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Huctutyt obueit pusuku uMm. A. M. IIpoxoposa PAH, Mocksa

3ABUCUMOCTb KOHTAMMHALIMM PEABEOHOWM CTPYKTYPbI

OT PEXUMA CKAHNMPOBAHWA POM

Ilocmynuna é pedaxyuro 12.02.2016 e.

3aH0680 UCOAK0B8AHbI PE3YAbIMAMbL NPEHCHUX IKCHEPUMEHMO8 NO GbIABAEHUI0 3AKOHOMEPHOCMU POCMA KOHMAMUHAUUOHHOU
naenku Ha peaveroti cmpykmype. Ilokazano, ymo 6 6blOPAHHOM 6 IMUX IKCHEPUMEHMAX PelCUMe CKAHUPOBAHUS KOHMAMUHAYUU
cmpyKmypulL 6000uje He npoucxodum. Bbvieod nookpenieH 00NOAHUMENbHbIMU IKCHEPUMEHMAMIU.

Karoueevie caoea: nanomemponoeus, peavedpuas cmpykmypa, POM, pexcum ckanuposanus, KOHMAMUHAyus, yene6000p00HbLe

uacmuybl, NOBEPXHOCMHAs Oup@y3us

[axe B BbICOKOBAKYYMHOM pPacTPOBOM 3JIEKTPOH-
HoM Mukpockorie (POM) Ha ckaHupyeMoil MmoBepx-
HOCTHU 0o0Opa3syeTcs yrjaeBoJopoaHasi KOHTaAaMUHAIMOH -
Has TjieHKa. B pesyabTaTe ocaxaeHus IJIEHKU pesib-
edHasi CTpyKTypa CliocoOHa U3MEHSTh CBOU JIMHEHHbBIE
pa3mepsl. JInsgs POM-HaHOMETPOJIOTUM 3TO SBJIEHUE
OCOOEHHO BPEAOHOCHO HE TOJBKO BBUAY U3MEHEHUS
HMCXOHOTO 3HAYEHUsI IIMPUHBI pebeHON CTPYKTY-
pbl — Mepbl. B MeTposiornu cyliecTByeT HeoO0Xoau-
MOCTb IIPOBENEHUsI MHOTOKPATHBIX IMMOBEPOK MEpPhI Ha
aTTeCTOBAaHHOM YYacTKE MeEpbl, O3TOMY Kaxaasl Io-
BepKa CITOCOOHA MOHOTOHHO M3MEHSATH 3HAUCHUE €e
IIUPUHBI (B OTJIMYKME OT Pa30BOr0 U3MEHEHMS pa3Mepa
CKaHMPOBAHHOTO PeTbe(HOTO 3JIeMEeHTa B MUKPOCXE-
Me). Bo3daMoxxHa oyucTKa MOBEPXHOCTM IJIACTUHBI OT
KOHTaMUHAIMM B KHUCIopomHo# 1mmasme [1]. OgHako
Takasi O4YMCTKa CIIOCOOHa MPUBOIUTH K MOAUGUKAIIMU
HUCXOAHOTO Mpodus pesibe(HOM CTPYKTYPHI U €€ Teo-
MeTpHUUYeCKUX pa3MepoB [2]. BoamozkHa rmoBepKa Mephl
Ha ee yJyacTKax, KOTOpble paHee He ObLIU MOJBEPTrHYTHI
CKaHMPOBAHMIO, OMHAKO 3TO BeleT K HEOOXOOMMOCTH
MPOBEJAEHUSI MHOTOUMCIEHHBIX aTTeCTallMii MepPbl, KO-
TOpbIE MOTYT OBbITh HE ME€HEee 3aTpaTHbI, YeM U3TOTOB-
JIEHUE caMUX pesibe(HBIX CTPYKTYD.

B n1uteparype npeacraBieHbl OTHOCUTENIbHO IPO-
CTble CIOCOOBI M3MEHEHMSI BAUSHUS KOHTaMUHAIMU
Ha penbedHbIe CTPYKTYphl BBIOOPOM peXMMma MX CKa-
HupoBaHus1. OcTaHOBUMCS Ha aHaAJIMU3€ 3TUX ITyOJIMKa-
muii. B padore [3] mpoBeneHO McciiemoBaHUEe MHTEH-
CHBHOCTH POCTa KOHTAMUHAIIMOHHON TUIEHKHU T10 W3-
MEHEHMIO LIMPUHBI BEPXHETO OCHOBAHUS pejbeHbIX

CTPYKTYp NMPU MHOTOKPATHOM M JJIUTEIbHOM MX CKa-
HupoBaHuu B POM. B 37011 paboTe 00bsiBIEeHO 00 00-
Hapy>XE€HUU JIIOOOIBITHOTO SBICHUS: MI3BMEHEHME IIIH-
PUHBI B pe3yJibTaTe KOHTaMUHAIMKU cuibHO ("...001ee
YeM Ha MOPSIIOK ... IUIST 3aMaHHOM T03bI O0IydeHUs ")
3aBUCUT OT HAJIMYMS May3 B CKAHUPOBAHUU BBICTYITOB.
OOHapy:XeHHOEe SIBJIeHHE HOBBIM, OTHAKO, HE SIBJISI-
eTcsd. 3aKOHOMEPHOCTU POCTa KOHTaMUHALIMOHHOM
IJICHKM Ha TUIOCKOW ITOBEPXHOCTH 00Pa3IoB JOBOJb-
HO TIOJAPOOHO MCCenoBaHbl elle B padote [4]. Tam,
B YACTHOCTH, SKCIIEPUMEHTAIIBHO TTPOAEMOHCTPUPO-
BaHO, YTO TOJIIIMHA KOHTAMWHAIIMOHHOM TIJICHKH 3a-
BUCUT OT MPOAOKUTEIBHOCTU IMay3 MeXIy CKaHaMu
(ckaH 3xech — npoueaypa GopMrUpoBaHUs U300paxe-
HUSI UCCIIeyeMOli TTOBEPXHOCTU B pe3yJibTaTe Hempe-
PBIBHOTO CKAaHMPOBAHUS €€ DJIEKTPOHHBIM ITyYKOM).
BrisiBUOCH TakXke, 4TO MPU KOPOTKMX May3ax KOH-
TaMWHAIINS B IIECHTPe CKAaHUPYEMOTO yJacTKa MOXET
OBITH MEHBIIIE, YeM Ha ero Kpasx.

B paGote [4] HalimeHO OOBSICHEHHWE SIBJICHUIO U
MpeUIoXeHa MoJielb ero onucaHus. OcaxaeHune TUIeH-
KU MPOUCXOJUT B XOJ€ MPUKPEIJICHUS YIIIeBOJOPOI-
HbIX (YB) vactuil, mepemMeniamoimnxcsl BIOJb TOBEPX-
HOCTHU, K 3TOH MOBEPXHOCTU NMPHU B3aUMOAECHCTBUU UX
C MEJJIEHHbIMU BTOPUYHBIMU 3jieKTpoHamMu (MBO),
SMUTUPYEMBIMU TOBEPXHOCThIO. DMuccusi MBD u3
TTOBEPXHOCTU TIPOMCXOAUT B pe3yJbTaTe pPacCesSHMUS
MEePBUYHOTO IMANaloIIero 3JeKTPOHHOIO Mydyka B Ma-
Tepuaie momioxku. Ocaxmenne YB vactui Ha cka-
HUPYEMOM y4YacTKe IMMOBEPXHOCTH BBI3BIBACT TTOCTOSH-
HBII TPUTOK MOABUXKHBIX ¥ B yacTuil Ha 3TOT y4acTOK
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Puc. 1. Iukiasl 00 Ty4eHHs IPH CKAHHPOBAHMM B HENPEPHIBHOM pe-
xKuMe u ¢ nay3amu (/ — WHTEHCHBHOCTD; 7 — BpeMms). [Ipogomku-
TEJIbHOCTh CKAHMPOBAHHS NOMEYEHA TEeMHbIMH MPAMOYTOJIbHHKAMH,
BpeMsi — B MHUHYTaX. BuiaHo, YTo 4ncC/i0 npepbIBaHMi CKAHUPOBAHUSA
B 000MX HUKJAX PABHO JBYM

Fig. 1. Irradiation cycles in case of scanning in a continuous mode and
with pauses (I — intensity, t — time). The duration of scanning is marked
by dark rectangles, time is in minutes. It is visible, that the number of
interruptions of scanning in both cycles is equal to two

U3 coceAHUX y4acTKoB. [TocKoiIbKy 00J1aCTh 3MUCCUU
MB3 13 MoBepXHOCTU HAMHOTO LIMPEe CKAHUPYEMOTO
yyacTKa, TO MHOTME MOIBUXXHBbIE ¥YB yacTuiibl ocax-
JalTcd Ha mepudepun 3TOro yyacTka M Jaxe 3a rpa-
HULEH ckaHupyeMoit obiactu. [1pu 3ToM pocT rieH-
KA Ha CaMOM YyYacTKe CKaHMPOBAHUS 3aMEIUISIETCS
BCJIEACTBME YMEHbIIEeHUs KojuuecTBa YB wactuil,
JOCTUTAIOIIUX 3TOT yyacTokK. C OCTaHOBKOW CKaHU-
poBaHus (May30ii) U MpekpalleHrueM smuccuu MBD
MOABMXKHBIe YB yacTulibl 3acesiioT 00JacTh CKaHU-
pOBaHUs A0 paBHOBECHOI KOHILIeHTpauuu. I1pu Bo300-
HOBJIEHUM CKAHUPOBAHUS 3TU YACTULIBI OMSTh OCAXK-
Jal0TCsS Ha IIOBEPXHOCTU, (OPMUPYS HOBBIM CIIOH
IUIeHKU. B 3THUX yCIOBMSIX CTeneHb KOHTaMUHALIMU
OIpeaesieTcsl MPOAOJIKUTENIbHOCTBIO May3bl MEXIY
rnepuogaMy CKaHUPOBAHMSI.

B paborte [3] 3T0 00BSICHEHHE TaKKe IOATBEPKIC-
HO 9KCIIEPUMEHTAJIbHO B BU/I€ 3aBUCUMOCTU CKOPOCTU
OocaxkIeHus IJICHKU OT XapakTepa MpepbIBaHUST PEXU-
Ma CKaHUpOBaHUs (B BbICOKOBaKyyMHOM POM S4800,
Hitachi nnpu sHepruu anekrpoHoB 20 k3B). B pabdore
[3] pexum 30-MUHYTHOTO HEIpephIBa€MOro CKaHM-
pOBaHMS BEIOPAHHOTO YyJ4acTKa MOBEPXHOCTU — CKaHa
(6e3 (pukcaunm M300paxKeHUsT) 3aKaHUUBAETCST JABYX-
MUHYTHOU TMay30U, 32 KOTOPOW CIIETyeT OMHOKPATHOE
KOHTPOJIbHOE CKAaHUpPOBaHUE (CKaH) ISl OLIEHKU YIIIU-
peHUs BBICTYTA T10 U300paxkeHUIo pesibe(HON CTPYyK-
Typhl. B pexxuMe ¢ may3aMu CTpyKTypa CKaHMpOBaJlach
KOPOTKMM JIBYXMUHYTHBIM CKaHOM, 3a KOTOPBIM C
rmay3oil B 2 MMH TakxXe ClIeJoBal KOHTPOJIbHBINA CKaH.
Hanee cnenoBana mpoaoykuTenabHas (B ~30 MUH) Tay3a
IO TIOBTOPEHUSI 3TOM TTOCIIeToBaTeIbHOCTH. CXema 3THX
pPEXMMOB CKaHMPOBAHMUS TMpeJcTaBieHa Ha puc. 1.

B pesynbTaTe 3KcnepuMeHTOB B paboTe [3] 3apuk-
CHPOBAHO 3aMETHOE pa3UyMe B pe3yJbTaTax KOHTa-
MMUHAILMU BBICTYIIOB B YKAa3aHHBIX PEXMMax CKaHM-
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pOBaHMS: TIPU HETPEepPhIBAEMOM CKAaHUPOBAaHWUU W3-
MEHEHUE TOJIUMHBI TUJIEHKU MPOUCXOAUT HAMHOIO
MeIJIeHHee. B ommcaHnm 1mMOCTaHOBOYHOM 4acTH 2K-
CIIEpUMEHTA 3TO SIBJIEHME OOBSICHEHO COKpallleHWEeM
MPOJOKUTEILHOCTU T1ay3bl, B pe3yJibTaTe yero 3ace-
JIeHWE CKaHMpyeMOro ydyacTka YB uyacTumamu mpu
HEIpepbiBAeMOM CKaHUPOBAaHUU, 110 MPEICTaBICHUIO
aBTOPOB, OKAa3bIBaeTCSl HEMOJHBIM (T.€. KaK U B pa-
oote [4]).

