positions of the atoms and vacancies, influencing in various
ways the properties of a material.

Bi and Ti are isomorphic and isovalent elements with Sb
and Ge, while In and Sb are in one period of the Periodic Sys-
tem and have close atomic radiuses, which allows to assume
doping according to the replacement mechanism. Besides,
thin films of Ti and TiN are used as contact layers to the pro-
grammed materials in the cells of the phase-change memory
[11, 12], which can lead to an indeliberate doping and de-
mands research of the influence on the kinetics of crystalli-
zation and electrophysical properties.

The aim of the given work was to study the influence of
Bi, Ti and In doping on the electrophysical properties and the
kinetics of the thin films’ crystallization.

Experimental Part

Synthesis of Ge,Sb,Tes without the doping impurities and
with content of Bi, Ti and In of 0,5 mass. % was done from
the materials of the semi-conductor cleanliness [13]. The
choice of the concentrations of the impurities was deter-
mined, as it was mentioned earlier, by the fact that introduc-
tion of small concentrations of Bi, Ti and In (0,5—1 mass. %)
in Ge,Sb,Tes is accompanied by an abnormal change of
properties [14—17].

The deposition of thin films was carried out with a vacu-
um-thermal evaporation of the synthesized material. The
temperature of a substrate did not exceed 50 °C.

The X-ray-phase analysis (XPA) (Rigaku D/MAX, Cu K,
A =0,15481 nm) demonstrated that an unalloyed synthesized
material had a trigonal modification of Ge,Sb,Tes. Introduc-
tion of Bi led to appearance of a trigonal modification of
Bi,Sb,Tes which testified to the replacement of Sb with bis-
muth. The deposited layers had an amorphous structure. An-
nealing of the thin films at the temperatures above 150 °C led
to a crystallization of the layers.

Research with the help of Reserford backscattering
(E; = 1,0 MeV, E, = 2,7 MeV, ¢ = 135°) and X-ray micro-
analysis (CAMEBAX, Cameca) demonstrated that a devia-
tion of the composition of the thin films from the set one did
not exceed £5 %.

Studying of the electrophysical characteristics was done
on the planar samples, which were an oxidised Si substrate
with the Al electrodes formed on its surface. Over the in-
terelectrode intervals the chalcogenide thin films were de-
posited, covered with a SiO, layer. The geometry control
was done with a raster electronic microscope (REM) of Carl
Zeiss NVision 40 and an atomic-force microscope (AFM) of
NT-MDT SolverPro. The thicknesses of the investigated
films were within the range from 60 up to 80 nm.

The electrophysical characteristics of the thin films were
investigated on a special stand of a two-electrode circuit on
the basis of N16008 voltage control unit and KEITHLEY 6486
picoamperemeter. Measurement of the temperature depend-
ences of the specific resistance was done at voltage of 0,7 V
(E=1- 103 V/cm) within the range from the room temper-
ature up to 200 °C and the speed of heating of 1 C/min. The
volt-ampere characteristics (VAC) were investigated within
the range from 0,1...10 V with a step of 0,1 V and from the
room temperature up to 70 °C with a step of 10 °C.

Studying of the mechanisms and kinetics of crystallization
of Ge,Sb,Tes without the alloying impurities with the content
of Bi, Ti and In 0,5 mass. % was done on Shimadzu DSC-
50 differential scanning calorimeter (DSC). During prepara-
tion of the samples the thin films were scraped away from Si
substrates by a sapphire scraper and were pressed in an Al cru-
cible. The weight of the joint hinge was several milligrams.
Measurements from a room temperature up to 200 °C were
done in a nitrogen flow (20 ml/min.) with the use of various
speeds of heating in the range from 5 up to 90 °C/min.

Results and Their Discussion

Fig. 1 (see 3-rd side of the cover) and table 1 present the
research of the temperature dependences of the specific resist-
ance of the thin films GST225 alloyed with Bi, In and Ti, where
T, and Ty are the temperatures of the beginning and termina-
tion of the phase transition, AT, = T\, — T,, p, and p, — specific
resistance at temperatures of 20 and 200 °C, accordingly.

Measurements of the temperature dependences of the spe-
cific resistance demonstrated, that the crystallization is ac-
companied by a sharp reduction of the specific resistance,
which correlate with the results of XPA and AFM researches,
the data of the optical measurements received earlier by the
method of ellipsometry [18], and also the results of ther-
moEMF research. The correlation between the specific re-
sistance of the materials in the amorphous and crystal states
exceeds 10%, which is important for reliable work of PCM.

The temperatures of the beginning of crystallization (7})
correlate well with the temperatures determined by the dif-
ferential scanning calorimetry.

Measurements of VAC of the thin film materials within
the range from 20 up to 80 °C demonstrated that character-
istics for all the compositions have close dependencies. Fig. 2
(see 3-rd side of the cover) presents VAC at different tem-
peratures for the thin films of GST225. In VAC of CGS thin
films it is possible to single out three characteristic sites: low,
average and high electric field intensity, pointing to various
mechanisms of the charge carriers’ transfer.

It was established that at a low field intensity (E < 103 V/cm)
the ohmic dependences were observed for investigated com-
pounds. The nonlinear dependence of a current on the voltage
at an average field intensity (103 <E<10* V/cm) could be de-
scribed by a power dependence, characteristic for the currents
limited by a space charge. In the high fields (£ > 10* V/cm)
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an exponential dependence was observed. Poole-Frenkel
mechanism, transfer of the charge carriers by the delocalized
states and also percolation conductivity are the possible rea-
sons for the given nonlinearity of VAC. Specification of the
mechanisms of the charge carriers’ transfer in the high fields
requires additional researches.

The received DSC curves for the investigated composi-
tions at the speed of heating of 10 °C/min. are presented in
fig. 3. Characteristics of the crystallization peaks are presented
in table 2.

The crystallization peaks of the amorphous films, which
were analyzed in the given work, are within the ranges of
140...150 °C for GST225, 163...174,2 °C for GST225 +
+ 0,5 mass. % Bi, 135,9...150,3 °C for GST225 + 0,5 mass. %
Ti, 144,2...157,1 °C for GST225 + 0,5 mass. % In.

For studying of the mechanisms and kinetics of crystalli-
zation of Ge,Sb,Tes and the influence of doping by Bi, Ti and
In the technique proposed by us in [19] was applied. For de-
scription of the kinetics of the phase transitions the equation
of Kolmogorov-Johnson-Mell-Avramy [20] was used. The
share of the reacted substance or the transformation degree is
recorded as:

o =1 — exp(—kt"), €))

where k — is a constant of the speed of reaction; # — time;
n — kinetic indicator connected with the mechanisms of for-
mation and growth of nuclei.

For the thermally activated processes the constant of the
reaction speed is connected with the temperature of Arrhenius
equation:

— _Ea)
k Aexp( 1), Q)
where A — is a pre-exponential factor, £, — effective energy
of activation, R — gas constant.

The essence of the proposed methods consists in a differ-
ential scanning of the calorimetry of the investigated material
at different speeds of heating and joint use of the no-model
and model methods for the analysis of the results. In the given
work we used the no-model isoconversion method of Ozawa —
Flynn — Wall and the model method of Coats — Redfern
[19]. This approach allows us to find effective energy for ac-
tivation and a pre-exponential factor depending on the trans-
formation degree, and also to determine the reaction model.

The discovered dependences of the effective energy of ac-
tivation on the degree of transformation by means of Ozawa —
Flynn — Wall method are presented in fig. 4.

As one can see, the energy of activation of crystallization
for all the compositions constantly decreases during reaction.
This is due to a simultaneous course of nucleation and growth
of the nuclei. The contribution of the former decreases, while
the contribution of the latter increases. The energy of activa-
tion for GST225 + 0,5 mass. % Bi is essentially more than for
the other compositions. For a composition with In an insig-
nificant change of the energy of activation during the initial
stage of crystallization is observed. This testifies to a stronger
influence of indium in comparison with the other materials on
the nucleation, slowing-down of the nucleation and delays of
the beginning of the stage of the active growth of nuclei.

According to the results obtained by the Coats-Redfern
method, for the material the most typical appeared to be the
models of the second and the third reaction order, for which
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there was an assumption that the spontaneous growth of the
nuclei occurred without overlapping.

Besides, the use the values of the effective energy of ac-
tivation found by the method of Ozawa — Flynn — Wall al-
lowed us to find the pre-exponential factors depending on the
transformation degree. It was established, that the pre-expo-
nential factor and the energy of activation are connected by
a linear dependence:

Ind=aE, + b, A3)

where a and b are constants.

Such interrelation of 4 and E, is due to the effect of in-
demnification [21, 22], characterizing the behavior of the re-
actionary system, at which an increase or reduction of the en-
ergy of activation is partially or completely compensated for
by a change of the pre-exponential factor.

The received kinetic parameters (effective energy of acti-
vation, pre-exponential factor and reaction model — Kkinetic
triplet) were used for estimation of the possible time of crys-
tallization for the investigated amorphous thin films (the time
for information storage and data processing in the phase-
change memory devices on their basis) under the following
formula [20]

1= g(a)/[Aexp(—E/(RT))], “4)
where g(a) — is the integrated form of a reaction model.
The calculation was done with certain assumptions. For
the investigated materials the difference between the conduc-
tivities in the amorphous and crystal phases equals to 34 or-
ders [23], but in case of a gradual change of the content of the
crystal and amorphous phases, the conductivity varies grad-
ually. We assumed that the transition between the logic "0"
and "1" occurs, when the conductivity is changed by 1...2 or-
ders. This allowed us to estimate the transformation degree,
at which there was a transition from "0" to "1", according to
the following formula [24]:

a = (Inc — Inc,)/(Inc, — Inc,), (5)

where 6, 6. — conductivities of the amorphous and crystal
phases; ¢ — conductivity of the phase with transformation de-
gree o.

With the use of the given equation it was calculated, that
the transition between the logic "0" and "1" was carried out at
the degree of transformation of 0,45. For the given degree
with the use of the discovered kinetic parameters the times of
crystallization for the investigated amorphous thin films under
the formula (4) were estimated. The temperature dependenc-
es of the times of crystallization are presented in fig. 5.

The slowest process of crystallization with a weaker tem-
perature dependence was observed for GST225 + 0,5 mass. %
In, which correlates with the above features of the results re-
ceived for this material and, in our opinion, is connected
with an appreciable influence of nucleation during the crys-
tallization.

It is necessary to point out the dependence of the time of
crystallization on the temperature for the thin films of
GST225 alloyed with 0,5 mass. % of Bi. For the given com-
position the longest time of crystallization is typical at a room
temperature, defining the time of information storage. At that,
the crystallization time decreases more sharply with an in-
crease of temperature and, when over 150 °C, it becomes con-
siderably less, than for the other compositions.

Calculations show that for the given composition the time
of crystallization at over 235 °C is less than 50 ns, which is




comparable with the time of data processing in the main
memory. A temperature increase leads to the further reduc-
tion of the time of crystallization, and at over 300 °C it is ]i)os—
sible to receive the time of crystallization less than 10— 1 S,
which, however, is less than the theoretical minimum. It is
necessary to have in mind that at such small time periods the
decisive role is played by the nucleation, and not by the
growth of the crystalline particles, which is not submitted to
the dependence of Arrhenius. According to the literary data,
for CGS it is difficult to receive materials of the phase-change
memory with the induction period less than 10 ns. Exactly this
time should be taken as the bottom level for calculation of the
crystallization time by this method.

The greatest temperature sensitivity of the crystallization
speed for GST225 + 0,5 mass. % of Bi is explained by the
greatest value of the energy of activation.

Conclusion

Thus, the temperature dependences were investigated of
the specific resistance and VAC of the thin films of the ma-
terials of the phase-change memory on the basis of chalco-
genide semiconductors of Ge,Sb,Tes without the alloying
impurities and with a content of Bi, Ti and In. The influence
of doping on the electrophysical characteristics of the thin
films was studied. The presence of the three ranges with var-
ious current-voltage dependences, caused by various mecha-
nisms of the carriers’ transfer was established. The results
show that the electrophysical properties of the thin films can
change essentially as a result of doping, which is important for
the purposeful optimization of the phase memory technology.

By means of the differential scanning calorimetry the
mechanisms and the kinetics of crystallization of Ge,Sb,Te;
were studied, as well as the influence of 0,5 mass. % of Bi, Ti
and In doping on them. By means of the no-model isocon-
vertion method of Ozawa — Flinn — Wall and model method
of Coats — Redfern the kinetic parameters were found, char-
acterizing the crystallization and used for estimation of the
possible time for storage of information and data processing
in the phase-change memory devices based on the investigat-
ed materials. The estimations testify to a possibility of increas-
ing the speed of data processing in the cells of the phase-
change memory up to the level, comparable with main mem-
ory. At that, among the investigated materials the most prom-
ising one is Ge,Sb,Tes + 0,5 mass. % of Bi.

The work was implemented with the support of the Grants
Council of the President of the Russian Federation
(MK-8105.2016.8).
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Paccmompenvt memoouku, no360450UUE ¢ NOMOULbIO YCKOPEHHBIX U3MEPEHUII MecmoabiXx CMpyKmyp 6 cocmaee nAaChmuH ébl-
A6UMb OCHOBHbLE OmKa3bl, onpedessrouiue Hadexwcnocms KMOII UC. Jlns onmumuzayuu monosoeuu UC pazpaboman mecmogulii
Kpucmani, ¢ NOMOUbIO KOMOPO20 MONCHO OUEHUMb HA0eHCHOCMb U paduayuonnyio cmotikocms U C 6 3asucumocmu om monoao2uu
mecmosbix cmpykmyp. [lpedcmasnenvt pe3yromamot u3MepeHus: 31eKmpomMuepayu 8 nPoeooSWUX WUHAX U CIMOUKOCMU MPaH-

3Ucmopoes K HAaKonaeHHoU dose.

Karouegwie caosa: nadexcnocms, paduayuonHas cmoikocms, omkas, memaniruzayus UC, eopsuue nocumenu, deghekmrocmo,

mecmogoie CmpyKmypbol

OmHUM U3 MHCTPYMEHTOB JIJIs1 aHaJIM3a OCHOBHbBIX Xapak-
tepucTuK HaaexHocTu KMOIT UC, npumeHsieMbIX Ha Be-
NyLIMX TOJYNPOBOAHUKOBBIX (habpukax, sIBJsSeTCS Herpe-
PBIBHBIT MOHUTOPUHT KOHTPOJISI KauyecTBa TEXHOJOIMYec-
KHX MPOLIECCOB C MOMOIIbIO TECTUPOBAHUS HAJAEXHOCTU Ha
ypoBHe 1utactuHbl (Wafer Level Reliability (WLR)) [1—2].
B nmanHoi1 pabote paccMmoTpeH Tipouecc BHeapeHnst WLR-
MOHUTOPUHTA IS aHAJIU3a XapaKTepPUCTUK HAAEXHOCTU U
paarvalMOHHOM CTOUKOCTH.

OueHka KadecTBa TexHojiornu usrotonneHuss UC u ee
TOKa3aTeJv TOJITOCPOYHOM HAAEXKHOCTH, a TAKXKe XapakKTe-
PUCTUKM PagUallMOHHON CTOWKOCTH OTMPENEsSIIOTCS C UC-
TOJIb30BAHUEM CITELIMAIIBHO CO3JAHHBIX TECTOBBIX CTPYKTYD
10 pa3pabOTaHHBIM METOAUKAM.

OcHOBHBIE OTKAa3bl, onpenesstonme HagexHocts KMOIT
HC, MOXHO pa3aenuThb Ha cieaylolue:

e TMpo0OIl MOI3aTBOPHOTO NUAJEKTPUKA, BbI3BAHHBIA Ha-

MPSDKEHHOCTBIO 3JIeKTpruecKoro 1ojist B Hem (TDDB);
e U3MEHEHME MapaMeTpoB TPAH3UCTOPOB, BbI3BAHHOE MH-

JKEKIIMEN TOpSTYMX HOCUTENIEN B TTOA3aTBOPHBINA AM3JIEK-

tpuk (HCI);

e UM3MEHEHME MapaMeTPOB TPAH3UCTOPOB MPU OTPULIATEIb-

HOM cMellleHUU U BbicoKoii Temmneparype (NBTI);
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e OTKa3bl MPOBOMISIIMX LIWH, BbI3BAHHBIE 3JIEKTPOMUIpA-
uueit (EM);

e cOou B anemeHTax MC mpu BO3ACHCTBUM TSKEIBIX 3apsi-
>keHHbIX yactull (T3Y);

e gerpanmanus napameTpoB MUC npu Bo3neiicTBUM NOHU3M-

PYIOIINX UBJIYYCHUN.

71 OLIeHKM yKa3aHHBIX BbILLE OTKA30B MO TEXHOJOTUHU
65 HM HaMM pa3pabOTaHBI M U3TOTOBJIEHBI TECTOBBIE CTPYK-
TyphI [3]. OHU TIO3BOJISIIOT BBISIBUTH 3aBUCUMOCTD paavaly-
OHHOM CTOMKOCTM M BpeMEHU HapaOOTKU 10 OTKa3za OT TO-
MOJIOTUYECKHUX OCOOEHHOCTEN TECTOBBIX CTPYKTYP U B Jajib-
HellIeM, Ha OCHOBE IaHHBIX 3aBUCUMOCTEN, ONTUMU3UPO-
BaTth Tomosioruio MC. TecToBble CTPYKTYpHl pa3MelleHbl B
TECTOBOM KpucTajuie. McciaenoBaHusi TECTOBOTO KpUCTalia
MPOBOASAT C MOMOILBIO CMENUATBHO pa3pabOTaHHBIX METO-
MUK KOHTPOJISI 1 aBTOMAaTU3UPOBAHHBIX MMPOrPaMM U3MeEpe-
HUI Ha UX OCHOBE.

[ OlieHKM HaleXHOCTU METAIM3alMU HCMOJb3YIOT
pa3Hble BMIBI TECTOBBIX CTpPyKTyp. Hampumep, tecroBast
CTPYKTypa JJIs1 OTpe/ieJIeHUs1 0TKa3a B 8-M ypoBHE MeTasuia
(nanee — M8), BbI3BAHHOTO 3JIEKTPOMUTPALMEl B ITPOBO-
Iei WWHe, MPeacTaBisieT coO0il JIMHHYIO LIWMHY Me-
tauia (mmHa muHeL L = 800 MxM, mmpuHa W = 3 MKM,
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Puc. 1. Pacuer napamerpoB dHeprun aktusanuu E, (a) u pacuer nokasaTes IIOTHOCTH Toka n (b)

Fig. 1. Calculation of the parameters of the activation energy E, (a) and the current density indexes n (b)

tonmuHa d = 1,45 MKM, OBEpPXHOCTHOE COIPOTHUBJICHUE
RSq = 0,02 OM/kB). JlaHHas1 CTPYKTypa CIYXUT JUISI TIPO-
BEpKHM OTKa3a B BUJE pa3pbiBa MM 3aKOPOTKU MeTalIu3a-
LMY, BBI3BAHHBIX 3JIeKTpoMUTpanueir. OTkas MeTauTM3alnm
MOXHO omnucarh ypaBHeHUeM biaka [4]:

kT) %

tsg=A 'f”exp(—qﬁj
roe J [A/CMZ] — TJIOTHOCTb TOKAa B META/UTMYECKOU JIMHUY,
n — TapaMeTp MOIENM Ui IUIOTHOCTH Toka; E, [3B] —
SHEprus aKTUBaLUMU mpoiuecca anekrpomurpauuu; 1T [K] —
TeMrieparypa TecToBoi TMHUU; A — KOoHCcTaHTa; k [3B/K] —
KOHCTaHTa bosibuMaHa.

7151 olleHKM BpeMeHU HapabOTKM J0 OTKasza LIMHbI Me-
Tajutla M8 HeobGxonuMo Haitu mapaMmeTpsl £, n, A B ypaB-
Henuu (1). [ns pacuera E, Hano NpoBECTU BBIOOPKY M3Me-
PEHMIT TECTOBBIX CTPYKTYp M8 Mpu pa3iuyHbIX TeMIlepaTy-
pax TECTOBOM JIMHUM U TIOCTOSIHHOM TUJIOTHOCTY ToKa. [lanee
HEeo0X0AUMO MOCTPOUTh 3aBUCUMOCTb Lu(#)[1/T] v ipoBec-
TH €€ JIMHEeIHYIo anmnpokcumauuio (puc. 1, a). s pacuera n
MPOBOAMM BBIOOPKY M3MEPEHMI TECTOBBIX CTPYKTYp M8 mpu
Pa3AMYHBIX TUIOTHOCTSIX TOKA M MOCTOSIHHOM TeMmIleparype,
crpouM 3aBucuMoctb Lu(f)| Ln(j)] v BoIMOMHSIEM ee TUHEN -
Hyl0 anmnpokcumanuio (puc. 1, b). 3HayeHUs KOHCTaHTbI A
OIpenessoTCs U3 ypaBHeHUs (1) ¢ yyeToM HailIeHHBIX 3HA-
yeHuit £, u n [5]. Inga TecroBoii cTpykTyphel M8 HaiineHHbIE
3HayeHus napameTpos coctasuu £, = 0,82 3B, n = 1,93,
A=68-10°

Takum 0o0pa3oM, Ha OCHOBE HaMIEHHBIX MapaMeTPOB U
ypaBHeHUs (1) MOXHO onpenesuTb BpemMsi HapaboTKU 10 OT-
Kaza HIMHbI MeTala M8 mpu pa3inyHbIX 3HAYEHUSX TJIOT-
HOCTH TOKa 1 TemIteparypsl. Jpyrue orkazel KMOII YC He-
00X0IMMO paccMaTpuBaTh MOJOOHBIM 00Pa30M C UCIOJIb30-
BaHMEM COOTBETCTBYIOILIMX TECTOBBIX CTPYKTYD.

PaguanuoHHasi CTOMKOCTb TECTOBBIX CTPYKTYp OIpeje-
JIgeTcs UMUTAlIMOHHBIM BO3IECCTBMEM Ha TECTOBYIO CTPYK-
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TYpy M OILEHKOM paauallMOHHOTO OTKJIMKAa IlapaMeTpoOB
CTPYKTYpHI Ha 3TO Bo3aelicTBre. OlleHKa CTOMKOCTH MO Ha-
KOTUIEHHOM [103€ OCYILECTBJISIETCSI Ha TECTOBBIX CTPYKTY-
pax, IpeacTaBiIsSonX coboii ommHouHbie MOII-Tpan3mc-
tophbl. Ha puc. 2 npuBeneHsl pe3ynbTaThl 00aydeHust nMOII
(wmHa kanama L = 0,06 mxMm, mmprHa W= 1,0 MM, TOJI-
1IMHA MoA3aTBOPHOTO AuaiekTpuka d = 1,85 um) u pMOII
(nnuHa kaHana L = 0,28 mxm, mupuHa W= 10 MKM, TOJI-
IMHA MMOA3aTBOPHOTO IM3JeKTpuka d = 5,0 HM) TpaH3uC-
TopoB. O0MyYeHre MPOBOAUIN B aKTUBHOM pPeXHMeE, pas-
HOCTb NOTeHUNanoB Ucy B IpoLecce 00aydyeHus Oblia yc-
taHoBNeHa Ha ypoBHe 1,0 B mng »MOIl u —1,0 B mnsa
pMOII. IIpu obGayyeHUU BCE TPAH3UCTOPbI HAXOIMWJIUCH B
OTKPBITOM COCTOSTHUU.

Toxk yreuku 3akpeiToro pMOII yBenuunicss Ha Hayasb-
HBIX YPOBHSIX BO3JIEMCTBMSI B S5 pa3, OAHAKO IIpU IIpO-
JIOJDKEHUU O0JydeHUsT YPOBEHDb yTeueK CTaOMIM3UPOBAICS
U JajibHelIlee ero u3MeHeHe He MpeBbicwio 5 %. DT1o 06-
CTOSITEJILCTBO MOXKET ObITh CBSI3aHO C HAJIMUMEM KOHEYHOTO
ypcia "Menkux' LIEHTPOB 3axBaTa 3apsga, aKTUBUPYEMBIX
YK€ HeOOJIbIIMMU YPOBHSIMU BO3IEHCTBUSI.

CaBur nopora oTnupaHust (M3MepeHHOTO MO 3HAYEHUIO
TOKa CTOKa, paBHOro 2 MkA) He mpeBbsicuia 200 MB mpu
YPOBHE panMallMOHHOTO BO3IEWUCTBUS BILIOTH A0 970 ThIC.
en., 3a uckimouyeHrueM nMOII, KoTopblif XapaKTepusyeTcst
casurom nopora okoiio 400 MB. B nanHOM TpaH3ucTOpe Tak-
K€ BBISIBJIEH BBIpaXKE€HHBINA Rebound->3¢dekT [6].