OnHako B pazfefie 00CyXIeHUs 3KCIIepUMEHTAIb-
HBIX JaHHBIX B paboTe [3] momylieHa Joruyeckasi
ommbKa: pa3MnJns B KOHTAMHHAIIUM B Pa3HBIX pe-
XKMMax CKaHUPOBaHUsI OOBSICHEHBI YK€ He pasjinyu-
€M B MIPOJOJIKUTEIbHOCTU BpEeMEHU MEXIy CKaHaAMMU,
a pasjMyveM B MPOAOJKUTEIbHOCTU CaMHUX CKAaHOB.
M nockoiibKy 103a 00JlydeHUsI B HEMTPEPBIBHOM PEXXU-
Me OoJIbllle, TO 1 HOPMMPOBAHHBIM Ha 103y MPUPOCT
TOJILIMHBI TUVIEHKU OKa3aJICsl MEHbIIE, YeM B pexXume
CKaHMpPOBaHUS ¢ may3aMu. TakuMm obOpa3oM, Tpaau-
LIMOHHOE TIPEACTaBJIeHWE O TOM, YTO KOHTaMMHAaLIUs
MPOUCXOAUT B XO/1€ CKAHUPOBAHUSI, HEKPUTUYHO MPU-
JIOXKEHO K MpepbiBAEMOMY BapMaHTY CKAaHUPOBAHUS B
YCJIOBUSIX OTpaHUYeHUSI OBEpPXHOCTHOM nuddy3un YB
YacTull, B pe3yJibTaTe Yero OKasajoch, YTO TEOMETPH-
YeCKHMe mapaMeTpbl Mephl "...CYILIECTBEHHO 3aBUCST OT
XapakTepa Habopa J03bl 3JIEKTPOHHOIO O0JIydYeHus..." .

DKCcIepuMeHTaIbHOE MOATBEPKACHUE JTOTMYECKOM
olIMOKHU B paboTe [3] mpencraBieHo Ha puc. 2. Ha Hem
MPUBENCHBI T€ X€ JaHHble UBMEHEHUS LIMPUHBI Bep-
xHero ocHoBaHusl (W) penbedHON CTPYKTYpHI B XO7€
00JlydeHuUs1, yTO U B [3], HO B 3aBUCUMOCTU HE OT J03bI
00JIydyeHus1, a OT YKCJia pepbIBaHNI CKAHUPOBAHUH B
IIPEPLIBUCTOM M HEMpepbiBHOM pexumax. M3 puc. 1

584 .

y B
580z T8

W, Hm

Puc. 2. 3aBucumoctu W ot unciia npepbiBaeMbIx CKaHupoBanuii N B
HenpepbIBHOM pexxume ¢ 1030i 25,3 uKi/ckan (1) u ¢ nay3amu ¢ no-
30ii 0,62 HKn/ckan (2). BuaHo, 4To KpHBbIe MPAKTHYECKHA COBIAIAIOT
NpH OTJIHYHM 103 00syuenusi noutu B 40 pa3

Fig. 2. Dependences of W on the number of interrupted scannings N in
a continuous mode with a dose of 25,3 nC/scan (1) and with pauses with
a dose of 0,62 nC/skan (2). It is visible, that the curves practically
coincide, while the doses of irradiation differ almost 40 times
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Puc. 3. N3menHenne W npu MHOrOKpATHOM CKAHHPOBAHHM B PeXHUMe ¢ may3amu (a),To XKe, HO B pexume 0e3 may3 (b)
Fig. 3. Change of W in case of a repeated scanning in the mode with pauses (a), in the mode without pauses (b)

BUIHO, UYTO YMCJIO MpPEpbIBaHUI B OOOMX pexXrmax
CKaHUPOBaHUSI ONMHAKOBO.

Kak BUIHO, Kp¥BbIe TOUTU COBNAAAIOT NP pasfiu-
YUM 103 O0JIydeHUWST Ha OJHO CKaHMPOBAHUE IUISI HUX
nouTtu B 40 pa3. DTo A0Ka3bIBaeT, UTO BIMSIONICH Be-
JIMYMHON SIBJISIETCS HE J03a 00JIydeHUsI, a UMCIIO Tpe-
pPbIBAHUIA.

M3 npencraBieHHOro 3KCIEpUMMeHTa CleayeT TaK-
2Ke, YTO moBepxHOocTHasl auddysust YB vactuil npo-
HWCXOIUT OTHOCUTENIBHO OBICTPO, 3aBepIlasich 3a 2 MUH
Mocjie OKOHYaHUSI CKAaHUPOBaHMSI U 0 Hayaja cie-
JIylouero nepuoaa ooaydeHus. I3 61130cTu KpUBBIX
Ha puC. 2 CTAHOBUTCS SICHO, YTO 3a 3TO Bpemsi YB
YaCTUIIHI YCIIEBAIOT 3aCEIMTh BCIO 00JaCTh CKAHUPO-
BaHMSI JO PABHOBECHOM TJIOTHOCTU IMOBEPXHOCTHOM
KoHIeHTparuu. [1loaToMy TipeacTaBieHIE O TOM, YTO
pa3HbIll YPOBEHb KOHTAMMHALIMM TIPU Pa3IUYHbIX pe-
JKUMaX CKaHWUPOBAHUSI OOBSICHSETCS pa3HOW IOJHO-
TOI 3aIlOJIHEHUSI 30HbI CKaHMpoBaHUs ¥YB uyactuna-
MU BCJEACTBUE PasHON MPOMOJKUTEIbHOCTU Tiay3
(4TO yTBEpXKmaeTcs NMpU OMUCAHUM ITOCTAHOBOYHOM
4yacTU dKcrnepuMeHTa B [3]), He COOTBETCTBYET neiic-
TBUTEJIBHOCTH.

BaxxHbIM BBIBOIOM M3 3aHOBO OOCYXIE€HHOTO 3KC-
MepuMeHTa cielyeT TO, YTO Naxe JUIMTEJIbHOE CKa-
HUPOBaHMUE CTPYKTYpPhbl B BEICOKOBOJBTHOM POM 6e3
HaJIMYMs May3 MOXET He MPUBOAUTh K KOHTaMHUHA-
LU €€ TTOBEPXHOCTH. DTOT BHIBOI ITOATBEPKICH HAMU
B JIOTIOJTHUTEJIbHBIX 9KCIIEPUMEHTAaX.

DKcnepuMenT

Ha puc. 3, a npeacraBieHbl pe3yabTaThl U3MeEpe-
Hus1 W mociae MHOrOKpaTHOTO €ro CKaHUpOBaHUS B
POM npu pexume c nayzamu (IpepblBAHUSIMU) U BO-
o6ue 6e3 may3 (puc. 3, 6). CkaHUpoBaHUE TTPOBOIUIN
Takxe B BbiIcOKoBakyyMHOM POM S4800 Hitachi npu
sHepruu 35eKTpoHoB 20 k3B u Toke 40 nA. IIpomon-
KUTEJIbHOCTh KaXIOro CKaHa W Tay3 MeXay HUMM
(B pexXuMe C Iay3aMm) cocTaBisia no 2 MuH. M3 co-
MOCTaBJICHUSI KPUBBIX Ha pUC. 3, @ U 6 BUAHO, KakK
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ci1abo MeHsieTcsl luMpuHa W npu ero ckaHMpoBaHUU
B pexuMe 0e3 Iay3 Mo CPaBHEHHWIO C U3MEHEHUSIMU
LIMPUHBI B pexXuMe ¢ naysamu. HaBeneHre KOHTaMM-
HallMK¥ ObLIO MPOBEAEHO HOIMOJHUTEIBLHO IMPU TOKE
amuccuu mydka 180 HA, U pe3yabTaThl MOATBEPAUIN
ClieJlaHHbIE BBIIIE BBIBOIBI, YETO U CJIEIOBAIO OXU-
JaTh, MOCKOJIBKY MoToKk MBD, Grokupyoumii mnpo-
JIBIDKEHHE IIOBEPXHOCTHBIX YB 4YacTtull Ha y4acTok
CKaHUPOBAHUS, JOJDKEH ObLI B 3TOM CJIydyae YBEJIM-
YUThCS. BhluMcaeHue pa3MepoB IMPOBOIUIIM C UCTIOJb-
30BaHUEM IporpaMmbl 00paboTku PDM-uzobpaxke-
Huit [5]. BocripousBoaumoctb POM-usmepeHuit npu
9TOM COCTaBJIsJIa AECIThIC 1O HaHOMETpa (B BEIOOp-
K€ IO BCEM CTPOKaM M300paxkKeHUsI CTPYKTYPhI).

Kak BumHo, maxe mpu 140 HempepbIBaeMBIX CKa-
HUPOBaHMSX IMpUHAa W mpakTUYecKUM HE M3MEHM-
Jlach. DTO MOATBEPXKIAET, YTO B TAKOM PEXMME CKaHU-
pOBaHUS MPOUCXOAUT MOJIHAasA 010KMpoBKa AU dy3un
MOBEPXHOCTHBIX ¥ B 4acTUIl K y4acTKy CKAaHUPOBAHUSI.

Aemop evipaxcaem b6aaeodaprocme A. 0. Ozepuny 3a
CKpynynesHoe npoeoeHue MHO2OYUCACHHBIX IKCHEPUMEH -
moeé no KoHmamunauuu mecm-obsexmos ¢ POM.
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Dependence of the Relief Structure Contamination on a SEM Scanning Regime

As a result of scanning of a relief structure in SEM a contamination film appears on its surface. The film changes the width of
the relief structure, but this is highly undesirable in the nanometrology, so the changes of the width occur due to multiple scanning
of the same site. The work is focused on the restriction of contamination due to simple means. So, the results of the previous ex-
periments revealing the growth features of the contamination films are interpreted at a fresh look. As a result it turns out that the
contamination of the films’ growth is not determined by the dose of the electron beam irradiation, but depends on the quantity of
the interruptions or pauses of that irradiation. Additional experiments with more than 130 scanning cycles of irradiation without

pauses were fulfilled without any indications of contamination.

Keywords: nanometrology, relief structure, SEM, scanning regime, contamination, hydrocarbon particles, surface diffusion

Even in high-vacuum scanning electronic micro-
scope (SEM) on the scanned surface a hydrocarbonic
contamination film is formed. As a result of the sed-
imentation of the film the relief structure can change
the linear dimensions. For SEM nanometrology this is
harmful not only because it changes the initial values
of the width of the relief structure — measures. In me-
trology there is a necessity for a repeated verification
of a measure on the certified site of the measure,
therefore, each verification can change monotonously
its width (unlike a single change of the size of the
scanned relief element in a microcircuit). Cleaning of
the plate’s surface from the contamination is possible
in the oxygen plasma [1]. However, this can lead to a
modification of the initial profile of the relief structure
and its geometrical sizes [2]. Measure verification is
possible on those of its sites, which have not been sub-
jected to scanning earlier, however this leads to the
necessity of numerous measure certifications, which
can be not less expensive, than the manufacture of the
relief structures.

Literature presents rather simple ways to change the
influence of the contamination on the relief structures
by selection of a mode of their scanning. We will ana-
lyze the publications. In [3] the intensity of growth of
the contamination film is investigated by the change of
the width of the top basis of the relief structures after
their repeated and prolonged scanning in SEM. The
work announced a discovery of a curious phenomenon:
the change of the width as a result of contamination to
a great extent, "...more than by an order ... for the set
dose of irradiation”, depends on the pauses in scanning
of the ledges. The discovered phenomenon is not really
new. The laws of the growth of the contamination films
on a flat surface of the samples were rather well inves-
tigated already in [4]. It was experimentally demon-
strated there that the thickness of the contamination
films depended on the duration of the pauses between
the scans (here a scan is the procedure of formation of
the image of the investigated surface as a result of its
uninterrupted scanning by an electron beam). It was al-
so discovered that at short pauses the contamination in
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the centre of the scanned site could be less, than at its
edges.

In [4] an explanation was also found for the phe-
nomenon and a model of its description was offered.
The film sedimentation occurs during an attachment of
the hydrocarbonic (HC) particles moving along the sur-
face, to this surface during their interaction with the
slow secondary electrons (SSE) emitted by the surface.
Issue of SSE from the surface occurs as a result of scat-
tering of the primary falling electronic beam in the sub-
strate material.

Sedimentation of HC particles on the scanned site
of the surface causes constant inflow of the mobile HC
particles on this site from the neighboring ones. Since
the area of SSE emission from the surface is much wid-
er than the scanned site, many mobile HC particles are
deposited on the periphery of this site and even beyond
the scanned area. On the scanned site the film growth
is slowed down owing to reduction of the quantity of
HC particles reaching it. After a stop of scanning
(pause) and termination of SSE emission the mobile
HC particles occupy the area of scanning up to the con-
centration of equilibrium. After a renewal of scanning
the particles are again deposited on the surface, forming
a new film layer. In those conditions the degree of con-
tamination is determined by the duration of the pause
between the scanning periods.