AHaM3 XapakTepuCTUK, MOJYYEHHBIX B pe3yJIbTaTe U3-
MEpeHUii, B 3aBUCUMOCTH OT TOTIOJIOTUW 3JIEMEHTOB TECTO-
BBIX CTPYKTYp, TO3BOJISIET TTOA0OPaTh ONTUMAIbHYIO KOHC-
TPYKILIMIO 37ieMeHTOB padoueit UC, yBeMuUThb ee BpeMsl Ha-
paboOTKM 10 OTKa3a M paavallMOHHYIO CTOMKOCTh. Kpome To-
ro, pazMelliasi TeCTOBbIM KPUCTAJUI COBMECTHO C pabOYMMU
M C B cocTaBe I1aCTUHBI, MOXKHO ITPOBOIUTH KOHTPOJIb U aT-
TECTalMIO TEXHOJOTUYECKHUX MPOLIeCCOB TeX (habpuK, Ha KO-
TOpbIX U3roToBieHbl padoune UC. [laHHbIe, MONyYeHHbIE B
XO/Ie KOHTPOJISI, TIO3BOJISIIOT OLICHUTh, Kakas M3 (habpuk
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Fig. 2. Drain-gate VAC of nMOS (a) and shift of the unlocking threshold of nMOS from the influence level (b); drain-gate VAC of pMOS (c) and

shift of the unlocking threshold from the influence level (d)

obecrieynBaet Oosbinyo HanmexxHocTb MC ¢ Touku 3peHust
npuMeHseMoit TexHonoruu. IlogoOHOro poga KOHTPOJIb
TTO3BOJISIET OOHAPYKUTh M TaK Ha3bIBaeMbIe TEXHOJIOTHYEC-
KWe 3aKJaJkd — 3JI0HaMEePeHHOe M3MEHEHHWE TEeXHOJIOTH-
YeCKOro MapuipyTa, COCTaBa WIM TapaMeTPOB TEXHOJIOTH-
YeCKMX CJIOEB U MATEPUAJIOB B LEJISIX CHUXKEHMST HaJIeXKHOC-
™ VC. [laHHBIe U3BMEHEHUSI HEBO3MOXHO OIPEIEINTh B XO-
ne GYHKIIMOHAJIBHOTO TECTUPOBAHUSI, OAHAKO TMPU 3TOM
JorocpoyHast HagexkHocTh MC MoxkeT ObITh MHOTOKPAaTHO
YMEHbIIIeHa.

Paboma evinoanena c ucnoavsosanuem ooopyoosanus LIKIT
"DyHKYUOHANbHBLIL KOHMPOAb U OUACHOCMUKA MUKPO- U HAHO-
cucmemuoli mexnuku" Ha 60aze HIIK "Texwonoeuueckuil
yenmp", npu noddepxucke Munobpnayku Poccuu 6 pamkax
QIIII "Hccaedosanus u paspabomku no npuopumemHsiM Ha-
NPABACHUSM PA3BUMUS HAYYHO-MEXHOA02UHECK020 KOMNAEKCA
Poccuu na 2014—2020 eo0vt” (I'K No 14.574.21.0115, ynu-
kanvuvtid udenmughuxkamop RFMEFI57414X0115).
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Estimation of Characteristics of Reliability and Radiation Resistance of CMOS IC

by Using Test Structures in Wafers

The paper presents the methods, which allow measurements using the accelerated test structures in the composition of wafers aimed
to determine the basic failures and reliability of CMOS IC. In order to optimize the IC topology a test chip was designed, which made
possible evaluation of IC reliability and radiation resistance, depending on the topology of the test structures. For realization of the meth-
od implemented within 65 nm technology, test crystals were developed and manufactured. A test chip has different types of the test struc-
tures for evaluation of the electromigration of the conductive tracks on various metal levels. Each test structure is focused on one dom-
inating mechanism of a physical failure. The test structures’ design envisages employment of highly accelerated measurement techniques,
as well as the use of Kelvin scheme for determination of the resistance value. The paper also presents the results of measurements of the
electromigration in the conductive resistance buses and durability transistors.

Keywords: reliability, radiation resistance, failure, I1C metallization, accumulated dose, single effects, hot carriers, defectiveness,

test structures

One of the tools for analysis of the basic characteristics of
reliability of CMOS IC in the leading semi-conductor facto-
ries is continuous monitoring of the quality of the processes
by means of reliability testing at the wafer level (Wafer Level
Reliability (WLR)) [1—2]. This work presents the process of
introduction of WLR monitoring for analysis of reliability and
radiation resistance.

Estimation of the quality of the IC manufacturing tech-
niques and indicators of long-term reliability and also char-
acteristics of the radiation resistance are defined with the use
of special test structures in accordance with the developed
techniques.

The basic failures defining reliability of CMOS IC can be
divided into the following groups:

e Dbreakdown of the gate dielectric caused by the intensity of
the electric field in it (TDDB);

e change of the transistors’ parameters caused by injection
of hot carriers in the gate dielectric (HCI);

e change of the transistors’ parameters due to a negative dis-
placement and high temperature (NBTI);

e failures of the conducting planees caused by electromigra-
tion (EM);

e failures in the IC elements under the influence of the
heavy charged particles (HCP);

e degradation of the IC parameters under the influence of
the ionizing radiation.

For estimation of the above failures by technology of
65 nm we developed and manufactured test structures [3].
They allow us to reveal the dependence of the radiation re-
sistance and prefailure life time on the topological features of
the test structures, and to optimize the 1C topology on the ba-
sis of the given dependences. The test structures are placed in
a test crystal. The research of the test crystal is done by means
of special control techniques and automated programs of
measurements on their basis.

For estimation of reliability of metallization various kinds
of the test structures are used. For example, a test structure for
detection of a failure in the 8™ level of metal (M38), caused by
electromigration in the conducting plane, is a long metal bus
(length L = 800 um, width W= 3 um, thickness d = 1,45 um,
surface resistance R 5q= 0,02 Q/sq). The given structure serves

for tests of failures in the form of a break or jumper of met-
allization caused by electromigration. A metallization failure
can be described by Black equation [4]:

tsg=A 'J_"exp[ﬂj (1)

kT)

where J [A/cmz] — current density in a metal line; n — pa-
rameter of a model for current density; E, [eV] — energy of
activation of the process of electromigration; 7 [K] — tem-
perature of the test line; 4 — constant; k£ [eV/K] — Boltz-
mann constant.

For estimation of the prefailure life time of the buses of
metal M8 it is necessary to find E,, n, 4 in the equation (1).
For calculation of E|, it is necessary to undertake sampling of
measurements of the test structures M8 at various tempera-
tures of the test line and constant current density. It is nec-
essary to construct dependence Lu(?) [1/T] and to implement
its linear approximation (fig. 1, a). For calculation of » we un-
dertake sampling of measurements of the test structures M8
at various current densities and constant temperature, we
construct dependence Ln(?) [Ln(j)] and implement its linear
approximation (fig. 1, b). Constant A is determined from the
equation (1) with account of the found E, and # [5]. For the
test structure M8 the found parameters were £, = 0,82 [eV],
n=193 4=068x10°

Thus, on the basis of the found parameters and equation 1
it is possible to define the prefailure life time of the bus of
metal M8 at various values of the current density and tem-
peratures. Other failures of CMOS IC are considered in a
similar way with the use of the corresponding test structures.

The radiation resistance of the test structures is defined by
imitation of an influence on it and estimation of the radiation
response of the structure parameters on this influence. Esti-
mation of the resistance is done by the accumulated dose
and is carried out on the test structures representing single
MOS transistors. Fig. 2 presents the results of exposure to
radiation of nMOS (channel length L = 0,06 um, width
W = 1,0 um, thickness of the gate dielectric d = 1,85 nm) u
pMOS (channel length L = 0,28 pym, width W = 10 um,
thickness of the gate dielectric d = 5,0 nm) transistors. Ex-
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posure to radiation was done in an active mode, the potential
difference Ucy in the course of irradiation was established at
the level of 1,0 V for tMOS and —1,0 V for pMOS. During
the irradiation all the transistors were in the open state.

The leak current of a closed pMOS increased 5 times at
the initial levels of influence, however, under the further ir-
radiation the level of the leaks stabilized and its further change
did not exceeded 5 %. This can be connected with the pres-
ence of the final number of the "small" charge capture centers,
activated by already small levels of influence.

The shift of the unlocking threshold (measured by the
drain current equal to 2 uA) did not exceed 200 mV at the lev-
el of the radiation influence up to 970 thousand units, except
for kMOS, which was characterized by the threshold shift of
nearby 400 mV. In the given transistor an expressed Rebound-
effect [6] was also revealed.

Analysis of the received characteristics depending on the
topology of the elements of the test structures allows us to se-
lect the optimal design of the elements of a working IC, to in-
crease its prefailure life time and radiation resistance. Besides,
by placing a test crystal together with the working IC as a part
of a wafer it is possible to carry out control and certification
of the processes of those factories, at which the working 1C
are made. The data obtained in the control process allow us
to see, which of the factories ensures the highest reliability of
IC from the point of view of the applied technology. Such
control allows us to find the "technological bookmarks" — ill-
intentioned change of the technological routes, composition
or parameters of the technological layers and materials, with
a view to decrease the IC reliability. The given changes cannot

be defined during a functional testing, however, at that, the
long-term reliability of IC can be reduced many times.

The work was done with the use of equipment of the Func-
tional Control and Diagnostics of Micro- and Nanosystem Tech-
nologies on the basis of NPK Technological Center with support
of the Ministry of Education and Science of Russia within the
Jframework of FTP "Research and Development in the Priority
Directions of the Scientific-technological Complex of Russia for
the period of 2014—2020" (GK Ne 14.574.21.0115, unique
identifier RFMEFI57414X0115).
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BUCTABUAbHbI MOMC-MEPEKAIOYATEAb C MEXAHU3MOM
AKTUBHOI' O PA3MbIKAHNA DAEKTPOAOB

Ilocmynuaa e pedaxyuro 09.06.2016

Ilpeocmassen MOM C-nepexatouamens 3neKmpocmamu4ecko20 muna ¢ pe3ucmueHsiM KoHmaxkmom. IloosusicHvim snexm-
poooMm Katoua senrsemcs 6aika, 3aKpeniennas Ha KpymuasHolx noosecax. OcobenHocmamu nepexkaouamens A64a0mes oucma-
OUABHOCMb U HAAUYUE MEXAHUIMA AKMUBHO20 PAMbIKAHUA KOHMAKMA, NO360AAIUE20 peuiums npooiemy APpUAUnanus 6aiKu
K KOMMYMupyemomy 31eKmpody noo oeticmeuem cui adeesuu. AkmueHoe pasmvlKanue peaiusyemes 3a cuem Haiuyus 08yx yn-
paeaarouux 31ekmpodos. Ompabomana mexHono2us U320moseaeHus nepexaovamens. Boinoanens: meopemuueckuii anaius, Kom-
nblOMepHoe MOOCAUPOBAHUE U IKCHEPUMEHMAAbHOe UCCAC008AHUE €20 PAdoHUX XAPAKMepUCmuxK.

Karoueevie caosa: MUKDOINCKMPOMeXaHU4YecKue cucmemsl, nepeKkirdamensb, sneKmpocmamuvecKoe ynpaeienue, pesucmue-
HbL KOHmMAakm, HanpAajceHue Cpa6amb16(1HLLﬂ, KOHmMAakmmHoe conpomuenernue, aodee3us

Beenenne

MOMC-nepekioyaTesay ¢ 3JeKTPOCTATUYECKUM MTPUH-
LIMTIOM YIIpaBlIeHUs] IIUPOKO HCIOJIb3YIOT B Pa3IMYHBIX
BY- u CBY-cucremax [1]. [1o cpaBHeHUIO C pagnovyacToT-
HBIMU KJIIOYAMU Ha pin-AvONax U TMOJEBBIX TPAH3UCTOPAX,
MBMC-KI0un 371eKTPOCTaTUYECKOTO THIIA MMEIOT CIIeIy-
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IOIlIME TPEUMYILEeCTBA: MaJlylo MOTPEeOJISIEMYI0 MOIIHOCTb,
MaJible IOTEPU B 3aMKHYTOM COCTOSIHUM; XOPOLIYIO Pa3BSI3KY
B Pa30MKHYTOM COCTOSIHUM, HU3KUI1 YPOBEHb HEJIMHEWHBIX
HMCKaXXEHUI1; BBICOKYIO palualOHHYI0 cToikocTh [2]. Hemo-
CTaTKOM COBpPEMEHHBIX KOMMEPUYECKU JOCTYyMHBIX MODMC-
KJIIOUeil SIBJISIETCS BBICOKOE HaMpsDKeHHe cpabaThIBaHUS,




KOTOPOE COCTaBJISIET HECKOJIbKO NeCSITKOB BOJIBT [3]. st yri-
paBJeHUs] TAKUMU MepeKIoyaTesIMU HEOOXOMUMBI CITeLM-
aJbHbIe YCTPOWCTBA W IIEMU BBICOKOBOJBTHON W3OJISILINH,
YTO CYILIECTBEHHO YCJIOXHSIET UX TPUMEHEHUE.