In [3] this explanation is confirmed experimentally
in the form of the dependence of the speed of sedimen-
tation of a film on the character of interruption of the
mode of scanning (in high-vacuum SEM S4800, Hi-
tachi, at the energy of electrons of 20 keV). In [3] the
mode of 30-minute uninterrupted scanning of the se-
lected site of the surface — scan (without fixation of the
image) comes to an end with a two-minute pause,
which is followed by a single control scanning (scan) for
estimation of widening of a ledge by the image of the
relief structure.

In the mode with pauses the structure was scanned
by a short two-minute scan, which after a 2-minute
pause, was followed by the control scan. Then, there
was a long (~30 min) pause, prior to the sequence rep-




etition. The scheme of the modes of scanning is pre-
sented in fig. 1.

As a result of the experiments in [3] an appreciable
distinction was recorded in the results of contamination
of the ledges in the specified modes of scanning: during
an uninterrupted scanning the change of the thickness
of a film occurred much more slowly. In the description
of the production part of the experiment this phenom-
enon was explained by the reduction of the duration of
a pause, due to which, according to the authors, occu-
pation of the scanned site by HC particles during an un-
interrupted scanning appeared to be incomplete, just
like in [4].

However, in the section of discussion in [3] a logical
error was made: the distinctions in contamination in
different modes of scanning were already explained not
by the differences in duration of time between the
scans, but by distinctions in the durations of the scans.
Since in a continuous mode the irradiation dose is
more, the norm of the gain of the film thickness per a
dose appeares less, than in the mode of scanning with
pauses. Then the traditional opinion that the contam-
ination occurs during scanning was noncritically ap-
plied to the interrupted version of scanning in the con-
ditions of restriction of the surface diffusion of the HC
particles. As a result, it turned out that the geometrical
parameters of a measure "...essentially depend on the
character of accumulation of the dose of electronic ir-
radiation...".

An experimental proof of the logical error in [3] is
presented in fig. 2. It presents the same changes of the
width of the top basis W of the relief structure during
irradiation, as given in [3], but in dependence not on
the irradiation dose, but on the number of interruptions
of scannings in the interrupted and continuous modes.
In fig. 1 it is visible, that the number of interruptions in
both modes of scanning is identical. The curves almost
coincide, while for them there is a difference of almost
40 times in the doses of irradiation per one scanning.
This proves that the influencing value is not the irradi-
ation dose, but the number of interruptions.

From the experiment it also follows, that the surface
diffusion of the HC particles occurs rather quickly,
coming to the end in 2 min after termination of scan-
ning and prior to the beginning of the next period of ir-
radiation. From the affinity of the curves in fig. 2 it is
clear, that in this period the HC particles manage to oc-
cupy all the scanning area up to the equilibrium density
of the surface concentration. Therefore, the idea that
different levels of contamination at various modes of
scanning are explained by different completeness of fill-
ing of the zone of scanning by the HC particles owing
to different duration of pauses (as the description of the
production part of the experiment in [3] says), does not
correspond to reality.

An important conclusion from the discussed exper-
iment is that even a prolonged scanning of the structure
in a high-voltage SEM without pauses may not lead to
contamination of the surface of this structure. This con-
clusion was confirmed by our additional experiments.

Experiment

Fig. 3, a presents the results of measurement W as
a result of its multiple scanning in SEM in the mode
with pauses (interruptions) and without any pauses
(fig. 3, b). Scanning was also done in high-vacuum
SEM S4800 Hitachi at the energy of electrons of 20 keV
and current of 40 pA. The duration of every scan and
pauses between them (in the mode with pauses) was
2 min. Comparison of the curves in fig. 3, a and b
shows, how little the ledge width changes at its scanning
in the mode without pauses compared with the meas-
urements of the width in the mode with pauses. In-
duction of contamination was additionally done at the
current emission of beam of 180 nA, and, as it was ex-
pected, the results confirmed the drawn conclusions,
because in this case the flow of SSE blocking the ad-
vancement of the surface HC particles to the site of
scanning should have increased. Calculation of the di-
mensions was done with the use of the program for
processing of SEM images [5]. At that, the reproduci-
bility of the SEM measurements was equal to the tenth
shares of a nanometer (in sampling in all the lines of the
image of the structure).

As one can see, even in case of 140 uninterrupted
scannings the width W practically did not change. This
proves that in this mode of scanning a full blocking of
the diffusion of the surface HC particles to the scanning
site takes place.

The author expresses his gratitude to A. J. Ozerin for
the scrupulous and numerous experiments concerning the
contamination of the test-objects in SEM.
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MOAEAb CbOPKU HAHOKOMITO3UTHbDBIX 1 UEPAPXUYECKUX
HAHOCTPYKTYP B 30Ab-TEAb-TIPOLIECCAX

Ilocmynuna 6 pedaxyuro 03.02.2016 a.

Paspabomana ynpowennas modeab ¢ HeOOALUWUM HAOOPOM XApaKmepucmu4eckux IQpexmueHsix napamempos, no3604a0uasn
adeKeamuo onucams pocm HAHOYACMuUY, 8 3045X. Ipexmugnvie napamempsi 3a8UCAM OM COBOKYNHOCHU MEXHOA02UHECKUX (PaK -
mopoe U, Kak npasuno, A6AAMCs CKPbIMbIMU, HO MEHOeHYUS UX USMEHEHUsl N0360AsAem Peali3068bi6ams npeacKa3amenvhvle QyHK-

yuu modenu.

Karoueevie caoea: 30/1b-2€/1b-MEexXH0N02UA, HAHOMamepuaol, I’lO/lL{ICOHaeHCdL{Hﬂ, mamepuannsl ¢ uepapxuwecxoﬁ cmpyxmypoﬁ

CoBpeMeHHbIC TPUHIIUIIEI MaTepUAIOBEICHUS Xa-
paKTepU3yIOTCS TeM, YTO MaTepuabl C HEOOLIYHBI-
MU CBOMCTBaMU MOXHO C(HOPMUPOBATH M3 HAHOIJIE-
MEHTOB, COOpaHHBIX B ME€pPAPXUUECKUE CTPYKTYpPHI, a
MpU 3TOM CaMW HAHOBRJIEMEHTbl MOTYT MMETb pa3-
JIMYHYIO TIPUPOIY: OBITh KPUCTATLIUYECKUMU, aMOpd-
HbIMU, (ppakTaibHbIMU [1]. CBOlicTBa TaKUX 0OBEKTOB
3aBUCST OT YCJIOBMI POCTa M 3BOJIOLIMU, 2 HAHOCUC-
TeMbl MOTYT OTJIMYATLCSI Uepapxueil, CBA3bIBAIOILIMMU
KOMITO3UTaM1, HAHOCTPYKTYPOM MHTEePMEUCHBIX 00-
Jlacteid Mexay yactuiiamu. PazBuTtue Takoro Mmarepua-
JIOBEIUECKOro Mojaxoja, HECMOTPSI Ha 3HAYMUTEJIbHbIE
ycrexuy 3a MOCJIeIHNUe TOAbl, COAEPXKUT MHOTO HEpas-
pellIeHHbIX 3aJa4y B 00JAaCTH CHUHTe3a HaHOYAaCTMII,
cOOPKM U3 HUX HAHOCUCTEM, UX TUAarHOCTUKU U TIPU-
OopHBIX peanu3auuii. I3 HaydyHBIX mpoOJieM mpexie
BCET0 HEOOXOMWMO BBIICIUTL MOIEIbHBIC TIPEACTAB-
JIEHUsI, B KOTOPBIX CKPBITbIe MapaMeTpbl MOIYT Ipu-
BOJUTh K MpeIcKa3aHWI0 OCOOEHHOCTE MOJIyYeHUs
HAHOBJIEMEHTOB U MOSIBJICHUs HOBBIX KOOIIEPATUBHBIX
cBoiicTB. [loaToMy 1eNbl0 paboThl sIBUJAch paspa-
00TKa (PU3UKO-XMMUUECKUX MOAEJICH CO30aHNsI HAHO-
KOMIO3UTHBIX U HUEPAPXUUYECKUX CTPYKTYp AJIsI pas-
JIMYHBIX TEXHUYECKUX MPUMEHEHHI B pamMKaxX 30Jib-
reJib-MeTo/a.
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IIpomogenupyeM ¢GopMupoBaHUE KOJUIOUMIHBIX
YacTHUII OKCUIA IIMHKA Ha paHHUX 3Tanax co3peBaHUs
3ojeii. byaem cuurtarh, 4TO B 3TOM ciyyae cOopKa yac-
TULL OMKCHIBAETCS B paMKax Moaeau IUdEPy3noHHO-
JMMUTUPOBaHHON arperauuu (DLA), MpoayKTOM KO-
Topoit gaBnsietcs arperatr ButreHa—CaHnepa ¢ ¢pak-
TaJlbHOI pa3MepHocThIO D. B pamkax moaenu ButreHa
u CaHuepa paspaboraHa mporpamma [2] Busyanausa-
LIMM pocTa arperara. PocT Kijactepa NMpoOMCXOAWI 3a
CYET CAy4YalHOro OJIy>KIaHUs YaCTULI, BBIMTYILIEHHBIX C
OKPYXXHOCTH PafiniycoM R;, Ha KBaJIpaTHO! pelueTke 1

MOCJIEAYIOIIETO UX MTPUKPETJIECHNS B CIydae KacaHus C
KiactepoM. B pesynbTare, mociie MHOTOKPATHOTO TT0-
BTOPEHUS JaHHOTO Tpoliecca (popMmupyercsl hpaKTaab-
HBIi1 arperar, 4iCjI0 YacTul Ny B KOTOPOM CBSI3aHO €

D
R
pagnuycoM MHEPLUU Rg BbIpaXK€HUEM ]\GF c| —£| ,rme
a
0.

¢ — Inpedakrop; g, — pasMep MoHoMepa. Ha Goree
MO3HKX 3TaNax co3peBaHUs MPEUMYIIECTBEHHO OCY-
LIECTBASIETCS KJacTep-KiaacTtepHas arperauus [3] c
MPOJOJIKAIOIIMMCS  MPOLecCOM "KilacTep—uacTuia”
[4], mpu KoTOPOIT YacTUILIbI, 0Opa30BaBIIKECS Ha Tep-
BOM 93Tane, GOpMUPYIOT UEPAPXUYECKYIO CTPYKTYpY.




DBOJIIOLIMS pOCTa MOXET NPUBOAUTH K CTPYKTypaM
MEePKOJISIIMOHHOTO TUMA [5], HO vaille (POPMUPYIOTCS
JIAOMPUHTHBIE CTPYKTYPHI BCACACTBHAE CIIMHOAAIBHOIO
pacmana [6].

MatemMaTtrueckoe MoAeJIMpoOBaHe MPOLIECCOB TH/I-
poiu3a U MNONUMKOHAEHCAUU B 30JIIX JOCTATOYHO
3aTPYAHEHO, MOCKOJbKY T'MAPOJUTUYECKAST TTOJTUKOH-
JIeHCallMsl SIBJISIETCSI CJIOXHBIM MapalieIbHO-MOCIIE-
JOBaTeJbHBIM TPOLIECCOM, MHOTME CTaAuu KOTOPO-
ro, 0COOEHHO paHHHUE, OOpATUMBI, HAIIpUMED, 3a CYET
MpoTeKaHusl pearepudukanud v ajakoroausa [7, 8].
IToaToMy BOCIOJIb3yeMCsl MMOAXOA0M, MPEITOKEHHbIM
B pabote [9]. YmpoluieHHO OyaeM cuMTaTh, YTO CKO-
pPOCTb YObUIM KOHLEHTpALUK MOJEKYISIPHBIX TTPEKYp-

’

COpOB — 7]\; — p€aKuusA IICEBAOICPBOro nmopsgaaka, T.€.

dN’ ’
—=— = kN, 1
I (1)
rae kK — KOHCTaHTa CKOPOCTM peakuuu ruaponusa. Ee
3aBUCUMOCTb OT TeMIIepaTypbl MOXHO TPEICTaBUTh B
BUJE YpaBHEHUSI AppeHuyca:

k=A' ( Ea) )
= A'exp| ——=
RT/’

rae A'— npea3KCHOHEeHIUATbHBI MHOXUTENb, HE 3a-

BUCSALIMIA OT TEMIIEPATyphl; £, — SHEPrUs aKTUBaLUY,;

R — yHuBepcaibHasi Ta30Basi MOCTOSTHHAS.
Peienuem ypaBHeHus (1) sBisieTcss 9KCHOHEHIU-

ajnbHasl (pyHKIIMS BUOA:

N(1) = Njexp(—ki), 3)

rae Ny — HavyajibHas KOHUEHTPALUSA MOJIEKY/ISIPHOTO
IpeKypcopa.