HauGonee pacripocTpaHeHHBIM METOJIOM CHIKEHUsI Ha-
NPsEKEHUS cpabaThIBAaHUS SIBJISIETCS] yMEHbILIEHUE YIIPYTOCTH
TTOIBMXKHOTO 3JIEKTpoa MepeKioyaTesss. OmHaKo pa3MbIKa-
HME KJTI04a, KaK MpaBWIO, OCYIIECTBIISIETCSI UMEHHO 3a CUEeT
CUJIBI YIIPYTOCTH, BO3HUKAIOLIEH B MOABUKHOM 3JIEKTPOIE
(maccuBHOE pasmbikaHue). [10aTOMy CHUXXEHUE ero YIpy-
TOCTM YMEHBLLUAET Pa3MBIKAIOLLYIO CUJTY U YBEJIUMYMBAET Be-
POSITHOCTh CJTUTIAHUS DJIEKTPOIOB IO NEWCTBUEM CHIT ajire-
3uu. Ho cavnaHue saeKTpoJoB UMEET U MOJIOXKUTEIbHYIO
CTOPOHY: IIJISl COXpaHEHUSI MepeKIIiouaresisi B 3aMKHYTOM CO-
CTOSTHUM He TpeOyeTcs Tmojada YIpaBIIsioNIero HampsiKe-
HMSI, T.€. 3aMKHYTOE COCTOSTHUE SIBJISIETCSl cTa0MiIbHBIM. [Tpu
5TOM B KOHCTPYKIIMIO TIEPEKITIoUaTesisi JOKHBI OBbITh 3aJ10-
K€Hbl MEXaHM3Mbl, TTO3BOJISIIOLIME TIPU HEOOXOAUMOCTHU
Mpeo0JIeBaTh aAre3MOHHBIE CUJIBI M Pa3MbIKATh 3JIEKTPOJIbI
(akTUBHOE pa3MbIKaHUe). BaxkHo, 4TOOHI peann3anus Mexa-
HU3Ma aKTUBHOTO Pa3MbIKaHUSI HE TIpUBEJia K CYIECTBEH-
HOMY YCJIOXHEHMIO KOHCTPYKLIMM TIepeKIovaTesisi, TeXHO-
JIOTMY €r0 U3TOTOBJICHHUS M CITIOCOOOB yrpaBieHus. B HacTo-
gieil pabote mpeacrabieH OucTtabuiabHblE MBOMC-nepe-
KJIIOYaTeslb 3JIEKTPOCTaTUIECKOTO THUIA C PE3UCTUBHBIM
KOHTaKTOM, 00JIafalolInii MeXaHU3MOM aKTUBHOTO pa3Mbl-
KaHUSI 2JIEKTPOIIOB.

KoHcTpyKuus m npuHIAn padoThl MepeKIoYaTe s

KoHcTpyKIyst mepekiitouareis peacTaBieHa Ha puc. 1.
IMonBUXHBIM 3JIEKTPOAOM SIBJISIETCSI MeTaJuIMuecKasl Oayka,
3aKperuieHHas Ha KpYTUJIbHBIX MoaBecax. [Toa KaxabiM rute-
YoM OaJIKu HaxOASTCsl YNPaBASIOIIMI U KOMMYTHUPYEMbIid
BJICKTPOIBI.

IIpuHumMn paGoThl IepeKoyaTesiss COCTOUT B CIEIyIO-
meM. Ha onuH 13 ynpapJisiiolmx 3JeKTPOAOB MOoAaeTcsl Ha-
NpsEKeHUe, MO/ NEMCTBUEM DJIEKTPOCTaTUUECKOMN CHTbI Oasl-
Ka HAaKJIOHSIETCST Y TIPUXOANT B KOHTAKT C KOMMYTHUPYEMbBIM
a5ieKTpoaoM (puc. 2, cocrosinue 1). [TonBeckl Ipu 3TOM HUC-
MBITHIBAIOT KPYYeHUE, B HUX BO3HUKAET CWJIa YIPYTrOCTH,
TBITAIOIIASICS BEPHYTh OAJIKY B TOPU30HTALHOE MTOJIOXKEHHE.
OnHako YNpyrocTb MOABECOB CHEeLMaTbHO 33JaHa MaJloi,
YTOOBI 00€CTIeYNTh HU3KOE HAaIpsDKeHUWe cpabaTbIBaHUS.

Onopsr
Anchors

[Moaseck
Hinges

Banka
Beam

YnpaBasroIHe 3IEKTPOIbI
Driving electrodes

KoMMyTHpYeMBIE 31EKTPOIbI
Signal electrodes

Puc. 1. Konctpykuus MOMC-nepexmouareis
Fig. 1. MEMS switch design

Cocrosiaue |
State 1

Cocrosgaue 2
State 2

Puc. 2. PaGouue cocTosinus mepexoyaTes
Fig. 2. Working positions of the switch

Cuna ynpyrocts He B COCTOSTHMM TIPEOJIOJIETh aare3nOHHbIE
CWJIBI U OTJICNMUTH OalKy OT KOMMYTHPYEMOTO 3JIEKTPOJa,
MO3TOMY MPU OTKJIIOYEHUH YIIPABJISIONIET0 HAMIPSIKEHUSI T1e-
peKITIoYaTesIb COXpaHsIeT CBOe COCTOSTHUE. JIJIsT pa3MBIKaHUsI
KOHTaKTa MCIIOJb3YIOT YIPAaBISIONIMNA 3JIEKTPOI, HaXOsl-
HIWIACS IO TIOTHSTHIM TUIe4oM 6anku. ITpu momave Harpsi-
JKeHUsI Ha Hero 0Oajika HAKJIOHSIETCS B MPOTUBOIOJIOXHYIO
CTOPOHY U NIPUXOIOUT B KOHTAKT C IPYTUM KOMMYTHPYEMBIM
3JIeKTpoaoM (puc. 2, cocTosiHre 2). YToOBI CHOBa IEPEUTH B
cocTosiHue 1, HeOOXOMMMO TTOAaTh HATIPSIKEHUE Ha TEepPBbIit
yIpaBISgoIMil 3aekTpon. TakuMm odpa3oM, B mpolecce pa-
0OThI KJIIOY HAaXOIUTCS B OMHOM U3 JABYX COCTOSIHUIA, KOTO-
pbie COXPaHSIIOTCS MPU OTKJIIOUYEHUU YIPABJISIIOUIMX CUTHA-
JIOB, T.€. KJIIOU SBJISIETCS] OMCTaOMIbHBIM. ['OpM30HTaIBHOE
rnoJsioxkeHue Oajku rmocje nepBoro cpabaTbiBaHusl 0ojiee He
JIOCTUTAETCS.

Pacuer HanpskeHHs cpadaTbIBAaHUS

KoncTpykius nepekimodyaresiss ¢ 0003HAYeHUEM pa3Me-
poB mM3o00paxkeHa Ha puc. 3. BoIpaxeHne mist HaNpsKEHUS
niepsoro cpabareiBanud (Vpy, pull-in voltage, HanipskeHUe Tie-
pexona Gajqku U3 FOPU30HTATIBLHOTO TOJIOXKEHMSI B HAKJIOH-
HO€) BBIBOAUTCS U3 ypaBHEHUs1 OajlaHCa MOMEHTOB 3JIEKT-
pOCTaTUYECKON U YIPYroi CUil U umeeT Bul [4]:

Vpr=

3 2\-0,5 1,931,-0,3244
0.8275Kg. [1[2_3) (1+0,6735[;j J , (1)

ggwa,

rae K — KOHCTaHTa YIpYyrocTH MOJABECOB, KOTOPas 3a1aeTcst
BbIpaxkeHuem |[5]:

— Gwhin etftin e 16 thin e tiin e
K= Zhinehinge | 223 36 hige| | _hinge || (2)
SLhmge 3 whinge 12Whinge

B Beipaxkenuu (2) G — Moayiib cABUTa MaTepurajia II0BECOB.
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lhu‘um

t
g

I ~hinge

OnexTpox
VOpPaBICHHA
: Driving
electrode

Puc. 3. KoHcTpyKuus nepexioyaress ¢ yKka3anueM reoMeTpuyecKux
pa3mepoB: a — BUI cOOKY; b — BUI CBEpXy

Fig. 3. Design of the switch with indication of the dimensions: a — side
view; b — top view

B 1a6n. 1 npencraBaeHsl HOMUHAIbHBIE 3HAYEHMST pa3-
MEpOB KOHCTPYKIMHU MepeKIoyaTesss U pe3yabTaThl pacue-
TOB HAIpsDKEHUST cpabaThbIBaHUSI C MCITOJIb30BAHUEM BBIpa-
xenust (1). PaccmMaTpuBaivCh 4eThlpe THIA KOHCTPYKIIMH,
OTJIMYAIOIINECS IIIMPUHON GaJIK! 1 3JIEKTPOJ0B w. B KavecT-
Be Marepuaja moaBecoB ObuT BeIOpaH xpoM (G = 115 I'Tla).
KoHcTaHTa ynmpyroctu moaBecoB B COOTBETCTBUU C BhIpa-
xenueM (2) coctassuia 3,9 1072 H -« M. ComtacHo pacde-
TaM HarpspkeHUe TIepBOro cpabaThlBaHUST JOJIKHO COCTaB-
J9Th 0T 4,1 10 8,2 B. CTOUT OTMETUTD, YTO BHIOOp MaTepuaia

yaTesisl, TaK Kak Iojiaraercs, 4YTo 6anka sipisiercs: Henedop-
MUPYEMOI.

B wensix ynpollleHust M3roTOBJICHUS TepekodaTess U
yAydIIeHUs] ero (PyHKIMOHUPOBAHUSI KOHCTPYKIIMS OaKu
6buta MomupuIpoBaHa. Bo-nepBrix, OBLIM H100ABIEHBI OT-
BepcTusl nepdopalliu, MO3BOJISIONIME YCKOPUTh YIajeHUe
JKEPTBEHHOTO CJIOSI M3-TI0J 0K Y YaCTUYHO CHSATHb OCTa-
TOUYHbIE MEXaHWYEeCKHe HalpsoKeHUsl B maTepuasie. Takke
nepdopalius CHUXana BO3AYIIHOE AeMIIUPOBaHUE U MacCy
OaJIku, TeM CaMbIM YBEJIWYUBAsi CKOPOCThb IMEPEKIIOUEHUS.
Bo-BTOpBIX, ObUIM H00aBIEHBI ITPOAOJILHEIE pedpa KeCTKOC-
TH, TIPU3BaHHBIE YBEJIMUYUTD YIPYTOCTh OATKU 0e3 CylecT-
BEHHOT'O BO3PACTaHUS €€ MacChl.

VYyecTb BausiHUE Nepdopaliuu 1 pedep KeCTKOCTH Ha Xa-
PaKTEPUCTUKU KJTI0Ya TTO3BOJISIET MOISIMPOBAHUE METOIOM
KOHEYHbIX 3JIEMEHTOB. MojielMpoBaHe BBIMOIHSIU B Cpeie
COMSOL Multiphysics. Ha puc. 4 moka3zaHa Moaeirb 6aaku
tuna 3 (cMm. Taba. 1). Ha BepxHeil moBepXHOCTH OajKu pac-
MOJIOXKEHBI pedpa >KeCTKOCTU BbicoToi 1 MKM. Mexay peo-
paMU HaXOMSATCSI OTBePCTUs Tiepdopaiuy ¢ jJaTepaabHbIMU
pasMmepaMu 2X2 MKM. Mojenab nepekioyaressi BKIoYaeT
0aJKy M OOWH YHOPaBJSIOMIMK 2JIeKTpod. ToplLbl MOIBECOB
3auKcrupoBaHbl. Ha ynpaBisiioiuii 3,1eKTpol OTHOCUTE T b-
HO 0aJIKu NoaBascs 3JeKTPUYECKUii MoTeHuuan. 3HaueHue
MOTEHIINAJIA, TP KOTOPOM MPOUCXOIUT DJIEKTPOCTATUIEC-
Koe cxyionbiBaHue (pull-in) 6aaKku ¢ 3JeKTPOIOM, COOTBETC-
TBYET HAMPSIKEHUIO TIEPBOTO CpabaThIBAHUSI.

PesynbraTel MonmenvpoBaHUs TpeAcCTaBieHBI B Tabm. 1.
CMonenMpoBaHHbIe 3HaYeHUA Vp; IPEBLIIAIOT pacCYUTaH-
Hble aHanuTUYecku B 1,5—1,7 pasza u cocrassitor 7,0...12,8 B.
MogaenvpoBaHue yYYUTHIBAJIO BAMsHUE Iepdopanuu O0anku
Ha 3JIeKTpocTaTuIeckoe moJje. BBegeHne oTBepCTHil B KOHC-
TPYKLMIO OaJK¥ yMEHBIIACT IUIOIIAAb TTEPEKPBITUS €€ C YII-
PaBJISIIOLIMM 3JIEKTPOIOM W, CJeI0BaTeIbHO, YBEJIUYMBAET
HanpsbkeHue cpabaThiBaHMS. TeM He MeHee HaJMuMe Tep-
¢opalmy HeoOX0AMMO U 00YCIOBAEHO OCOOEHHOCTSIMU TEX-
HOJIOTUY M3TOTOBJICHUS TIEPEeKITIOYaTes.