CKOpPOCTb KOATyJIsIlIM1 OMUCHIBAETCS B paMKax Te-
opuM ObIcTpoil Koaryiassuuu CmoiyxoBckoro. Torma
CKOPOCTb YOBUIM TMAPOJIU30BABIINXCI YACTUIL 32 CUET

IIpOUECCOB MOJIUKOHACHCAIUN _%—i MO2KHO 3aIlmcaTb

B CICOYIOIIEM BUIC:

_de _ g2
7 Kc“, 4)

4k, T
3n

roe K = — KOHCTaHTa OBICT-

IIe ¢y — HavyaJbHasgd KOHLEHTPALMs TUIPOIN30BaB-
IIUXCST YaCTHII.

s coBMecTHOTO peliieHus1 ypaBHeHuid (3) u (5) u
ydyeTa BO3MOXKHOCTHM IIPOT€KaHUS MapasjiebHO-II0-
cliefoBaTeIbHBIX MPOLECCOB ClaejiaeM psa JOIylle-
HUIi1, aHaJOTUYHBIX NpeIcTaBJIeHHBIM B padore [10]:
pa3o0beM BpeMsl MPOTEeKaHUsI MPOLIECCOB TMAPOIUTH -
YeCKOU MOJMKOHAECHCALIMM Ha WHTEPBAJbl 8f, Oyaem
CUMTAaTh, YTO BHYTPU KaXKIOT0 MHTEPBaJia IPOUCXOIST
TOJIBKO IIPOLIECCHI MMOJMKOHACHCAIUU B COOTBETCTBUM
¢ ¢yHkumeii (5); B Havaje KaXxI0ro MHTepBajaa df; B
peakiMOHHYIO CMeCh BOpachlBaeTCsl HEKOTOPOE KOJIK-
4EeCTBO MOHOMEPOB C KOHLEHTpaLUKen A;, chopMUpo-
BaBLIMXCSI TTyTeM TUAPOJM3a B COOTBETCTBUMU C BbIpa-
xkeHueM (3) Ha (i — 1)-m unTepBaine [11]. Torma KoH-
LIEHTpalLlMI0 MOHOMEPOB, BOpachIBA€MbIX B MOMEHT
BpeMEeHU i 8f U chOPMUPOBAHHBIX 3a MPEAIIECTBYIO-
I MHTEPBAJI §f, MOXHO ONpPEACIUTh MO (opMmye
(puc. 1, a):

A; = Ny(exp(—k(i — 1)87) — exp(—kid1)). (6)

C y4eToM 3TOro, KOHIIEHTpallKs arperaroB B 30J1¢
K Havajny (i + 1)-ro MOMeHTa BpeMeHMU OyIeT UMeTh
Bun (puc. 1, b):

_ € t4; 7
17 K(c;+A)dt+1 @
Ha HyneBoM oTpe3ke BpeMeHM He TIPOMCXOIUT TIPO-
LIECCOB MOJMKOHIEHCAlUH, ¢y = 0, a KOHLEHTpalus
TUIPOJIM30BABIINXCS MOHOMEPOB K Hayaxy IEepBOTO
OTpe3Ka BpeMeHU coCTaBUT A; = Ny(1 — exp(—kd1)).
Hdna MomeaupoBaHMSI KMHETUKW POCTA arperaTroB

B 30Ji¢ OyIeM CUMTaTh, UTO CpeAHEe YMCIIO YacTUll B
arperateé B MOMEHT BPEMEHM [ OTIpPEIeTUTCS Kak
— CO

c(ty
paHHUX 3Tarnax (opMUpPOBaHUS 30JIeii COOTBETCTBYET
pa3MepHOCTH TpexMmepHoro arperara BurreHa—CaH-

a (bpaKTEU'IBHaH PasMCpPHOCTL arperata Ha

poiil Koaryasiuuu; k, — MOCTOSIHHAsI

bonbimana; T — aOcomiOTHAsT TEM-
reparypa; n — BI3KOCTb 30J14. Pere-

HHeM IrddepeHIMaTbHOTO ypaBHe-
Hus (4) gBisieTcs runepooaryecKas
(yHKUMS BpeMeHU:

_ %
<) Kegt+1° )
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Puc. 1. Moaesb ruipoJuTHYECKO MOJINKOHIEHCAAA
Fig. 1. Model of hydrolytic polycondensation
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8t=5¢,05¢c

c, x10M M3
.

Puc. 2. BpemeHHbIe 3aBUCHMOCTH KOHIEHTPAIMA arperaTos sl pa3-
JIMYHBIX 3HAYEHUI &7

Fig. 2. Time dependences of the concentration of aggregates for different 5t

nepa. Torna cpemHuit pasmep arperata d MOXHO Haii-
TH U3 COOTHOILLIEHUS:

d=adN"", (8)
rae o' — Koa(pOUIMEeHT, oTpaXalolIuil TIepexo] Mac-
coBoro ¢pakTajia B TOBEPXHOCTHBIN (B MEepBOM MpU-
6mxenuu o' = 1); dy — pasmep MOHOMepa.

CoBMECTHOE YHCJIEHHOE pelleHUe YpaBHEHUI
(6)—(8) mact BpeMeHHbIe 3aBUCHMOCTH KOHIIEHTpa-
LIMM arperaTtoB B 30Ji€ M pa3Mepa CPeIHEro arperara.
Ha puc. 2 npencraBieHbl BpeMEHHbIE 3aBUCHMOCTU
KOHILICHTpallMM arperaToB B 30Jj1€ JJIs1 pa3IMYHbIX 3Ha-
YeHui 8¢ (IU1s1 pacyeTa B KaueCTBE MPEeKypcoOpoB ObLIU
BbIOpaHbI ABYXBOAHBINM alleTaT LIMHKA U 2-0yTaHON).
HavanbpHast KOHIIEHTpaIys aleTaTa IIMHKA COCTaBIIs-
na 101 M3, sHaueHne KOHCTAHTHI CKOPOCTU TUIAPO-
Jm3a k BEIOpaHo 1072 ¢! B coorBeTCTBIM C JIaHHBIMU,
MpeaCTaBIeHHBIMU [JI1 TUAPOJIM3a alleTaTa IIMHKa B
2-0yranosne [12].

|

: " 30 n=0,5-10" Pa.s
| g )5 r|=10'3 Pas
e n=2-10" Pas
: % 20 =310~ Pas
| =

I P15

| 3

L 1)

|

|

, 5

|

| 0

|

|

|

|

|

|

|

AnHanu3 rpa¢ukoB II0Ka3bIBaeT, IIpU BBIOOpE
8t < 5 ¢ paccuMTaHHBIE 3aBUCMMOCTU TPAKTHYECKU
HEOTJIMYMMEI IPYT OT Apyra. Takum o6pa3om, MHTEP-
BaJl BpeMEHM IIJIST MOAEINPOBAHUS CIIEAYET BHIOMPATH
B auanasoHe ¢ < 1/20k. I'pacuk, BHIXOASIIUI U3 HY-
Jis, TIpenCcTaBiseT COOON 3aBUCMMOCTb C MaKCHMY-
MoM. [1py MajbIX 3HaAYEHUSIX BpeMEHN KOHIIEHTPAIIHS
arperaToB BO3pacTaeT B CBSI3M C MPOILIECCOM THIPOIIH-
3a, TIPOUCXOISIIINM ¢ OOJBIION cKopocThio. C Teue-
HUEM BpeMeHU THAPOIN3 3aMeUISIeTCS B pe3yiIbTaTe
paszbaByieHUs] pacTBOpa alleTaTa HMHKA U YObIBAIOLIMIA
XapakTep KPUBOIW OMpenesieTcss MpoleccaMu TOJu-
KoHaeHcauu. [1pyn yBeaInyeHMM UCXOMHON KOHIIEHT-
paunn (CH;COO),Zn - 2H,0 y4yacTOK BO3pacTaHus
(pYyHKIIMM CTAaHOBHUTCS MEHBIIIE W TIPU peaTbHBIX KOH-
LIEHTPAIUSIX peareHTOB MPeHeOPeXXMMO MaJl TT0 CpaB-
HEHUIO C YYaCTKOM yObIBaHUsI.

B pamkax pa3zpaboTaHHOI MOJIEIA ITPOAHATU3UPY-
€M BJIMSTHUE BSI3KOCTHU CPEIbl U TeMITEpaTyphl IPOLIEeC-
COB CO3pEBaHMSI 30JI1 HA CKOPOCTh POCTa KJIACTEPOB.

Ha puc. 3, a npencraBieHbl 3aBUCUMOCTHA OTHO-
CUTEJILHOIO pa3Mepa arperatoB OT BPEMEHM CO3pe-
BaHMSI TIPU PA3TUYHBIX 3HAYCHMSIX BSI3KOCTH 30JIS.
Ananu3 rpaduKa ToKa3bIBaeT 3aMelJIeHUe pocTa Ipu
YBEJMYEHUU BI3KOCTU. DTO CBSI3aHO ¢ OOpaTHOI 3a-
BHCUMOCTBIO KOHCTAHTHI KOAryJIsIIIMU OT BSI3KOCTH
4k, T

K= . I1pu 3TOM 3aMemISIIOTCSI TPOLIECCHI TTOJIM -

KOHICHCaAlU.

DKCIIepUMEHTAJIbHOE MCCIIEI0BAHUE ITOJYYEHHBIX
pe3yJIbTaTOB MPOBOAWIN Ha CUCTEMaX "BOja — 3TaHOJ
(n=1,096" 1073 IMa - ¢) — TerpasTokcucIan"; "Boa —
oyraHon-1 (n = 2,6 - 1073 Ma - ¢) — TeTpasTOKCUCH-
nan"; "Boma — Gyranon-2 (n = 3,35-103 MMa-c) —
TeTpasToKcucuiaan". W3 nuTepaTypHbIX MCTOYHMKOB
M3BECTHBI MMApaMeTPhl 3TUX CUCTEM, UCIIOJIb3yeMbIE B

— [ [ w
LA (=] Lh (=]

—
(=]

d, xd,, relative units

1 2 3 4 5 6 7 8
t, hours

b)

Puc. 3. KuneTnka pocrta arperaToB mpu pa3jiM4HOli BSA3KOCTH 3014 (a) M pa3Hoii Temneparype co3peBanus (b)
Fig. 3. Growth kinetics of aggregates at various viscosity of the sol (a) and ripening temperature (b)
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pa3paboTaHHOI MOAENIM, YTO CYIIIECTBEHHO YIIPOIIaeT
KOJINYECTBEHHbIE PACUETHI.

Ha puc. 4 (cMm. TpeTbio CTOPOHY 00J0XKKH) U300-
paxeHbl ACM-CHUMKU ITIOBEPXHOCTHU ILJIEHOK, ITO-
JY4eHHBIX METOAOM IeHTpUMYTMpOBaHUS 301 Ha
KPEMHHUEBbIE MOHOKPUCTAITMUECKUE TTOMTOXKHU TIPU
OIMHAKOBBIX YCIIOBUSIX. BpeMs co3peBaHMST 30715 TIpH
KOMHATHOII TeMIiepaType — 24 4, IUIEHK!A OTOX>KEHBI
npu 550 °C.

IMomyyeHHBIE pe3ylbTaTHl HAXOMSTCS B XOPOIIEM
COIJIaCHUM C pa3pabOTaHHBIMU MOJEIbHBIMU MPEACTAB-
JICHUSIMU cO3peBaHUsl 30jeil. MakcuMallbHbIl Cpel-
HUIA pa3Mep 3epHa ObLT MOJIyYeH ISl CUCTEMbI "BoJa —
aTaHOJ — TeTpasTokcucwian" (~400 HM), obOamaroleit
MUHUMAJIbHON BSI3KOCTbIO. MMHUMAaJbHBIA pa3Mmep
3epHa MMOJIydeH IJig CUCTeMbl "Boga — OyTaHON-2 —
terpasTokcucuiaaH" (~200 HM), BSI3KOCTb KOTOpPOIi
MaKCHMaJIbHa.

PaccMoTpuM BIMSIHME TeMIIepaTyphl CO3pPEBaHUS
30JI Ha CpelHUII pa3Mep arperatoB B paMKax paspa-
6otanHOI Moaenn. OTMETHM, YTO POCT TeMITePaTyPhI
OyIeT CIoCOOCTBOBAaTh YBEJIMYEHUIO KOHCTAHThI CKO-
pPOCTH peaKkIIMy THIPOJIN3a COTIAaCHO YpaBHEHUIO Ap-
peHuyca (2), a Takxke yBeJIMUMBaTh KOHCTAHTY KOary-
s K. O6a 3Ty mpoliecca IpUBEIYT K YCKOPEHMIO
poCTa arperaTos.

Ha puc. 3, b npeactaBieHbl 3aBUCUMOCTY KMHETH -
KW POCTa arperaToB IIPY Pa3INYHEBIX TEMIIEpaTypax co-
3peBaHMs 3o0Jieii. [ToBbllIeHME TemIepaTypbl MPUBO-
IWT K YBEIMUEHUIO CKOPOCTH POCTA arperaTos.