Ilocne cpaGaTbiBaHMsI mepekioyaress B 0071acTU KOH-
TakTa OaKu ¢ KOMMYTHPYEMBIM 3JIEKTPOIOM HAYMHAIOT
NIeCTBOBATh CUJIbI aAre3uu, KOTOpbie yAepKUBAIOT OAJIKy B
HAKJIIOHHOM TOJIOKeHUU. JIIg pa3sMbIKaHUsI KOHTaKTa He-
00X0IMMO TIPUJIOXKUTH HampsKeHWe MeXay Oaakol u yi-
PaBJISIONIMM  BJIEKTPOJIOM, HAXOASIIMMCS TOH TMOAHSITHIM
wiedoM Oanku. HazoBeM ero HampspkeHHEM pa3MBIKAHMUS
(recovery voltage, Vppc). 3HaUEHME ETO ONPENETAETCS U3 YC-
JIOBUSI OaJlaHCA MOMEHTOB CHJI:

OaJIKM He BIUSET Ha HaIpsAaXECHNE Cpa6aTbIBaHI/I$[ TICPEKITIO- MREC + MMECH = MADH’ (3)
Ta6auua 1
Pa3mepsl nepexiiouaTesiss ¥ pe3yJbTaThl AaHAJUTHYECKHX PACYETOB W MOJAETMPOBAHUS HANPSIKEHHUS MEPBOro cpadaThiBAHUS
Table 1
Dimensions of the switch and the results of the analytical calculations and modeling of the first pull-in voltage
Vpr, V
T P V> V, , AV
Tgpﬂgl{;}]’;‘;}é} Lyeams MM | fyeqm, MM Lhinge’ MM | Whinoe, WM | Fpipge, WM| @1, M ap, pm G, um W, pm pacuer COIIL\)/[[SOL
calculated
1 8 8,2 12,8
2 16 5,8 9,5
102 1 1,5 3 0,3 4 44 0,5 ’ ’
3 5 4 ’ 24 4,7 7,9
4 32 4,1 7,0
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rne Mppe, Mypcy, My py — MOMEHTBI 3JIEKTPOCTATHYEC-
KOIi CHJIbI, CUIIbI YIIDYTOCTU MOABECOB M CUJIbI aITE3UU CO-
OTBETCTBEHHO. Pacuer Vippe 13 BbipaxeHus (3) 3aTpyaHeH,
MIOCKOJIbKY 3HAYE€HUE AT€3UOHHBIX CUJI HEU3BECTHO. MOX-
HO YTBEPXKIaThb, YTO HANPSKEHME Pa3MbIKAHMSA OyHeT Ipe-
BbILIATh HANpPsIKEHME MEPBOTO cpabaTbiBaHus. Bo-nepBbix,
BO3/YIIHBIA 3a30p MEXy IOAHATBHIM ILUIEYOM Oalku U yII-
PABJIAIOLIMM 3JIEKTPOJOM IPEBBILIAECT HAYaIbHOE 3HAYECHME
3a30pa g. Bo-BTOpLBIX, MiA pasMbIKaHMsI KOHTAaKTa Oajku C
KOMMYTUPYEMBIM 3JIEKTPOJIOM HEOOXOAUMO IIPEOIOIET CH-
JIbI anre3uu. BaxHo, yTo B paboTe mepeKoyaTesis IpUaeTCs
OIEpUPOBaTh MMEHHO 3HAYEHMEM HAIPSKEHMs Pa3MbIKa-
HUsI, TOCKOIBKY IIOC/IE NMEPBOrO CPabaThIBAHMS T'OPU30H-
TaJlbHOE TI0JIOKEHME OalKu IOCTUIaThCsl HE OYIET.

DKCcnepuMeHTAIbHbIE Pe3YJIbTATHI U 00CYKIEeHHE

IMepekmoyaTe U3rOTaBIMBAIOT METOIOM MTOBEPXHOCT-
HOI MMKpooOpaboTku. OCHOBHBIE 3Talbl IMpollecca U3ro-
TOBJICHMSI TIpenCTaBiAcHBI Ha puc. 5. Ilommoxkoi ciykuia
TEPMUYECKH OKMCIJIEHHasl KpeMHMeBasl TIacTUHA IuaMeT-
poM 100 mM. CHavayiia Ha OUBJIEKTPUYECKOM Ciioe (hOpMHU-
POBaJIM YIPABJISIONINE U KOMMYTUPYEMbIE 3JIEKTPOIBI TTepe-
kmoyarens (puc. 5, a). st 3TOro Ha IUIACTUHY METOIAOM
MAarHeTpOHHOTO PAaCIbUIEHUSI HAHOCWIM CJIOH Xpoma TOJ-
mHOM 50 HM, BBITIOJIHSUIA KOHTAaKTHYIO (hoTonuTorpaduio
M KUAKOCTHOE TpaBJIeHWE Xpoma. 3aTeM Ha IJIaCTUHY Mar-
HETPOHHBIM METOAOM HaHOCWIIM KEPTBEHHBIN CJ10i1 aMmopd-
Horo kpeMmHus (a-Si) TomuuHoi 0,5 MM (puc. 5, b). B xep-
TBEHHOM CJIO€ C TIOMOIIBIO TUIa3MEHHOTO TpaBjieHus1 dhop-
MUPOBAIUCH SIMKM TIyouHOI okoyio 200 HM, HeoOXoauMBbIe
JUTSl CO3MaHMsI KOHTAKTHBIX BBICTYIOB Ha HWXKHEH MOBEpX-
HocTu Oanku (puc. 5, c). Jlajee Ha XXepTBEHHOM CJIO€ IMOC-
JienoBaTeIbHO (hDOPMUPOBAJIUCH MOABECHl U3 XpOoMa U OanKa
u3 amoMuHust (puc. 5, d—>5, f). XpoM 1 alioMHHUI HAHO-
CUJIM MAarHETPOHHBIM METOAOM W TPaBWJIM SKUIKOCTHBIM
Croco0oM. 3aKJIIOUUTESbHBIM 3TAallOM M3TOTOBJEHUSI ObLIO
yIaJieHue XepTBEHHOTO CJIOSI U3-To1 0aTKu METOJOM TpaB-
nenns B mnasme SFq (puc. 5, g). POM-usobpaxenue usro-
TOBJICHHOTO MTEPEKITIOYATEIIsI THIIA 3 TIPEACTABICHO Ha puC 6.

M3mMepeHue pabouux XapaKTepUCTUK TMepekiovareneit
BBITIOJTHSITM B BO3MyXe TIPY HOPMATBHBIX YCIOBUSX. DKCTIe-
PYMEHTAJIbHO TIOJyYeHHbIe 3HAYSHUST HANIPSIKeHUs TIePBOTO
cpabaTbiBaHUs MpeacTaBieHbl B Taba. 2. Habmonanu xopo-
11Iee comacue 3KCIePUMEHTAIbHBIX TaHHBIX C pe3yJbTaTa-
MM MOJEIMPOBAHUS METOAOM KOHEUHBIX 2JIEMEHTOB (CM.
Tabja. 1). HauMeHbllee HanpsikeHWe cpabaTbIBaHUS UMEIU
nepexJoyaTes v ¢ Haubosiee MpPoKo 6ankoit (tum 4), Mu-
HUMaJlbHOE 3HaueHue Vp; cocrasisuio 6,0 B.

DKCIepUMEeHTaIbHO TOJYYeHHbIC 3HAYEHMST HarpsoKe-
HUSI pa3MBbIKaHUs TakKe IpeacTaBieHbl B TaOn. 2. Hampsi-
JKE€HME pa3MblKaHUsI MPEBbIIAN0 HAMPSIKeHWE TIEPBOTO cpa-
OaTteiBaHMSI B 3—4 pasa. [IpeBblllieHrEe ObUIO OXUIAEMBIM,
OITHAKO 3HAYeHME ero TPYIHO OBLIO Mpeacka3aTh TEOPETH-
yecku. [IpemnaraemMasi KOHCTPYKLIMSI MepekaioyaTesis aaeT
BO3MOKHOCTb TIOWTH TIO APYroMy ITyTHU: 3Hasl U3 3KCIepU-
MEHTa HampsbkeHHe pa3MbIKaHMSI M TeOMETpUI0 KIltoua,
MOHO OTpeeIUTh 3HaUeHUe cuil aare3un. OmqHaKo 3TO SIB-
JIIeTCs OTIENbHOU KcciienoBaTenbckoi 3anayeil. CTouT oT-
METHUTh, YTO Ha HayaJbHOM 3Tare paboThl 3HAUEHUE HaIpsi-
JKEeHUSI pa3MbIKaHMS ObIJIO OTHOCUTEJILHO BHICOKMM, OHO CO-
crapnsuio ot 19,4 no 40,3 B. B manbHeituieM 1uiaHupyetcst

Puc. 4. Mogean 6aiKu nepekmodyareist 3-ro Tana
Fig. 4. Model of the beam of the switch of the 3rd type

el _—= I e eeme———

K

1-Si mm-Cr mm-Al

[m - Si0; @ - a-Si

Puc. 5. OcHoBHBIE 3Tanbl M3rOTOBJIEHNUS MEPEKTIOYATEIIS
Fig. 5. Main manufacturing stages of the switch

mag » | det tit | WD HV HFW S|
1751 x/ETD 40 */19.1 mm 10.00 kV 85.2 ym|6.24e-£

Quanta 3D

Puc. 6. POM-un300paxenne MOMC-nepekmoyarens Tana 3
Fig. 6. REM image of the MEMS switch of the 3rd type
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Tabnuua 2
BKCHeplflMeHTaJ'leO MNOJYYCHHBIC 3HAYCHHUA HANPSAKCHHUA
MepBOro CpadaThiBAHUS (HANPSIKEHNS PA3MBIKAHUS M CONPOTHBIICHAS
nepexyoyaTeNeil B 3aMKHYTOM COCTOSIHHM)
Table 2

The experimentally received values of the first pull-in voltages
(voltages of recovery and resistance of the switches
in the closed position)

Tun xioua

Type of key Ve V Vree: V R Q
1 13,0 £ 0,7 27,7 £ 5,1 344 + 41
2 10,6 £ 1,1 32,0 £ 8,3 318 £ 33
3 9,0+ 1,5 26,7 £ 3,9 336 £ 95
4 6,5+0,5 24,6 £5,2 317 £ 20

JIOCTMYD 00Jiee HU3KMX 3HAYCHUI ITyTeM YMEHBIIIEHUS 3a30-
pa MexXay OanKoi M 3JeKTpoaaMu U, BO3MOXHO, MOauGu-
Kamueit dopmbl OAIKM.

ComnpoTuBieHue MepeKitoyaTeieil B 3aMKHYTOM COCTOSI-
Huu coctanisio 250...400 OM. YMeHbIlIeHUSI COMPOTHBIIC-
HUS C YBeJIMYCHHUEM IIMPUHBI OaJKy He HaOIomaiu. XOTs
yeM IuMpe Oblaa Oajika, TeM MeHbIle ObUIO ee COOCTBEHHOE
COIIPOTHMBJIEHHUE U TeM OOJIbllIe OHA ColepXKaa KOHTAKTHBIX
BBICTYTIOB. OTCYTCTBUE 3aBUCUMOCTU COTPOTUBIICHUST KITIO-
Yya OT LIMPUHBI OAJKM MOXHO OOBSICHUTH TEM, YTO 3HAUU-
TEJBHYIO YacTh CONMPOTUBJIEHUS BHOCWJIM MeETaJUIMUECKUe
JIOPOXXKHU, UAYIIIME OT KOHTAKTHBIX TUIOLIA0K K 3JIEKTPOIaM
u Oanke Kioya. BelaenuTh COMpOTUBIEHME KOHTaKTa W3
CYMMapHOTI'O COMPOTHBIIEHUS KJIoua ObUIO MPOOIeMaTU4HO.
B nmnpencraBieHHbIX MepeKaovaTessix BO3HUKAT KOHTaKT
aTIOMUHMI-XpoM. B manpHeiIeM IUIaHUPyeTCs UCIIOIb30-
BaTh NMpuHsATEIe B MOMC-0oTpacin KOHTaKTHbIE MaTepua-
JIbI, TAKME KaK 30JI0TO WIM TUIaTWHA [6], IS HOCTHKCHUS
MaJIor0 KOHTAKTHOTO COTIPOTUBJICHUS M HaIeXHOCTH KOH-
TakTa 0aJKu C KOMMYTUPYEMBIM 3JICKTPOIOM.

3akmouenue

Pazpaboran u wusroroBieH MOMC-nepexiouaresb
3JICKTPOCTaTHYECKOTO TUIIA C PE3UCTUBHBIM KOHTaKTOM. Oco-

OEHHOCTSIMU KJTIOUA SIBJISIOTCS OMCTAOWIBHOCTh U HAITM4NE
MeXaHM3Ma aKTUBHOIO pa3MbikaHus. OTpaboTaHa MmpoLesy-
pa U3roTOBJICHUS TEepEKIoYaTesis ¢ UCIIOIb30BaHUEM CTaH-
JMAPTHBIX TEXHOJIOTUYECKUX ITPOLIECCOB MUKPOIJIEKTPOHUKHU.
DKCcreprMeHTalbHbIe 3HAYEHUST HaMpsIKeHUs TIEpBOTO cpa-
OaTBIBaHMSI COTJIACYIOTCSI C pe3yJbTaTaMy MOAEIMPOBAHMUS
METOIOM KOHEYHBIX 3JIeMEHTOB. HampsokeHne pa3sMbIKaHUS
nepexitovaTesass Haxogutcs B auanazoHe 20...40 B. B manb-
HelleM IJIaHUPYeTCsl JOCTUYb 00JIee HU3KUX 3HAYCHUI1 Ha-
MpsKeHUsT pa3MbIKaHUSI.

Paboma evinosnena npu gpunancosoii nodoepicke PODHU 6
pamkax HayuHoeo npoekma Ne 16-37-60065 moa_a_ Ok ¢ uc-
noawvsoeanuem obopydosanusi Llenmpa kosrnrekmueno2o noavso-

6aHus Hay4HviM 000pydosanuem "HuazHocmuka MUKpo- U Ha-
Hocmpykmyp".
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Bistable MEMS Switch with an Active Contact Breaking Mechanism

The article presents an electrostatically actuated MEMS switch with a resistive contact. The movable electrode of the switch is
a beam, suspended by the torsion springs. The specific features of the switch are bistability and the mechanism of an active contact
breaking, which solves the problem of adhesive sticking of the beam to the signal electrode. The active opening of the switch is realized
due to two control electrodes. The technology for production of the switch was mastered and the theoretical analysis, finite element
simulation and experimental investigation of the switch characteristics were done.

Keywords: microelectromechanical systems, switch, electrostatic actuation, resistive contact, pull-in voltage, contact resistance,

adhesion
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Introduction

MEMS-switches with an electrostatic control are used in
various high frequency and microwave systems [1]. In com-
parison with the radio-frequency keys on pin-diodes and field
transistors, the MEMS keys of the electrostatic type have
small power consumption and losses in the closed position; a
good outcome in the open position, low level of nonlinear dis-
tortions; and high radiation resistance [2]. A drawback of the
commercially available MEMS keys is a high pull-in voltage,
which is equal to several tens of volts [3]. Control of such
switches requires special devices and high-voltage insulation
circuits, which complicates their application.

The most widespread method for reduction of the pull-in
voltage is reduction of the elasticity of the mobile electrode of
the switch. However, a key disconnection, as a rule, is carried
out due to the force of elasticity in the mobile electrode (pas-
sive disconnection). Therefore, a decrease of its elasticity re-
duces the disconnecting force and increases the probability of
adhesion of the electrodes under the influence of the adhesion
forces. But adhesion of electrodes has also a positive side: for
preservation of a switch in the closed position no supply of the
control voltage is required, i.e. the closed position is stable.
The switch design should include the mechanisms, allowing
to overcome the adhesive forces and to disconnect the elec-
trodes (active disconnection). It is important, that the active
disconnection mechanism does not lead to an essential com-
plication of the design of the switch, the technology of its
manufacturing and the control methods. This work presents
a bistable MEMS switch of the electrostatic type with a re-
sistive contact and the mechanism of active disconnection of
the electrodes.

Design and principle of operation of the switch

The switch design is presented in fig. 1. The mobile elec-
trode is the metal beam fixed on torsion springs (suspensions).
Under each shoulder of the beam there are the control and
switched electrodes.

The principle of operation of the switch is the following.
Voltage is supplied to one of the control electrodes, under the
influence of the electrostatic force the beam bends and comes
into contact with the switched electrode (fig. 2, position 1).
The suspensions are subjected to torsion, a force of elasticity
appears in them, trying to return the beam into the horizontal
position. However, the elasticity of the suspensions is pur-
posefully designed as small in order to ensure a low pull-in
voltage. The force of elasticity cannot overcome the adhesive
forces and unstick a beam from the switched electrode, there-
fore, during the switching-off of the control voltage the switch
preserves its position. For a contact disconnection the control
electrode is used under the beam’s lifted shoulder. When volt-
age is supplied to it, the beam bends to the opposite side and
comes into contact with the other switched electrode (fig. 2,
position 2). In order to return to position 1, it is necessary to
supply voltage to the first control electrode. Thus, in the
course of operation the key is in one of the two positions,
which remain, when the control signals are switched off, i.e.
the key is bistable. The horizontal position of the beam after
the first actuation is not restored any more.

Calculation of the pull-in voltage

The design of the switch with its dimensions is presented
in fig. 3. The expression for the first pull-in voltage (Vp;, pull-
in voltage, voltage of the beam’s transition from the horizon-
tal position into the inclined one) is deduced from the equa-
tion of the balance of the moments of the electrostatic and
elastic forces, and looks like the following [4]:

Vpr=

3 20-0,5 1,931 ~0,3244
= (L.8275K¢ [1[“-3} (1+0,6735(“—j J (1)
eQWas a a
0 2

where K — is the constant of elasticity of the suspensions,
which is set by the following expression [5]:

3 4
K= Gwhingethinge |:E _ 3,36 thinge [l _ thirige J} . (2)
8 Lhinge 3 Whinge 12whmge

In expression (2) G — is the shearing modulus of elasticity of
the material of the suspensions.

Table 1 presents the nominal dimensions of the switch de-
sign and calculations of the pull-in voltage with the use of (1).
Four designs were considered, differing by the width of the
beam and electrodes w. Chrome was selected as the material
for the suspensions (G = 115 GPa). In accordance with (2),
the elasticity constant of the suspensions was 3,9 - 107°N - m.
According to calculations, the first pull-in voltage was from
4,1 up to 8,2 V. It should be pointed out that the choice of
the material for the beam does not influence the pull-in volt-
age of the switch, because it is assumed that a beam is not de-
formable.

For simplification of manufacturing of the switch and im-
provement of its functioning the beam design was modified.
Firstly, apertures were added, allowing to accelerate the re-
moval of the sacrificial layer from under the beam and to re-
move partially the locked-up stresses in the material. Besides,
the apertures reduced the air damping and the weight of the
beam, thereby increasing the speed of switching. Secondly,
the longitudinal webbing, intended to increase the beam elas-
ticity without an essential increase of its weight, was added.

Modeling by the method of the final elements allows us to
take into account the influence of the apertures and webbing
on the key characteristics. It was carried out in the COMSOL
Multiphysics environment. Fig. 4 presents a model of beam 3
(see table 1). On the top surface of the beam there is webbing
with height of 1 um (in fig. 4 designated by dark blue color).
In-between the webbing there are apertures with lateral di-
mensions of 2x2 um. The switch model includes a beam and
one control electrode. The end faces of the suspensions are
fixed. An electric potential was supplied to the control elec-
trode in relation to the beam. The potential, at which an elec-
trostatic pull-in of the beam with the electrode occurs, cor-
responds to the first pull-in voltage.

The results of modeling are presented in table 1. The Vp;
1,5—1,7 times exceed the analytically calculated values and
are equal to 7,0...12,8 V. The modeling took into account the
influence of the apertures of the beam on the electrostatic
field. Introduction of the apertures into the design reduces the
area of its overlapping with the control electrode and increas-
es the pull-in voltage. Nevertheless, presence of the apertures
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is necessary and determined by the specific features of the
manufacturing techniques of the switch.

After activation of the switch in the contact area of the
beam with the switched electrode the forces of adhesion start
to operate, keeping the beam in the inclined position. For a
contact disconnection it is necessary to apply voltage between
the beam and the control electrode, which is under the lifted
shoulder of the beam. This is the recovery voltage (Vggc). It
is found from the balance of the moments of forces:

Mrpc + Myeca = Mypws (3)

where Mppe, Mypcy, M py — are the moments of the elec-
trostatic force, force of elasticity of the suspensions and ad-
hesions, accordingly. Calculation of Vg from (3) is com-
plicated, because the adhesive forces are unknown. It is pos-
sible to assert, that the recovery voltage exceeds the first pull-
in voltage. Firstly, the air gap between the lifted shoulder of
the beam and the control electrode exceeds the initial value
of the gap g. Secondly, for disconnection of the contact of the
beam with the switched electrode it is necessary to overcome
the forces of adhesion. It is important, that in the switch op-
eration it is necessary to deal with the recovery voltage, be-
cause after the first actuation the horizontal position of the
beam will not be reached.

Experimental results and discussion

The switches are produced by the method of surface mi-
croprocessing. The basic manufacturing stages are presented
in fig. 5. The thermally oxidized silicon plate with diameter of
100 mm was used as a substrate. At first, the control and
switched electrodes of the switch were formed on the dielec-
tric layer (fig. 5, a). A layer of chrome with thickness of 50 nm
was deposited on a plate by the magnetron sputtering, then,
the contact photolithography and liquid etching of chrome
were done. On the plate by the same method a sacrificial layer
of amorphous silicon (a-Si) with thickness of 0,5 um (fig. 5, b)
was deposited. In the sacrificial layer pits were formed by
plasma etching with depth of about 200 nm for creation of the
contact ledges on the bottom surface of the beam (fig. 5, c¢).
On the sacrificial layer the chrome suspensions were consist-
ently formed and an aluminum beam (fig. 5, d, 5, f). The
chrome and aluminum were deposited by the magnetron
method and etched by a liquid method. The final stage was re-
moval of the sacrificial layer from under the beam by etching
in plasma SFg (fig. 5, g). A REM image of the manufactured
switch of type 3 is presented in fig. 6.

Measurement of the working characteristics of the switch-
es were carried out in the air in normal conditions. The ex-
perimentally received first pull-in voltages are presented in ta-
ble 2. The experimental data agreed well with modeling by the
method of the final elements (see table 1). The switches with
the widest beam (type 4) had the lowest pull-in voltages, the
minimal value of Vp; was 6,0 V.

The experimentally obtained recovery voltages are also
presented in table 2. They are 3—4 times more than the first
pull-in voltages. That was expected, however, difficult to pre-
dict theoretically. The offered design of the switch gives a
chance to go the other way: knowing from the experiments
the recovery voltage and the key geometry, it is possible to de-
termine the forces of adhesion. However, it is a problem for
a separate research. It is necessary to point out, that at the in-
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itial stage the recovery voltage was rather high, from 19,4 up
to 40,3 V. In future it is planned to reach lower values of the
gap between the beam and the electrodes and modification of
the form of the beam.

Resistance of the switches in the closed position was
250...400 Q. A reduction of resistance with an increase of the
width of the beam was not observed. Although, the wider the
beam, the less was its own resistance, and the more of contact
ledges it contained. Absence of a dependence of the key re-
sistance on the width of the beam can be explained by the fact
that a considerable part of the resistance was brought by the
metal paths going from the contact platforms to the electrodes
and the key beam. It was problematic to single out the contact
resistance out of the total key resistance. In the presented
switches an aluminum-chrome contact appeared. In future it
is planned to use the contact materials accepted in the MEMS
branch, such as gold or platinum [6], for achievement of a
small contact resistance and reliability of the contact of the
beam with the switched electrode.

Conclusion

A MEMS switch of the electrostatic type with a resistive
contact was developed and manufactured. Specific features of
the key are its bistability and the mechanism of active discon-
nection. Manufacturing of the switch with the use of the
standard processes of microelectronics was mastered. The ex-
perimental values of the first pull-in voltages agree well with
the results of modeling by the method of the final elements.
The recovery voltage of the switch is within the range of
20...40 V. In future it is planned to reach lower values of the
recovery voltage.

The work was done with the financial support of the Russian
Foundation for Basic Research within the framework of the
project No 16-37-60065 mol_a_dk with the use of the equipment
of the Diagnostics of Micro- and Nanostructures of the Center
Jfor Collective Use of the Scientific Equipment.
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deneparbHOE TOCYIAPCTBEHHOE OIOMKETHOE 00pa30BaTeIbHOE YUIPEKICHNE BEICIIIETO 00pa30BaHUS
"BopoHexXCcKuil rocygapcTBeHHBIN YHUBEPCUTET , T. BopoHexk

AHAAU3 COCTABA CAOXXHOWM FA30BOMN CMECU CEHCOPOM

HA OCHOBE LEOAUTA

Ilocmynuna 6 pedarxyuio 09.06.2016

Paspabomarna memooduka anaiuza cocmasa CAONCHOU 2a3080l CMeCU CEHCOPOM HA OCHO8e Kaunonmuaoauma. Ilpedaocero uc-
NOMB308AHUE HUKOUACOMHBIX NPIMOY20NbHbIX UMAIYALCO8 HANDSNCCHUS NePeMEeHHOU NOASPHOCMU 045 onpedenenust opetighosoli
NOOBUNICHOCMU UOHOE8 6 NOpax u Ha noeepxnocmu yeoasuma. Ilokasano, umo adcopouyus paznuunoix munog mosexyar (NH;, H,0)
CONpoBoNCOAemcs USMEHEHUEM He MOAbKO UOHHOU NPOBOOUMOCU YeOAUma, HO U Opetgosoti NOOBUNICHOCMU UOHOE.