DKcnepuMeHTAIbHOE MCCIeTOBaHNE TTOJYYeHHOTO
3aKOHA ObLJIO TPOBEACHO Ha IIPUMEpPE CUCTEMBbI "Bofa —
3TaHOJ — TeTpadTokcucwian". O6a 301 OB MPU-
TOTOBJIEHBI TTPY OMMHAKOBBIX YCIOBUSIX U UMEIU UACH-
THUYHBIN cocTaB. TemIreparypa CO3peBaHUS TIEPBOTO
25 °C, Broporo 50 °C, HarpeB MPOBOIWIN Ha BOASHOM
Gane. Bpems cospeBanust — 60 muH. ITneHkn Guun
HaHeCceHbl Ha KpEMHUEBbIE MOIOKKU METOIOM LIeH-
TpudyrupoBaHus 1 oroxckeHsl mpu 550 °C. Ha puc. 5
(CM. TPeThbIO CTOPOHY OOJIOKKM) MpeACTaBlIeHa CTPYK-
Typa IUIEHOK, TTOJIydeHHass METOIOM aTOMHO-CHJIOBOM
MMKPOCKOITUM B MOJYKOHTAKTHOM PEXUME.

BunHo, 4yTO Mpu MOBBIIIEHUM TeMIepaTyphbl CO-
3peBaHUsI, CPEAHUI pa3sMep KPUCTAJUIMTOB YBEIUUM-
BaeTCsl MU YMEHbIIAETCS UX KOHLIEHTpaLUs Ha eNUHU-
1y TUIOLIAAM TIOMIOXKHA. DTO TOBOPUT 00 YCKOpPEHUU
MPOLIECCOB I'MAPOJIUTUYECKON MOJUKOHAECHC AWM.

TakuM 00pa3oM, KMCITOIb30BaHUE pa3padbOTaHHOI
VIIPOILIEHHO MOJEIM C HEOOJbIINMM HAaOOpOM Xapak-
TEPUCTUUYECKUX 3(P(HEKTUBHEBIX ITapaMeTPOB TTO3BOJIS-
€T aJeKBaTHO OMNucaTh peajbHble 3aBucumocTu [13].
BOTu 3(ppekTUBHBIC TTapaMeTphl, 0€3yCIOBHO, 3aBUCST
OT COBOKYITHOCTH TE€XHOJIOTMYECKUX (PAKTOPOB U, KaK
MPaBWIO, SIBJISIIOTCSI CKPBITBIMU, HO TEHACHLIUS UX W3-
MEHEHMS TTO3BOJISIET PEeaIM30BBIBATH IIPEACKa3aTelhb-
Hble PYHKLIMK MOMAEH.
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6bINOAHEHA NpU QUHAHCOB0U noddepiicke cO CMOPOHbL
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dapcmeernnoeo 3adanus IITY Ne 2014/151 (ko0 npoek-
ma 117), a maxxce eoczadanus CIIGIITY "JIDTH"
No 16.2112.2014/K (npoexmnas uacms).
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Assemblage Model of the Nanocomposite and Hierarchical Nanostructures
in the Sol-gel Processes

The article is devoted to modeling, simulation and experimental verification laws of the origin and evolution of single na-
noobjects in sols, including the management of their size, concentration and fractal. At the same time highlighted predetermining
a pattern that describes the change of concentration of nucleation centers and the decrease in the number of monomers in the
sol-gel transition. It has been shown that an adequate description of the real dependencies can be achieved using a simplified
model of a small amount of effective parameters that depend on a combination of technological factors which are typically hidden
but their tendency changes allow to implement predictive model function. As developed by nucleation model and changes in the
concentration of individual nanoobjects has predictive properties, it can be used effectively to optimize the processes of formation
of nanosystems by changing such effective parameters such as the viscosity of the sol and its maturation temperature. Experimental
study of the effect of sols ripening temperature on the evolution and growth of nanoobjects was carried out by the example of the
system "water — ethanol — tetraethoxysilane". All solutions were prepared under identical conditions and had identical com-
position but ripened at different temperatures. It was found that an increase in the average size of the primary nanoobjects ripening
temperature increases and, consequently, reduces their concentration per unit area of substrate. An adequate description of the
results has also been achieved by using a simplified model developed, including a small number of variables. These variables ("ef-
fective parameters"”) certainly depend on a combination of technical factors and, as a rule, are hidden, but the trend of change

allows us to implement predictive models functions.

Keywords: sol-gel technology, nanomaterials, polycondensation, materials with hierarchical structure

The material science is characterized by the fact that
the materials with unusual properties can be formed
from nanoelements collected in the hierarchical struc-
tures, at this, the nanoelements can be of different na-
ture: crystalline, amorphous, fractal [1]. The properties
of objects depend on the conditions of growth and ev-
olution, and the nanosystems can differ by hierarchy,
linking com-posites, nanostructure of the interfaces be-
tween the particles. Development of this approach, de-
spite the significant progress, contains a lot of unsolved
problems in the field of nanoparticle synthesis, assem-
bly of these systems, diagnostics and device implemen-
tations. First of all, the model representations should be
allocated, in which hidden parameters can lead to pre-
diction of the features of nanoelements obtainment and
the emergence of new properties. Therefore, the pur-
pose of the article is the development of physical-
chemical models of nanocomposites and hierarchical
structures creating for various applications within the
sol-gel method.

Let us to model formation of the colloidal particles
of zinc oxide in the early stages of sols ripening. In this
case, the assembly of particles is described by the model
of diffusion-limited aggregation (DLA), the product of
which is the aggregate of Witten-Sander with fractal di-
mension D. The program was developed within the
model [2] for imaging of aggregate growth. The in-
crease was due to the random walk of particles re-
leased from a circle of radius R; on a square lattice and

their subsequent attachment in the case of contact
with the cluster. After multiple repetitions the fractal
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aggregate is generated, the number of particles Nfis
associated with a radius of gyration Rg by the expres-

| R)” .
sion Ny= ¢ ;g , where ¢ — prefactor; gy — a size of
0

the monomer. Cluster-cluster aggregation occurs in
the later stages of ripening [3], at which the ongoing
process of "cluster-particle" [4], in which the particles
formed in the first stage form a hierarchical structure.
Evolution of growth may lead to a percolation-type
structures [5], but more often the labyrinth structure are
formed due to spinodal decomposition [6].
Simulation of hydrolysis and polycondensation in
the sols is quite difficult because the hydrolytic poly-
condensation is a difficult parallel-sequential process,
many of which stages, especially early, are reversible,
for example, by alcoholysis and reesterification [7, §].
Let us use the approach proposed in [9]. Simplistically,
we assume that the decrease rate of the concentration

’

of molecular precursors — ‘% — pseudo-first-order re-

action, i.e.,

dN'’ ,
— = = kN 1

0 (1)
where k — the rate constant for the hydrolysis reaction.
Its dependence on the temperature can be represented
by the Arrhenius equation:

k= A'exp(—lf—”T) , (2)




where A’ — the pre-exponential factor, which does not
depend on the temperature; £, — activation energy;
R — universal gas constant.

A solution of equation (1) is an exponential function
of the form:

N(t) = Nyexp(—ki), 3)

where N; — the initial concentration of the molecular
precursor.

The coagulation rate is described by the theory of
rapid coagulation Smoluchowski. Then the rate of de-
cline of the hydrolyzed particles due to condensation
can be written as:

de _ 2
—= = K 4
% =K, O
4k, T . )
where K = =5 the constant of rapid coagulation;
n

kj, — the Boltzmann constant; 7'— absolute tempera-

ture;  — the viscosity of the sol. Solutions of differ-
ential equation (4) is a hyperbolic function of time:

ot = - (5)

B Keyt+1°

where ¢, — the initial concentration of the hydrolyzed
particles.

For joint solution of equations (3) and (5) and tak-
ing into account the possibility of parallel-sequential
processes, we make a number of assumptions similar to
those presented in [10]: divide the time course of the
hydrolytic polycondensation at intervals 8¢, we assume
that within each interval only polycondensation occur
in accordance with the function (5); in the beginning
of each interval 8¢, a certain amount of monomers,
concentration A;, formed by hydrolysis in accordance
with the expression (3) on (i — l)th interval is thrown
in the reaction mixture [11]. Then, the concentration
of monomers throwing in at the time of i-6¢ and formed
for the preceding interval 8¢ can be calculated as fol-
lows (fig. 1, a):

A; = Ny(exp(—k(i — 1)d1) — exp(—kidt)). (6)

With this in mind, the concentration of aggregates in
the sol in the beginning of the (i + 1)th point in time
will have the form (fig. 1, b):

_ c ta; 7
Cir17™ K(c;+Ap)dt+1° @
At zero time interval the polycondensation does not
occurs, ¢y = 0, and the concentration of hydrolyzed
monomers to the beginning of the first time interval will
be A} = Ny(1 — exp(—kdi)).

To model the kinetics of aggregates growth in the
sol, we assume that the average number of particles in

— c
the aggregate at time 7 is defined as N = EE%)’ and the

fractal dimension of the aggregate in the early stages of
the sol corresponds to the dimension of the three-di-
mensional assembly of Witten-Sander. Then, the aver-
age size of the aggregate can be found from the rela-
tionship:

d=adN"", (8)

where o' — the factor reflecting the shift in mass fractal
into surface (in a first approximation o' = 1); d — the
size of the monomer.

The joint solution of equations (6)—(8) give the time
dependence of the concentration of aggregates in the
sol, and the average size of an aggregate. Fig. 2 shows
the time dependence of the concentration of aggregates
in the sol for different values of &7 (for calculation di-
hydrate zinc acetate and butanol-2 were chosen as pre-
cursors). The initial concentration of zinc acetate was
10 m™3, the hydrolysis rate constant k — 1072¢ Lin
accordance with the data given for the hydrolysis of
zinc acetate in butanol-2 [12].

The analysis of the graphs shows that when choosing
&t < 5, the calculated dependences virtually indistin-
guishable from each other. Thus, the time interval for
simulation should be chosen in a range of # < 1/20k.
Schedule going out the zero represents the relationship
with a maximum. For short times, the concentration of
aggregates increases due to hydrolysis that occurs at
high speed. Over time, the hydrolysis is slowed as a re-
sult of dilution of zinc acetate, and the decreasing
character of a curve is determined by polycondensa-
tion. With an increase in the initial concentration
(CH5C0OO0),Zn - 2H,O0 the part of increasing function
becomes less and the actual concentrations of reactants
is negligible compared with the portion of the decrease.

In terms of the model we analyze the effect of the
viscosity of the medium and the sol ripening tempera-
ture on the rate of growth of clusters.

Fig. 3, a shows the dependencies of the relative sizes
of aggregates on time of ripening with various sol vis-
cosity. An analysis of the graph shows the growth re-
tardation with increasing viscosity. This is due to an in-
verse relationship of coagulation constant from viscos-

k, T
ity K= 3—b . At the same time the polycondensation
n

slowing down.
Experimental research of the results was carried
out on the systems "water — ethanol (n = 1,096 X

"non

x 1073 Pa- s) — tetraethoxysilane", "water — butanol-1

"non

n=26" 1073 Pa- s) — tetraethoxysilane", "water —
butanol-2 (n = 3,35 1073 Pa- s) — tetraethoxysilane".

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 8, 2016 477




Known parameters of these systems used in the devel-
oped model, which simplifies the quantitative calcu-
lations.

Fig. 4 (see the 3-rd side of cover) shows AFM im-
ages of films surface obtained by centrifugation of a sol
on monocrystalline silicon substrates under the same
conditions. Aging time of sol at room temperature —
24 hours, the films annealed at 550 °C.

The results are in good agreement with the devel-
oped model representations of sols ripening. The max-
imum average grain size is obtained for the system "wa-
ter — ethanol — tetraethoxysilane" (~400 nm), having
the minimum viscosity. The minimum grain size is ob-
tained for the systems "water — butanol-2 — tetrae-
thoxysilane" (~200 nm), having the maximum viscosity.

Consider the affection of sol ripening temperature
on the average size of the aggregates in the developed
model. Note that the increase in temperature will in-
crease the rate of constant of the hydrolysis reaction ac-
cording to the Arrhenius equation (2). It will also in-
crease the coagulation constant K. Both these processes
lead to faster growth of aggregates.

Fig. 3, b shows the dependencies of the kinetics of
aggregates growth at various temperatures of sols rip-
ening. Increasing of the temperature increases the rate
of growth of aggregates.

The experimental study of the obtained law was car-
ried out on the example system "water — ethanol —
tetraethoxysilane". Both sols were prepared under iden-
tical conditions and had identical composition. The
ripening temperature of the first sol — 25 °C, of the sec-
ond — 50 °C, the heating was performed in a water
bath. Ripening time — 60 min. The films deposited on
silicon substrates by centrifuging and annealed at
550 °C. Fig. 5 (see the 3-rd side of cover) shows the
structure of films obtained by atomic force microscopy
in tapping mode.