Karoueenie cro6a: ca3ouyscmeumensvhblii ceHcop, Ueoaumst, 0peiqhosas NOOBUICHOCMb, a0copOyUsl, MHO2OKOMNOHEHMHble ea-

306ble cmecu, AmMMUuaKk

Beenenne

Bnarogapsi cBouM ancOpOUMOHHBIM U CEJIEKTUBHBIM
CBOICTBaM 1IEOJIUTHI MOTYT ObITh UCITOJIb30BaHbI B FA30UYyBC-
TBUTENBHBIX HaTynkaX. CIIOCOOHOCTD IIEOJTUTOB K ICTEKTH-
POBaHUIO acOpPOMPOBAHHBIX BELIECTB OOYCIOBIEHA TOMO-
JIOTMEel CUCTEMBI TIOp U KAaHAJIOB B MX KPUCTALIMUYECKOM
Kapkace, a Takxe MPUCYTCTBUEM B TTOPOBOM ITPOCTPAHCTBE
KaTHOHOB (IpeX/1e BCero, 1IeJOYHbIX METa/UIOB), CJ1a00 CBSI-
3aHHBbIX ¢ KapkacoMm. ConepxxaHue KaTUOHOB OIpeaesieTcst
cooTHouieHueM Si/Al B coctaBe 1ieonuTa. 3aMelleHue Sitt
Ha AT TIPUBOINUT K 00pa30BaHMIO OTPUIIATEILHOTO 3apsaa,
JIOKQJIM30BAaHHOT'O Ha MOHAX KUCIOPOJa, BXOISIIUX B COCTaB
KPUCTAJUIMYECKOTro Kapkaca. M30BITOYHBIN 3apsia KOMIIEH-
CUpYETCsSl HaJTMuMeM KaTMOHOB B MOpax LieoiauTa. PazBurast
cucreMa KaHajioB u nop (nuamerpom ot 0,3 no 1 HM, B 3a-
BUCUMOCTU OT THUIIA 1Ie0JMTA) AeaeT eOTUThl XOPOIIUMU
ajgcopbenTamMu. Hanuume XXe KaTMOHOB BHYTPH TIOpP OIIpe-
neJisieT MHOroo6pasue 3eKTpodu3ndeckux 3¢ GHeKToB, BO3-
HUKAIOIIMX MPU aJCOpPOLIMU U 3aBUCSIUIMX OT TUIA U KOH-
LIEHTpaIM ancopOMpoOBaHHOTO BelecTBa [1—3].

HaubGonee pacnpocTpaHeHHBIM METOIOM JE€TEKTUPOBA-
HUSI aJICOPOMPOBAHHON TTPUMECH B IICOJIUTAX SBIISICTCS M-
nefaHcHas crekTpockornusi. C MoMoIlblo HU3KOYACTOTHOM
MMIEIaHCHOM CIIEKTPOCKONMU UCCIEAYIOT M3MEHEeHUE TTOJI-
HOT'O COMPOTUBJIEHUSI CEHCOpa MPU MoJaye Ha HETO CUHYCO-
uaanbHoro curiana ¢ yacroro 100 mIu...10 MTu. TTpu
5TOM OTKJIMK 3aBUCUT OT SHEPTUU aKTUBAIIMU U TTOABUXKHOC-
TH YaCTHII, HAXOMSIIMXCS BHYTPH LIe0oNNTa (M Ha €ro MoBep-
xHocTh). [lpy BbICOKOYACTOTHOW WMIIEJAHCHON CIEKTPO-
ckormu (110 I'T) uccnenyercs BIMsIHUME amcOpOIIMOHHBIX
MPOIIECCOB Ha KojebaTeNIbHbIe CIEKTPHI aacOpOMPOBaHHBIX

MoJiekysn. C TOUKM 3peHMsI KOMMepLUaIu3aluuyu HauboJjee
MEePCIEKTUBHBIMU SIBJISIIOTCSI METOAMKM JETEeKTUPOBaHUS, B
KOTOPBIX TapaMeTpU3UpPYeTCsl OTKIUK Ha HU3KOYACTOTHBIE
BozaeicTBUs. IIpy 3TOM OOHOI M3 OCHOBHBIX XapaKTepPUC-
TUK, UBMEHSIIOLLIMXCS TIPU aJicOpOLIMU, SIBJIsIeTCs ApelicdhoBast
MOIBMDKHOCTb MOHOB B TIOPaXx 1I€0JIMTA. DTO MOTYT OBITh KaK
HMOHBI aJcOpOUpYeMBbIX BEUIECTB (HAmpuMep, MpHU aacopo-
MM aMMMaKa), TaK ¥ KaTMOHBI IeonuTa. Mi3aMeHeHne npeii-
(boBOIi MOABMXKHOCTA MOXET MPOUCXOAUTH MO HECKOJIbKUM
npuurHaM. Bo-niepBbIX, BcenCcTBUE BApbUPOBAHUS KOJUYEC-
TBa aKTMBHBIX KaTHOHOB (Hampumep, Mo MpUYMHE OCiad-
JIEHUST UX CBSI3M C KapKacoM IO AeWCTBUEM TOSIPHBIX ajl-
COpPOEHTOB, TAKMX KaK MOJICKYJIbI BOIbI, WM 3a CYET IMPO-
TeKaHWs XUMUYECKOM peakivu). Bo-BTOpBIX, BCaeacTBue
3aTPYAHEHMS TIepeMEIIeHUSI KATUOHOB BHYTPU KPUCTAJLIA-
YeCKOro Kapkaca (4To UMeeT MeCTO TIPeMMYIIeCTBEHHO TP
aJIcOpOLIMU HETOJSIPHBIX MOJIEKYJI).

AHanu3 npelioBOil MOIBUXHOCTU B Tra304yBCTBUTEIIb-
HBIX TaTYMKAX OCYLIECTBIISIETCS C TTIOMOIIIbIO MeToaa nudde-
PEHIMAIBHOM CIEKTPOMETPUY MOHHOM NMOABUXKHOCTH [4, 5].
B aTOM MeTone MOHM3MPOBAHHYIO Ta30BYIO CMECh IPOITyC-
KaloT 4yepe3 CIelMaabHyl0 ApeiicOoByl0 TPYOKY, pasmesiio-
1IIY}0 MOHbI B 3aBUCHMOCTH OT 3HAYCHMUSI UX apeiipoBoit mo-
BMXKHOCTU B Ta30Boil (paze. JlaHHBIM MeTon obOecIieunBaeT
OUYEHb BBICOKYIO YYBCTBUTEJIBHOCTh U TOUHOCThH NETEKTUPO-
BaHUS IIEHOM JOCTaTOYHO BHICOKOM CIIOXKHOCTH YCTPOMCTBA.
IleonuT MOXXHO paccMaTpuBaTh Kak TBEPAOTENbHBIM aHAIOT
npeiidoBoii Tpyoku. [Ipm 3TOM CyIIECTBEHHO YIIPOIIAETCS
KOHCTPYKIIMSI CEHCOpa, OMTHAKO YCIOXHSIETCSI METOIMKA WH-
TepIpeTaluu OTKJIMKA CEHCOopa.

Llennio HacTosel pabOTHI OblJIa OLIEHKAa BO3MOXHOCTH
pa3paboTKN METOAVKM NETEKTUPOBAHUS COCTaBa CIIOXHOM
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Puc. 1. KoncTpyknus cencopa: / — cuTtayjioBasi ouIoxKa; 2 — ce-
peOpsiHbIe BJIEKTPOIbI; 3 — CJIOM KIMHONTWIOIUTA

Fig. 1. Sensor design: 1 — sital substrate; 2 — silver electrodes; 3 — layer
of clinoptilolite
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Puc. 2. Cxema npoBeneHusl 3KCIEPUMEHTA
Fig. 2. Circuit of the experiment

ra3oBOii CMeCH, OCHOBAHHOI Ha aHajau3e IpeidoBOii ITod-
BIDKHOCTH MOHOB B MOpPaxX M Ha MOBEPXHOCTH LICOJIMTA.

IlocTanoBKa 3KcnepuMeHTa

Hcronb3yeMblii  CEHCOp WMMEET BCTPEYHO-IITHIPEBYIO
CHUCTEMY CepeOPSHBIX 2JIEKTPOIOB, PACIIONOXEHHBIX Ha CH-
TaJUTOBOM moyioxke (puc. 1). JIyist HaHeCEeHUs 1Ie0INTa UC-
ITOJTB30BAaH METOJ, OCAXIEHWS M3 BOXHOM B3Becu. Cxema
MPOBeIECHNS SKCIIEpUMEHTa MpeAcTaBieHa Ha puc. 2. M3ro-
TOBJIEHHBII CEHCOP MTOMEIAIN B 9KCH-
KaTop ¢ amcop6atoM. OCHOBHOE OTIIH- r
Yyye METOAMKHU JaHHOM paboThl OT MpPU-
MEHSIEMBIX METOIOB (POPMUPOBAHMS OT-
KJIMKa CeHCopa 3aKJouyaeTcss B (opme
MOJABAEMBIX M3MEPUTEIbHBIX WMIIYIb-

[ns mapameTpuM3aliii 3TOTO TIpoliecca MCIIOJIb30BaHa CTe-
MeHHast QYHKIIMS.

BiusiHue KOHLIEHTpaluMu aacopOMpPOBAaHHBIX MOJIEKYJ
Ha BUJI TIEPEXOTHOTO Mpoliecca UCCIeN0BaIoCh Ha MpUMepe
BOISIHOro mapa. BiaxXHocTh B 3KCHMKATOpe MOANepXHUBa-
JIach C TIOMOIIIbIO HACBIILIEHHBIX PACTBOPOB Pa3JIMYHbIX CO-
aeit (NaCl, KCl, FeCls). Bausnue tumna ancopOupoBaHHBIX
MOJIEKYJl Ha BUJ MEPEXOAHOro Mpoliecca UCCIeAOoBAIM Ha
npuMepe aMMuaka. Pe3ysbraThl U3BMepeHUI MpeacTaBIeHbI
B Tabsulie.

O0cyxaeHune pe3yJbTaTOB

Kaxk BugHO, M3MeHEeHHE KOHLIEHTpalM aacopOMpoBaH-
HBIX MOJIEKYJT BOIIbI OTpaXkaeTcsi, Mpexk/ie BCero, Ha Macli-
tabHOM Ko3(pPpumuente A. [lokazarens creneHu B ocTaeTcs
MOCTOSIHHBIM (B TpefAesax MOTPelIHOCTH SKCIEPUMEHTA).
Poct MoHHOIT TPOBOIMMOCTH 11€0IuTa (KOTOPYIO OTpaxaeT
MacIUTaOHBI KO3 (UIIMeHT) 00YyCIOBJIEH, MO-BUIMMOMY,
YBEJIMYEHUEM KOJIMYEeCTBA aKTUBHBIX MOHOB IIEJIOYHBIX ME-
TaJIJIOB, KOTOPBIEC TPUCYTCTBYIOT B COCTaBe KJIMHOMTUIIONNTA
Y MEepPeBOSITCS B MOABUXHOE COCTOSIHUE MOJIEKYJIaMU BO-
npl. Hekoropoe yMeHbllIeHMEe TToKa3aTesis CTerneHu B mpu
OOJIBILION BIaXKHOCTH OTPENENsIeTCs, BEPOSTHO, CHIDKEHUEM
MOABMXXHOCTH MOHOB METAJIJIOB B ITOpax 11€0JIMTa, KOraa 3a-
rpy3Ka MOJIEKYyJaMHu BOIbI OJM3Ka K MaKCUMaJbHOW (Tpu
9TOM YMEHbIIIAeTCsl MPOXOAUMOCTb KaHAJIOB).