We see that with increase of the ripening tempera-
ture, the average crystallite size increases and decreases
their concentration per unit area of substrate. It indi-
cates the acceleration of hydrolytic polycondensation.

Thus, use of a developed simplified model with a
small set of characteristic effective parameters allows to
adequately describe real dependences [13]. These pa-
rameters, of course, depend on a combination of tech-
nical factors and, as a rule, are hidden, but the trend of
its change allows us to implement predictive functions
of the model.

Part of the work on the development of models was
supported by the Ministry of Education and Science of the
Russian Federation in the framework of the basic part of
state task for Penza State University No 2014/151
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(project code 117) and state task for Saint Petersburg
FElectrotechnical University "LETI" No 16.2112.2014/K
(design section).

Some studies on the structure of the samples was
supported by The Russian Foundation for Basic Re-
search within the framework of the research project
number 16-32-00053 mol_a.
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HU3KOTEMIITEPATYPHAS TEXHOAOTUA ®OPMNPOBAHNA OMUYECKUX
KOHTAKTOB K TETEPOCTPYKTYPAM, COAEPXALUMM In, Al, Ga U As

ITlocmynuna 6 pedaxuyuro 18.03.2016 e.

ObocHosana HU3KOMeMNnepamypHas mexHoaoeus gopmuposanus omuyeckux konmaxmos (OK) k mHEMT cemepocmpyk-
mypam Ha ocHose GaAs ¢ evicoKUM codepicanuem uHous 6 AKMUGHbIX cA05X. bvlia onmumusuposana mexnonro2us Gopmupo-
séanus OK memodom eaxyymnozo ocaxcoenus 015 nodobHvix eemepocmpykmyp. C ucnonv3osanuem 0aHHbIX pe3yabmamos Obia
useomosaen mHEMT-mpansucmop na ocnose nanocemepocmpykmypel Ing 4oAly seAs/Ing 4Gag seAs/Ing 4Aly sgAs. Ilpe-

denbHble uacmomsl YCUAeHUs N0 MOKY U MOWHOCMU 0KA3aaucs cpasHumsimu ¢ peayssmamamu no pHEMT CBY-mpan3ucmopam
Ha InP.

Karoueewie caoea: sakyymnoe ocaxncoeHue memanios, OMu4ecKuil KOHmaxkm, mepmoobpabomka, mopghoaoeus, GaAs, mema-

Mopubiii Oygep, memamopguas narnocemepocmpykmypa, mHEMT, CBY-mparn3sucmop

BBenenune

B CBY-TpaH3ucTopax ¢ BHICOKOI MOABMXXHOCTBIO
snekTpoHoB (HEMT-Tumna), rae 3ta mogBUXXHOCTh UT-
paeT ompenessifollyl0 poJib, UCIOJb3YIOT, B YaCTHOC-
TU, MHOTOCJIOMHbIE T€TePOCTPYKTYpPbl Ha OCHOBE CO-
eqmHeHuit A;Bs: GaAs, GaN, InP u r.1. Crout otme-
TUTb, YTO BHICOKOM TTOABMKHOCTU 3JIEKTPOHOB yIaeT-
Cs IOCTUYD TYyTeM YBEJIMUYEHMST COlepKaHUSI UHAUS B
kBaHTOBOIl siMe (KS) (ymeHblieHUs: 3(DdeKTUBHOM
Macchl 2J1eKTpoHoB) [1]. BeneacTBue sToro Habawoaa-
eTcsl TIOBBIIIEHUE paboyeil 4acTOThl NMPUOOPOB, CO-
3MAHHBIX Ha OCHOBE IMOIOOHBIX TETEPOCTPYKTYp [2].

OnHaKko MCIOJIB30BaHUE COAEPXKAIIMX MHIUN CIIO-
€B HaKJIaJbIBaeT OTpaHMYCHUs Ha MPOBEICHUE HEKO-
TOPBIX TEXHOJOTMYECKUX OIepaluii ¢ reTepoCTPyKTY-
pOIi, MOCKOJIBKY IJUTENIbHbIE W BBICOKOTEMIIEpaTyp-
Hble BO3JEHCTBYSI MOTYT IMPUBECTU K pa3pbiBaM CBsI3el
c uaauem (In) 1 mocnenyoinemMy o0eJHEHUIO MHIANEM
AKTUBHBIX CJIOEB Te€TePOCTPYKTYPHI, BEAYIIEMY K YXyI-
IIEHUIO 3JIEKTPOMU3NUECKUX CBOWMCTB CTPYKTYPHI U
BO3HMKHOBEHUIO BHYTPEHHUX MEXaHWYECKUX Harpsi-
KEHUN.

Ha Hacrosiiiuii MOMEHT IaHHBIM BOMPOC UTpaeT
0co00 akTyanbHyto poib ajag mHEMT-cTtpykryp —
CTpyKTyp ¢ MeTtamopdHBIM Oydhepom (MMB) Ha
OCHOBE MHOTOCJIOWHON cTpyKTyphl In,Al,_ As/
In,Ga,_ As/In,Al,_, ,As. MMb — 3710 oTHOCHUTEIIb-
HO TOJICTBIN (1—2 MKM) CJIOil C TOCTEIeHHO M3Me-

HSIOUIMMCS 110 TOJIIMHE XWMUYECKMM COCTaBOM
(comepxaHue InAs, B TpOHHOM TBEPIOM PpacTBOpE
In Al _ ,As yBeMYMBaeTCA 10 MEPE POCTa METaMOP(-
Horo Oydepa), a ciegoBaTeNIbHO, M IIapaMETPOM
peweTku. TakuM oOpa3oM, MmeTamMopgHEI Oydep co-
1acyeT mapameTp pelieTKH MOMIOXKH ¢ rapaMeTpoM
peleTkd akKTUBHON 00jacTv, objagaeT pejakcaliu-
OHHBIM CBOWMCTBOM U IO3BOJISIET TOOUTHCS BbICOKOM
KoHLeHTpauuu In B akTuBHBIX ciosx [3]. OtoenabHO
CTOUT OTMETUTH TTOTYITPOBOTHUKOBEIE TETEPOCTPYKTY-
pbl ¢ MMB, BripallieHHBIE Ha TToa10XkKax GaAs ¢ BbI-
cokuM conepxkannem In (52...80 %) B K5, 3anumaro-
1€ Ha JaHHBbIA MOMEHT HauboJjiee MEePCHEKTUBHYIO
MO3ULIMIO JJIsI aHAJIOTOBBIX YCTPOMCTB Te€pareploBOro
JnuamnasoHa 4actoT [2]. B ¢Bsi3u ¢ 04eHb BBICOKHUM CO-
nepxkaHreM In B aKTUBHBIX M BaXKHBIX CJIOSIX CTAHOBHT-
Csd OYEBUAHON HEBO3MOXHOCTb MPUMEHEHUS paHee
oTpaboTaHHbIX TexHoJoruk (mist HEMT- u ncesno-
mMopdHbIXx — pHEMT-CTpyKTYyp) M TEXHOJOTUYECKUX
orepalyii ¢ TeMHM ke TlapaMmeTpaMu ISl TeTEPOCTPYK-
Typ Ha ocHOoBe GaAs. B yacTtHOCTH, 3TO OTHOCUTCS 1
K TeXHOJIOTMHU (hOPMUPOBAHUS OMUYECKHUX KOHTAKTOB
(OK). MN3BecTHO, UTO TMpeaeabHbIe YaCTOThI TPAH3UC-
TOPOB UMEIOT SIBHYIO 3aBUCUMOCTb OT COIPOTHUBIIEHMUS
OMMYECKMX KOHTAKTOB CTOKA 1 UCTOKa [4]. B cBs13u ¢
3THUM B LEJSIX YAYIIICHUS XapaKTepUCTUK IIPHOOPOB,
CO3IaHHBIX HAa pacCMaTPUBAaeMBbIX CTPYKTypax, ObLIO
pelIeHo yaeauTh 0co00oe BHUMaHMe Mpoleccy popmu-
poBanus OK.
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OCHOBBIBasICh Ha CKa3aHHOM BBIIIE, JIOTMYHBIM
CTaHOBHTCSI HCKITIOYUTH KaK METOI HOHHYIO UMITJIaH-
Tali0 B CBSI3M C BBHICOKUMHU TeMIlepaTypaMH ITOCT-
WMITIAHTAIIMOHHOTO OTXUTa. OTHUM U3 BO3MOKHBIX
CIOCOOOB TOHU3UTH TEMIIEPATypy SIBJISIETCS] METO.
OCaXXIeHWs B BaKyyMe ITpM KOMHATHOM TeMIIepaTtype.

B nanHoit paboTte paccMaTpuBaloTcs mpoiecc Gop-
mupoBaHus OK MeTomoM BaKyyMHOI'O OCaKACHUS IS
mHEMT-retepoctpyktyp In,Al,_ As/In Ga,_ As/
In Al _ ,As 1 ero ontTuMusanus.

DKcnepuMeHT

IlepBoii 1eabIO HCCAEAOBAHUS SIBUJIOCH M3y4de-
Hue Bo3MoxHoctu co3nganust OK xk mHEMT-retepo-
CTPYKTypaM, BBIpallleHHbIM Ha momioxke GaAs (co-
nepxanue In B K5 skcriepuMeHTanIbHON CTPYKTYPhI —
42 %) (puc. 1).

Ha ocHoBe aHaimuza pe3yJbTaToOB ITOJOOHBIX pa-
6ot no mHEMT-rerepocTpyKTypam, BbIpallleHHBIM
Ha nognoxkax GaAs [5—7], O6b1a mpozesiaHa clemy-
fo1ras pabora, Kacarolasicsi nondoopa CUCTeMbl MeTal-
mmzauumn OK. Knaccmyeckast cucteMa MeTajuiu3aluu
OK K retepocTpyKTypaM Ha ocHoBe (GaAs cojaepxar
ciou Ge u Au. M3BecTHO, YTO 1151 TTOJyYE€HUS BBICO-
kokauectBeHHOro OK Heobxoaumo obecreuyuTh Mak-
CUMAaJIbHO BO3MOXXHOE PaBHOMEPHOE CMauuBaHUE I10-
BEPXHOCTH TIOJYNIPOBOAHMUKA PACILJIaBOM 3TUX CJIOEB
[8]. B mensx ynyumenus aaresuu OK, a Takxke mist
MpeaoTBpallleHUs1 HexenaTeapHoi auddysuun Ga us
MOJIyITPOBOAHMKA HAPYKY TPU MOBBILIEHUM TeMIlepa-
TYpBI OBLIO PEIICHO BBECTU JOMOJIHUTEIbHBIM TOHKUI
cioit Ni. g mudGyHIupyommx ke Briyob CTPYK-
Typbl Au 1 O, ObUI BBEIEH NMPEMATCTBYIOLINIA 3TOMY
b6apnepHbIii cnoit Ni. Poib TmocnenHero 3axkioyanach
TaKXe B OTAEJICHUM TOJICTOTO BBICOKOIPOBOJSILETO

"

‘cap"cnoli !

KonmakmmsIii n*- |
(Contact layer) |

5 Ing 42Alp sgAs 12 nm | bapsepHbl crioll (Barrier layer) |
=S —p [t i —
Ing 42Alg 58As 3 nm | Cneiicep (Space) :
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Ing 19Alp gpAs 200 nm :
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Puc. 1. Cxema snurakcuaibnbix ciioes mHEMT nanorerepocTpyk-
TyphI [2]
Fig. 1. Epitaxial layers of mHEMT nanoheterostructure [2]
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cliost Au, 00amaloNiero yCTOM4YMBOCTbIO K KOPPO3UU.
HMrorom sBunach cucteMa cioeB Ni/Ge/Au/Ni/Au
(B mopsiake ocaxaeHus). OrnpeneauBIIUCh C COCTAaBOM
OK, ObIIM TIOCTaBJIeHBI clieaylone 3agadyn. Bo-mep-
BBIX, B CBSI3U C TE€M, YTO COIIPOTMBIICHUE, a TaKXKe
Mopdomorus OK ormpenensirorcss B OOJIBIICH CTEIIEHU
ponsasmu Au u Ge B pacriaBe AuGe, ObUIO HEOOXO-
JUMO OTpeae/uTh JaHHOE COOTHOILIEGHME, a IOocje
3TOro HAWTU ONTUMAJIbHBIC 3HAYEHUSI TOJIIMHBI CJIO-
eB. BMecTe ¢ 3TMM HyXHO MMOH00paTh PEXXUM TepMU-
yeckoii 06pabotku OK, He yxyalamomuii 3J1eKTpodu-
3UYECKUX CBOMCTB CaMOi TeTepOCTPYKTYPhl U COXpa-
HSIOIIMI Hajiexalryio Mopdooruio OK.