HM3meHeHue Thna ancopOMpPOBaHHBIX MOJIEKYJ CKa3bIBa-
€TCsl He TOJIbKO Ha MU3BMEHEHUHU MacIITabHOro Ko3(hhUuIlMeH-
Ta, HO M Ha TToKa3aTeJsie CTereHU B, KOTOPbI OTpaXkaeT IMojI-
BIDKHOCTb MOHOB BHYTPU 1I€OJIMTA. YMEHbBIIIEHUE TTOIBIK-
HOCTH YacTUI] BbI3BAHO 0o0Jjiee CUIIbHBIM B3aUMOJACUCTBUEM
Kapkaca 11e0JIuTa ¢ aMMHaKOM, HEXeJI ¢ TTPUCYTCTBYIOIIM -
MM B 1IEOJIUTE UOHAMU ILIETOYHBIX METAJIOB. DTO 3aTPy/l-
HSIET TIepeMellleHMe MOHOB METaJUIOB B Iopax, CHuxast 3¢-
¢ekTuBHYIO Apeii¢oByIO MOABMKHOCTL. K ToMy ke o0pa3sy-
IollIMecss BO BHYTPUIIOPOBOM IIPOCTPAHCTBE MOHBI aMMOHUSI
NH*" BesiencTBie CBOETO HOCTATOYHO GOJIBLIOTO pa3mMepa
TaKKe MMEIOT HU3KYIO Ipeli)oByIO0 MOABUKHOCTL. B TO Xe
BpeMsl MPUCYTCTBUE aMMHUaKa CIOCOOCTBYET POCTY MPOBO-
JIMMOCTH CEHCOpa, YTO MPOMCXOIUT, BO-TIEPBBIX, OJaromapst

coB. 17151 uccaenoBaHus aApeiipoBoit mom-
BIDKHOCTM MOHOB B TOpax 1I€oJIUTa Ha
CEHCOp MOAaBaIM HU3KOYAaCTOTHBIE TIPsI-
MOYTOJIbHBIE WMIYJbChl TEPEMEHHOMN
nonsipHoctu (mepuon 200 ¢, ckBax-

1000

TToABHKHOCTE a/1COPOHPORAHHBIX

HocTh 50 %, ammutyna 5 B). IlameHue
HampsKeHWsT Ha HArpy304HOM PE3UCTO-
pe R M3Mepsuiv MOCPEACTBOM aHAJIOro-
uudpoBoro npeodpazosatenss (ALIIT).
ITony4yeHHBII OTKIMK CEHCOpa IIpe.-
CTaBJIeH Ha puc. 3.

MOJIEKYJT B HAHOTIOPax
v Mobility of adsorbed
molecules in nanopores

~a KoHueHTpaLsa aacopOHpoBaHHbIX
MOJIEKYIT B HAHOTIOpax
Concentration of adsorbed
molecules in nanopores

N3menenue IIOJIAPHOCTHU BXOIHOTO

&

CHUTHaJIa TIPUBOAUT K TMPOTEKAHMIO Tie- .
pexomHoro mpotecca, 00yCIOBIEHHOTO
npeiidoM KaK MOHOB, BXOISIIHUX B CO-
CTaB KJIMHOMNTWJIONUTA, TaK U aacopou-
POBaHHBIX MOHWU3WPOBAHHBIX MOJIEKYII.
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Puc. 3. OTKIHMK ceHCOpa HA BXOJHbIE NPSAMOYTOJIbHbIE HMITYJIbChI NIEPEMEHHOI NMOJIAPHOCTH
M annpoKCHMAIMs NepPeXoJAHOro mpouecca creneHHoi QyHKmmei

Fig. 3. Response of the sensor to the input square wave with an alternating polarity and
approximation of the transient process by the power function




IMapameTpbl MEPEXOAHOrO NMPOLECCA OTKJIMKA CEHCOopa
Parameters of the sensor response transient process

OTHOCUTENIbHAs MaciutaGHbIiA
BJIAXHOCTb TIpU | ko3dduumeHT | [lokazartens
%ﬁg}%ﬁi T=25°C, % A, MB crenenu B
Relative humidity |  Scaling factor Exponent B
atT=25°C, % A, mV
H,0 42 640 0,18
H,0 75 2650 0,17
H,0 84 3450 0,18
H,0 100 3800 0,16
H,0 + NH; 84 4640 0,09

€ro MOHM3allUM, a BO-BTOPBIX, 3a CYET aKTUBALIMM CBS3aH-
HBIX C KapKacoOM MOHOB METAJLJIOB.

Takxum o6pa3om, MmokKa3zaHa IIPUMEHUMOCTD TIPEII0XKEH-
HOI METONVKM aHalu3a UOHHOMN MOJBWXHOCTU K NETeKTH-
POBaHUIO TUMA aJCOPOMPOBAHHBIX 1IE€0JIMTOM BelecTB. [Ipu
JaJTbHENIIIEM Pa3BUTUU METOAMKU MOXKHO MCIIOJIb30BaTh Ha-
I'PEB CEHCOpa, YTO MOMOXET B PELIEHUN HECKOJIbKUX 3a/1ay.
Bo-mepBbIX, HarpeB A0 OMpeAeIeHHOW TeMIIepaTyphl MO3-
BOJIUT YMEHBIIUTh OOLIEe KOJIUYECTBO aaCOPOMPOBAHHBIX
MOJIEKYJl BHYTPM TOp (UTO YHPOCTUT aHaau3 apeidoBoit
MOABMKHOCTH MOHOB), IMTOBBICUB MPU 3TOM CEJEKTUBHOCTh
(6maromapsi UyBCTBUTEIBLHOCTU M300ap aacopOLMu K TUITY

amcopOMpyeMBIX MOJeKysT). Bo-BTOphIX, camMy mapameTphl
TeMIIepaTypHOU 3aBUCHMMOCTU OpeiioBOii MOABMXKHOCTU
MOTYT OBITh MCMOJIb30BaHbI MPU UACHTUGUKALIMA COCTaBa
MHOTOKOMITOHEHTHBIX Ta30BBIX CMECCH.

Paboma evinoanena 6 pamkax 7-i pamo4Hol NpoePAMMbl
EC Marie Curie Action (FP7-PEOPLE-2011-ISRES-
ECONANOSORB-295260).
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Analysis of the Composition of a Complex Gas Mixture by a Sensor Based on Zeolite

An important task of the present time is development of the sensors of "the electronic nose" type. The most well-known approach
to this problem is the use of the multisensor structures. Another solution is a poor-selective sensor, but this way requires a deep anal-
ysis of the response of this sensor. The aim of this work is to develop a technique for analysis of the complex gas-mixture compositions
by a sensor based on clinoptilolite. Zeolite's crystal structure contains a ramified nanopore system with the cations inside. Adsorption
of the molecules occurs with a change of the free cations’ concentration and their drift mobility inside the pores. An active interaction
between the adsorbed molecules and pores of the zeolite leads to the fact that the ions’ drift mobility depends on the type of the ad-
sorbed molecules. The authors propose to use the low-frequency square voltage impulses with a variable polarity in order to determine
the drift mobility of the ions located inside the pores of the zeolite or on its surface. The relaxation curves are parameterized with
the power function. It is demonstrated that the adsorption of different molecule types (NH,, H,0) proceeds not only with the changes
of the zeolite’s ion conductivity, but also with the changes of the ions’ drift mobility. In this way a zeolite-based sensor may be used

for recognition of the complex gas mixture compositions.

Keywords: gas sensor, zeolites, drift mobility, adsorption, low-frequency square voltage impulses, gas mixture, ammonia, water, ions

Introduction

Due to their adsorptive and selective properties the zeo-
lites can be used in the gas-sensitive sensors. The ability of the
zeolites to detect the adsorbed substances is determined by the
topology of the system of the pores and channels in their crys-
tal skeleton, and also by the presence in the pore space of the
cations (first of all, of the alkaline metals), weakly connected
with the skeleton. The content of the cations is determined by
the correlation of Si/Al in the zeolite composition. Replace-
ment of Si*" with AI’" leads to formation of a negative charge
localized on the ions of oxygen, contained in the crystal skel-
eton. The superfluous charge is compensated by the presence
of cations in the zeolite pores. A ramified system of the chan-
nels and pores (with diameter from 0,3 up to 1 nm) makes the
zeolites good adsorbents. And the presence of the cations in

the pores determines a variety of the electrophysical effects
during the adsorption and depending on the types and con-
centration of the adsorbed substance [1—3].

The most widespread method for detection of the ad-
sorbed impurities in the zeolites is the impedance spectros-
copy. By means of the low-frequency impedance spectrosco-
py we can investigate the change of the full resistance of a sen-
sor, when a sinusoidal signal with frequency of 100 mHz —
10 MHz is supplied to it. The response depends on the energy
of activation and the mobility of the particles in the zeolite
and on its surface. The high-frequency impedance spectros-
copy (110 GHz) helps to investigate the influence of the ad-
sorptive processes on the oscillatory spectra of the adsorbed
molecules. From the point of view of commercialization the
most promising are those methods of detection, in which the
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response to the low-frequency influences is parameterized. One
of the basic characteristics changing during the adsorption is the
drift mobility of the ions in the zeolite pores. It can be ions of
the adsorbed substances (for example, during the adsorption of
ammonia) and zeolite cations. The change of the drift mobility
can be due to several reasons. Firstly, due to a variation of the
quantity of the active cations (for example, because of weak-
ening of their bonds with the skeleton under the influence of the
polar adsorbents, such as water molecules, or in the course of
a chemical reaction). Secondly, due to the problems with the
movement of the cations in a crystal skeleton taking place
mainly during adsorption of the non-polar molecules.

Analysis of the drift mobility in the gas-sensitive sensors is
carried out by means of the differential spectrometry of the ion-
ic mobility [4—5]. In the method the ionized gas mix is passed
through a special drift tube, dividing the ions depending on
their drift mobility in the gas phase. The method ensures a very
high sensitivity and accuracy of detection due to a rather high
complexity of the device. A zeolite can be considered as solid-
state analogue of a drift tube. At that, the design of a sensor be-
comes essentially simpler, however, the technique of interpre-
tation of the sensor’s response becomes more complicated.

The aim of the present work was estimation of the feasi-
bility of detection of the composition of a complex gas mix
based on the analysis of the drift mobility of the ions in the
pores and on the surface of the zeolite.

The Experiment

The used sensor had a interdigital system of silver elec-
trodes located on a glassceramic substrate (fig. 1). For depo-
sition of the zeolite a sedimentation from a water suspension
was used. The circuit of the experiment is presented in fig. 2.
The manufactured sensor was placed in the exsiccator with an
adsorbate. The basic difference of the given work from the
methods applied for formation of a sensor response consists
in the form of the applied measuring impulses. For the re-
search of the drift mobility of the ions in the zeolite pores, the
low-frequency rectangular impulses of variable polarity (pe-
riod of 200 sec., porosity of 50 %, amplitude of 5 V) were sup-
plied to the sensor. The power failure on the loading resistor R
was measured by the analogue-digital converter (ADC). The
received sensor’s response is presented in fig. 3.

A change of polarity of the input signal leads to a transient
process, determined by a drift of both the ions, incorporated in-
to the clinoptilolite, and of the adsorbed ionized molecules. For
parameterization of the process the power function is used.

The influence of the concentration of the adsorbed mol-
ecules on the transient process was investigated on the exam-
ple of the water steam. Humidity in the exsiccator was main-
tained by the saturated solutions of various salts (NaCl, KClI,
FeCly). The influence of the type of the adsorbed molecules
on the appearance of the transient process was investigated on
the ammonia example. The results of the measurements are
presented in the table.

Discussion of the results

As one can see, the change of the concentration of the ad-
sorbed molecules tells, first of all, on the scaling factor A. The

exponent B remains constant (within the error limits). The
growth of the ion conductivity of the zeolite, which is reflect-
ed by the scaling factor, seems to be determined by the growth
of the active ions of the alkaline metals present in the clinop-
tilolite and in the water molecules transferred into a mobile
state. A certain reduction of the exponent B in case of high
humidity is possibly determined by a decrease of mobility of
the ions of metals in the zeolite pores, when loading by water
molecules is close to the maximum (at that, the passability of
the channels decreases).

A change of the type of the adsorbed molecules tells on the
change of the scaling factor and exponent B, reflecting the
mobility of the ions inside the zeolite. Abatement of the mo-
bility of the particles is caused by a stronger interaction of the
zeolite skeleton with ammonia, rather than with the ions of
the alkaline metals present in the zeolite. This complicates
movement of the ions of metals in the pores, reducing the ef-
fective drift mobility. Besides, the ions of ammonium NH*
formed in the inner pore space owing to their rather big size
also have low drift mobility. Presence of ammonia promotes
the growth of conductivity of the sensor, which occurs, firstly,
due to its ionization, and, secondly, to activation of the ions
of metals connected with the skeleton.

Thus, applicability of the offered technique for analysis of
the ions’ mobility to detection of the type of the substances ad-
sorbed by the zeolite was demonstrated. With the further de-
velopment of the technique it will be possible to use heating of
the sensor, which can help to solve several problems. Firstly,
heating will allow us to reduce the total number of the adsorbed
molecules inside the pores (which will simplify the analysis of
the drift mobility of the ions), by raising the selectivity (due to
sensitivity of the isobars of adsorption to the type of the ad-
sorbed molecules). Secondly, the parameters of the tempera-
ture dependence of the drift mobility can be used for identifi-
cation of the composition of the multicomponent gas mixes.

The work was implemented within the framework of EC Pro-
gram Marie Curie Action (FP7-PEOPLE-2011-1SRES-ECO-
NANOSORB-295260).
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