IIpouecc cosmanmss OK Kk rerepocTpyKrypam C
MMBbB npoxonun cieaymomum mytem. CHavala METO-
JIOM XKMIKOCTHOTO XMMHMYECKOIO TpaBJIeHUsS (OpMU-
pOBaIv Me3au30JISILIMIO, 3aTEM C MTOMOIIIbIO B3PbIBHOM
¢oronuTorpaduu 1 pe3UCTUBHOIO METOa HAHECEHUS
TOHKUX TIJIEHOK B BakKyyme (hOpMUPOBaId MeTasin3a-
LIMI0 OMHYECKOTo KOHTakTa (MOMIOXKAa HAXOMWUJIACh
MpU KOMHATHOI TeMIiepaType, KpoMe TOro B mpoliecce
OCaXkIeHUsT U3MEHEHMS TeMIlepaTypbl CTPYKTYPHI ObI-
JIM TipeHeOpexxuMo Maibl). [Ipu aToM mepen mpouec-
COM HaHeCEeHUs MeTa/UIM3allMyd MPOBOIMINA 3aYHCTKY
MOBEPXHOCTU TIJIACTMHBI OT OCTATKOB YTJIE€BOJAOPOIOB
B 1ia3me BY paspsima B kuciopoae, a Takxke CHSTHUE
okucyioB nonynposoaHuka B pactsope HCI:H,O (1:5).
3aBepllaluM 3TarnoM GOpMHUPOBAHUS OMUYECKOTO
KOHTaKTa Obla TepMuuecKkasi oopadboTka.

Pe3yabTaThl SKCIEPUMEHTOB M 00CYXKAEHHE

ITo onucaHHOI TeXHOJIOTMU ObLI U3TOTOBJIEH PSi
00pa3IIoB ¢ TECTOBBIMU MOIYJISIMU, TIPEACTABISIONIN-
MM co0O0I1 MoceaoBaTebHble KOHTAKTHbBIE TIIOIIAIAKU
C mepeMEHHBIMU PACCTOSSHUSIMU MeXay HUMU (puc. 2,
CM. YETBEPTYIO CTOPOHY OOJIOXKM).

JaHHbIe TECTOBbIE MOAYJIM UCIIOIb30BAIM IS DK~
CIIEPUMEHTAJILHOTO OIpee/IcHNs 3aBUCUMOCTU CO-
nporuieHus OK ot koanyectBa Ge B paciiase AuGe
U OT PEXMMOB TepMUUYECKOI 00pabotku (puc. 3).

OCHOBBIBAsICh Ha MOJYYEHHOM ONTUMaIbHOM MPO-
LIEHTHOM COOTHOILIeHUHU B coctaBe AuGe, ObLIU MOy~
YeHbl COOTBETCTBYIOIIME ONTUMAJIbHbIE TOJIIMHbI CJIO-
eB B OK (Ge — 350 A/Au — 540 A). CToUT OTMETHTD,
YTO YMEHbIIIEHUE TOJIIMHBI CJI0EB MPU COXpaHEHUU
IIPOIIOPLIUM TaKXKe BEJIO K yXynlieHuo cBoiictB OK.

KacarenpHO TepM0O0OpaOOTKM OBLIO 3aMEYEHO, YTO
MpU yMEHbIIEHUU BpeMeHU BxkuraHust go 30 c, Ha-
OntonaeTcs xopollasi MOpgosorusi, HO CONMPOTUBJIE-
HUE 3HAYUTEJbHO OoJblluee, yeM npu BpemeHu 30 c.
IToMuMO 3TOrO, HEAOCTATOUHO MTPOJOJIKUTEIbHAS TEP-
MoobpaboTka OK MoxkeT IpuBecTH K TOMY, UTO Aud-
(y3us MeTamIMuecKoro pacijiaBa B CTOPOHY KaHaa
(IByMEepHOIO 3JIEKTPOHHOTIO ra3a) OKaxeTcsl He1oCcTa-




noaydeHsl 11 mHEMT-Ttpansucropa

C IIIMPUHOM 3aTBOpa Wg =2+ 80 MKM

Tex=310..320°C u cocrapisaor fr = 0,13 TIo u

Jmax = 0,63 TI'1 cooTBeTCTBEHHO [2].

Tex=330...340°C OTU JaHHBIE CPaBHUMBI C pe3yJib-

g 7e=320..330°C tatamu no pHEMT CBY-tpan-

u.1.5 \Tﬁ_//

3uctopaM Ha InP (mpu Wg = 50 HM,

Sr= 0,56 TTu u f,,, = 0,72 TI'u)

0,05
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Puc. 3. DkcnepuMeHTAIbHAS 3aBUCHMOCTD yaeJbHoro conporusiennsi OK or noau Ge B
pacniase AuGe npu pasinmuHoi TemnepaType TepmooOpadotku (7, = 30 c)

Fig. 3. Experimental dependence of the specific resistance of OC on the share of Ge in AuGe

melt at various temperatures of the heat treatment (1,,, = 30 s)

TOYHOM 1 3TO HETATUBHO TMOBIMUSET HA MaKCUMaJIbHOE
3HayeHue paboueit yactoTsl. [1pu yBe1uueHU Bpeme-
HU 00pabOTKM HabII0maeTCs yxyalieHue Mop¢oI0ruu
KOHTaKTa.

Ilpu yBeauueHUuM TemIieparypbl MophOJOTrUs
yxyauaeTcs (puc. 4, CM. YETBEPTYIO CTOPOHY 00JIOXK-
K1), BOBHMKAET OMAaCHOCTb pa3pbiBa CBI3U C MHANEM
U 00eTHEHUS UM aKTUBHBIX CJIOEB TeTepOCTPYKTYPHI;
npu temiepatype MeHee 320 °C conpoTuBiIeHNE yBe-
JIMYMBAETCsI, MOXeT HaOmonaThcs HeauHelHas BAX
OK, a Takxe yxymlleHHe IIPOBOAMMOCTM KaHajua ca-
MO CTPYKTYpPhI (KOHTPOJUPYETCS MeTOnOM XoJuia).

Takum 006pa3oM, ObLIO BBISICHEHO, YTO Hauboiiee
onTtuMalibHON cuctemoit metamzauuu OK K rere-
pocTpykTypaMm Ha ocHoBe GaAs ¢ MMBb gBnsiercs cuc-
temMa Ni—Ge—Au—Ni—Au (50 A—350 A—540 A—
140 A—2000 A). Bpems TepMHyecKOil 0OpabOTKU —
30 ¢ ipu Ttemmepatype 320 °C. BHemHui BUI TECTO-
BOTO MOAYJISI C JAHHOW CUCTEMOU MeTaJUTM3alUu MOC-
JIe TepMUYECKOM 0OpabdOTKM B MOAOOpPaHHBIX OITHU-
MaJIbHBIX YCJIOBUSX MPUBEIEH Ha pUC. 5 (CM. YeTBep-
TYI0 CTOPOHY OOJIOXKKM); HAOI0AaeTCs OTIMYHASI MOP-
¢onorus.

3axkmoueHne

B manHOi1 paboTre 060CHOBaHA HU3KOTEMIIEpATyp-
Hasl TeXHOJIOTUSl (POPMUPOBAHUS OMUYECKUX KOHTaK-
TOB K TreTepoCcTpyKTypam, coiepxawum In, Al, Ga u
As. bbla ncciaegoBaHa BO3MOXHOCTh (DOPMUPOBAHUST
OK merogoM BakyymMHOro ocaxuaeHust mist mHEMT-
rerepocTpykTyp In,Al;_ ,As/In Ga;_,As/In Al,_ As
U €ro ONTUMM3aLIus.

Hcmonp3ys moaydeHHBIe pe3yabTaThl, IO JaHHOMU
texHonorun @opmupoBannss OK OblI M3roToBjeH
mHEMT-TpaH3uctop Ha OCHOBe MeTaMoOpGHOIit
HaHOTETEPOCTPYKTYPHI In0’42A10,58As/1n0,42Ga0’58As/
Ing 4,Alj sgAs (conepxxanue In B kanane 42 %). Ilpe-
JeTbHbIE YaCTOTHI YCUJIEHUSI 110 TOKY U 10 MOILIHOCTHU
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BHUMaHue ToT (dakT, yto mHEMT-
reTepocTpyKTyphl Ha GaAs SBISIIOTCS
MeHee XpYIKMMU, a TAKXKe 9KOHOMU-
yecku 3(P(PeKTUBHBIMU IO CpaBHE-
Huto ¢ pHEMT Ha nomioxke InP.

Aemopul vipasicarom ceor Npu3Ha-
menvHoCmb 0-py u3.-mam. HayK, npo-
gheccopy B. H. Mopdkoeuuy 3a ueHHble KOHCYABMAYUU
Hanucanuu OaHHoU pabomol.
Paboma ewinosnena npu @urancogol noddepicke
epanmoé PODU No 16-07-00187 u 15-07-00110.
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Low-Temperature Ohmic Technology of Contacts’ Formation
for the Heterostructures Containing In, Al, Ga and As

A low-temperature technology for formation of ohmic contacts was substantiated for the GaAs-based metamorphic heterostruc-
tures with a metamorphic buffer and high concentration of In in the active layers. Nowadays such heterostructures are a worthy al-
ternative to the InP-based pseudomorphic heterostructures. In order to optimize the parameters of the ohmic contact formation tech-
nology several experiments were carried out. They helped to choose the metal composition (Ni/Ge/Au/Ni/Au) for the ohmic contact
and determine the proportion and thickness of each layer. Moreover, thermal annealing time and thermal annealing temperature
were defined to minimize the contact resistance and preserve a satisfactory morphology. Finally, MHEMT with 46 nm-gate length
based on Ing 4,Aly seAs/Ing 42Gay ss4s/Ing 4,4y s9As nanoheterostructure was manufactured and the low-temperature technology

for formation of ohmic contacts was optimized. As a result, the cut off frequency and the power gain frequency were obtained:
fr= 0,13 THz and f,,,, = 0,63 THz. Those values were comparable with the frequency results of InP-based pHEMT.

Keywords: vacuum metal deposition, ohmic contact, thermal annealing, morphology, GaAs, InGaAs, nanoheterostructure, meta-

morphic buffer, metamorphic heterostructure, mHEMT

Introduction

In microwave transistors with high mobility of elec-
trons (HEMT), where it plays the decisive role, in par-
ticular, the multilayered heterostructures on the basis of
A;Bs: GaAs, GaN, InP compounds, etc., are used. It
is necessary to point out, that high mobility of electrons
can be achieved due to an increase of indium in a quan-
tum well (QW) (reduction of the effective electron
mass) [1]. Thereof an increase of the working frequency
of the devices on the basis of such heterostructures [2]
is observed.

However, use of the indium-containing layers im-
poses restrictions on certain technological operations
with a heterostructure, because long and high-temper-
ature influences can lead to ruptures of the bonds with
indium In and to the subsequent impoverishment of the
layers of the heterostructure resulting in deterioration of
the electrophysical properties and occurrence of an in-
ternal mechanical stress.

The given question is especially important for
mHEMT structures — the structures with a meta-
morphic buffer (MMB) on the basis of the multilaye-
red structure of In Al,_ As/In,Ga;_,As/In Al,_ As.
MMB is a rather thick (1—2 um) layer with a chemical
compound gradually changing with the thickness (con-
tent of InAs in a triple solid solution of In, Al; _ As in-
creases with the growth of the metamorphic buffer),
and, hence, the lattice parameter. Thus, the metamor-
phic buffer co-ordinates the lattice parameter of the
substrate with the lattice parameter of the active area,
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it possesses a relaxation property and allows to achieve
a high concentration of In in the active layers [3]. Spe-
cial attention should be devoted to the semi-conductor
heterostructures with MMB on GaAs substrates with a
high content of In (52...80 %) in QW, occupying the
most perspective position for the analogue devices of
the terahertz range of frequencies [2]. A very high con-
tent of In in the active and important layers makes im-
possible application of the earlier developed technolo-
gies (for HEMT- and pseudomorphic pHEMT struc-
tures) and technological operations with the same pa-
rameters for the heterostructures on the basis of GaAs.
This also concerns the technology for formation of the
ohmic contacts (OC). As is known, the limiting fre-
quencies of the transistors have an obvious dependence
on the resistance of the ohmic contacts of a drain and
a source [4]. In this connection, with the aim to im-
prove the characteristics of the devices on the consid-
ered structures, it was decided to pay special attention
to formation of OC.

Proceeding from the above it would be logical to ex-
clude the ionic implantation as a method in connection
with high temperatures of the after-implantation an-
nealing. One of the possible ways to lower the temper-
ature is the method of deposition in vacuum at a room
temperature.

In the given work the authors consider the process
of formation of OC by the method of vacuum deposi-
tion for mHEMT heterostructures of In Al,_,As/
In,Ga,_ As/In Al,_,As and its optimization.




Experiment

The first aim of the research was studying of a pos-
sibility of creation of OC for mHEMT heterostructures
grown on a GaAs substrate (the content of In in QW of
the experimental structure was 42 %) (fig. 1).

On the basis of the analysis of similar works on
mHEMT heterostructures grown on GaAs substrates
[5—7], the following work was done concerning the se-
lection of the system for metallization of OC. A classi-
cal system for metallization of OC for the heterostruc-
tures on the basis of GaAs contain Ge and Au layers.
For reception of high-quality OC it is necessary to en-
sure the greatest possible uniform wetting of the sur-
face of the semiconductor by the melt of the layers [8].
In order to improve the adhesion of OC, and also pre-
vent the undesirable diffusion of Ga from the semi-
conductor outside at the rise of temperature it was de-
cided to introduce an additional thin layer of Ni. For
Au and O, diffusing deep into the structures, a barrier
layer of Ni was introduced preventing them from this.
The role of the barrier was also in separation of the
highly conducting layer of Au resistant to corrosion.
As a result (in the order of sedimentation) the system
of Ni/Ge/Au/Ni/Au layers was obtained. Having de-
fined the OC structure, the following tasks were set.
First, because the resistance and also the morphology of
OC are defined to a great degree by the shares of Au and
Ge in AuGe melt, it is necessary to determine the given
correlation and, after that, to find the optimal values of
the layers’ thickness. At the same time it is necessary to
select a mode of thermal processing of OC not wors-
ening the electrophysical properties of the heterostruc-
ture and preserving the appropriate OC morphology.

Creation of OC for the heterostructures with MMB
was done in the following way. First, a mesainsulation
was formed by liquid chemical etching, then, by means
of the explosive photolithography and resistive deposi-
tion of the thin films in vacuum the metallization of the
ohmic contact was formed (the substrate was at a room
temperature, besides, during the deposition the changes
of temperature of structure were insignificant). At that,
before the deposition of metallization, the plate’s sur-
face was cleaned of the rests of hydrocarbons in a high
frequency discharge plasma in oxygen, and also the
semiconductor oxides were removed in HCI: H,O (1:5)
solution. The final stage of the formation of an ohmic
contact was the thermal processing.

Results of experiments and discussion

In accordance with the above described technology
a number of samples were manufactured with the test
modules representing consecutive contact platforms
with variable distances between them (fig. 2, see the
4-th side of cover). The given modules were used for ex-

perimental determination of the dependence of OC re-
sistance on the quantity of Ge in AuGe melt and modes
of the thermal processing (fig. 3).

Based on the optimal percentage parity in AuGe
structure, the corresponding optimal thicknesses of the
layers were received in OC (Ge — 350 A/Au — 540 A).
It is necessary to point out, that reduction of the thick-
ness of the layers with preservation of the proportion al-
so resulted in deterioration of the OC properties.

As far as the heat treatment is concerned, it was dis-
covered, that in case of reduction of the firing time be-
low 30 s the morphology remained good, but the re-
sistance was considerably higher, than at 30 s. Insuffi-
ciently long heat treatment of OC can result in the fact
that the diffusion of the metal melt towards the channel
(of the two-dimension electron gas) will be insufficient
and have a negative influence on the working frequen-
cy. An increase of the time of processing causes dete-
rioration of the morphology of the contact.

An increase of the temperature worsens the mor-
phology (fig. 4, see the 4-th side of cover) and creates
a risk of rupture of the bond with indium and impov-
erishment of the active layers of the heterostructure; at
less than 320 °C the resistance increases and non-linear
volt-ampere characteristic of OC can be observed, as
well as worse conductivity of the canal of the structure
itself (controlled by Hall method).

It was discovered that the optimal system of metal-
lization of OC for heterostructures on the basis of GaAs
with MMB was the system of Ni—Ge—Au—Ni—Au
(50 A—350 A—540 A—140 A—2000 A). Time of ther-
mal processing was 30 s at 320 °C. Appearance of the
test module with the given system of metallization after
the thermal processing in the selected optimal condi-
tions is presented in fig. 5 (see the 4-th side of cover);
excellent morphology is observed.

Conclusion

The given work substantiates the low-temperature
technology for formation of the ohmic contacts for
the heterostructures containing In, Al, Ga and As,
studies feasibility of formation of OC by the method of
vacuum deposition for mHEMT heterostructures of
In, Al _ As/In Ga;_,As/In,Al,_ As and its optimi-
zation.

The results obtained by the given technology for
formation of OC were used for manufacture of
mHEMT transistor on the basis of the metamorphic
nanoheterostructure of Ing 4,Aly 53As/Ing 4,Gay s3As/
Ing 4oAlj sgAs (the content of In in the channel was
42 %). The limiting frequencies for strengthening of
the current and power were received for MHEMT tran-
sistor with the gate width of Wg = 2+ 80 um and equal
to fr= 0,13 THz and f,,,, = 0,63 THz [2]. These data
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are comparable with the results on pHEMT microwave
transistors on InP (at Wg = 50 nm, f7= 0,56 THz and
Jmax = 0,72 THz) [9], moreover, it is necessary to take
into consideration the fact, that mHEMT heterostruc-
tures on GaAs are less fragile, and also economically
efficient in comparison with pHEMT on an InP sub-
strate.

The authors express their gratitude to Prof. V. N. Mor-
dkovich, D. Sc., for the valuable consultations concerning
the given work.

The work was done with the financial support of RFFI
grants No 16-07-00187 and 15-07-00110.
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ON3UKO-TEXHOAOTUYHECKUE OCOBEHHOCTHU ®OPMUPOBAHMUA
CEFTHETOSAEKTPUYECKOM MAEHKU AASl SYEMKU

3AMMOMUHAIOLUMX YCTPOMNCTB

Ilocmynuna 6 pedaxyuro 01.03.2016 o.

Pazpabomana nabopamopras mexnonoeus noAy4eHUs MHO20CAOUHbIX CMPYKMYD HANbIIEHUEM Nbe30KepaMUu4ecKux c10e6 Ha
kpemuutl. CmadunbHbill MeXHOA0UHECKULL NPOYEeCC HANbIAEHUS Nbe30KepaMU1ecKux NAeHOK Ha KPeMHUU NO380AUM 3HAYUMENbHO
npoosunymucs @ useomogneHuu akmuenvix MOMC npubopos u cercopos.

Karoueevie caoea: moukue NAEHKU, nbe30Kepamuka, nbesomamepuansvl, mexHoiocuu

Ilon neiicTBHEM SIEKTPUYECKOTO TIONS TTPOMCXO-
IIAT TIOJIIPU3aIns CETHETORJIEKTprKa. B 3aBrcnmMocT
OT TIOJISIPHOCTH TIPUJIOXKEHHOIO HAMPSKEHUS] BO3HU-
KaeT netis ructepe3uca. Ha puc. 1 nmpeacrasieHa mer-
ISl TUCTepe3rca, Ha KOTOPOil 0003HAYEHBI COCTOSTHUS
gueiiky naMaty Kak "0" u "1". ITo sHepreTuecKoMy
3HAYEHMIO OHU pa3HECEHBI TaK, YTO MOXHO IIPOBECTH
X OTHO3HAYHYIO MISHTU(WKAINIO.
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Ha puc. 1 mpuHATBEL cienyioniye O0OO3HAYCHMUS:
P, — mongpusanus HacbIIEHUA, KOIAa JUIOIU I10-
BOpPAuMBAlOTCS BAOJb MOJS; P, — ocTaToyHas MoJis-
puzalys — 3HaAYeHME OCTATOYHOM IMOJsIpu3aluu Mpu
3HayeHuu U= 0 (ecau mocse CHATUS 2JIEKTPUIECKOTO
TIOJIST AUTIONW HEe U3MEHWJIA CBOETO HaIlpaBJICHUs, TO
3Ha4YE€HME OCTAaTOYHOI nongpusauuu (P,) n 3HaYeHUd

noJsAipu3aluy HacwieHus (P,) Oynyr pasHbl); U, —




Puc. 1. Iletns rucrepe3nca AJisi CETHETOIJIEKTPHIECKOrO KOHIEH-
caropa
Fig. 1. Hysteresis loop of the ferroelectric capacitor

KOSPLUUTUBHOE HaIpsKeHWe MPU KOTOPOM 3HayeHUE
MOJISIpU3aliMy IUBJIEKTPYKa CTAHOBUTCS paBHBIM HY-
0. B MHoronoMeHHOM KpucTajule rpu U, monoBuHa
JUTIONEN OPMEHTHMPOBAHA BIOJIb IIOJS, a Apyras —
MPOTUB, MPU 3TOM CyMMapHasl NoJsipu3alys MHOTO-
JIOMEHHOTO KpHUCTaJljla paBHA HYJIIO.

B cBs3u ¢ pacuMpeHreM HOMEHKIaTypbl U3Aeanit
Ha OCHOBE CErHETOIEKTPUUYECKHUX MaTeprasoB, a Tak-
K€ C MpeIbsBIeHUEM K HUM IOBBILIEHHBIX TpeOoBa-
HUI K TEXHUKO-3KCIUIyaTallHOHHBIM XapaKTepHCTH-
KaM (HampuMep: Majible YIpaBJsoliue HampsiKeHusl,
BBICOKAsI YYBCTBUTEJIBHOCTh K BHEITHUM BO3IEHCTBU-
sIM, OMHOPOJHOCTb U BOCIPOU3BOAUMOCTb 3JEKTPU-
YeCKMX CBOMCTB U T. JI.) BO3HUKAET HEOOXOIMMOCTb
LieJIeHaNnpaBJIeHHOIO0 CUHTE3a HOBBIX MaTepUaJlOB WU
TOTAJIbHOI MOAM(UKAIIUU CBOMCTB TE€XHOJIOTMYECKUX
clloeB. DTO JOJXKHO COIMPOBOXIATHCS lieJieHarnpaB-
JICHHBIM M3MEHEHUEM CTeXUOMETPUU CTPYKTYpPHI, ¢a-
30BOT0 COCTaBa U CETHETORJIEKTPUUECKUX CIIOEB.

JIJ1st TOro 4ToObI 3TO peain30BaTh, HEOOXOAUMO yC-
TaHOBUTH IOCTOBEPHYIO B3aUMOCBSI3b MepeYUCICHHBIX
BBILIIE TTAPaMETPOB C BIEKTPOPU3NIECKIMU CBOMCTBA-
MM CETHETO3JIEKTPUUYECKUX CTPYKTYp U 3JeKTpuyec-
KHX TTapaMeTpOB IIPUOOPOB HAa UX OCHOBE.

OueBUAHO, UTO C YBEIMYEHUEM YaCTOThI MEPEKIIIO-
yenus u3 "0" B "1", 1 HAOOOPOT, BeIMUMHA TUCTEPE-
31ca, a TaKKe Jornueckuii yposeHb "0" u "1" mig cer-
HETODJIEKTPUUECKOro KOHIEeHcaTopa OyayT U3MEHSITh-
csi. I yMeHbILIEeHUSI BpEMEHU TepeKIIIoUeHUsT TpU
JaHHBIX 3HAUEHUAX JJornueckux ypoBHei "0" u "1" He-
00X0AMMO, 4YTOOBI MPOLECCH MONSIPU3ALIUU U AEMO-
JISIpU3alMU AU3JIEKTPUKA MPOXOAMIM C OOBILION CKO-
pPOCTBIO, a JJISI 3TOrO HAaAO0 YBEIWYWUTh MOIBUKHOCTH
JUMOJIel B MOJSIPU30BaHHOM cpene AudaeKTpuka. st
TOTO YTOOBI TTIOBEPHYTh AUIOJIb, HEOOXOAUMO MPEOIO-
JIETh SHEpreTUuYeckuit 6apbep, COCTOSIIINI U3 IHEp-
Uy nehopMalii U 3JIEKTPUISCKONM SHEPTUN TUTIO-
JIeil, HaXOASIIIMXCS B Cpelie ¢ AUIEKTPUUYECKON Mpo-

HULIAEMOCTbIO &€ U TUIOTHOCThIO p. KospuutruBHas
cwia Fy, ¢ TOYKM 3peHUs TEXHOJIOTUU, B OOJIbLLIEN CTe-
TMEeHU 3aBUCUT OT pa3Mepa 3epHa CEerHeTOEKTpUYec-
Kol ruieHKU. PocT 3epHa mpUBOIMT K yMEHBIIEHUIO
BHYTPEHHUX HaIpPSKEHUI B IUIEHKE, B pE3YJIbTaTe Yye-
ro yMeHbLIaeTcd Fy; IMOHMXAETCA HANPAXEHHOCTh F
3JIEKTPUUYECKOr0 MOJIsl, U3MEHSIOUIETO OPUEHTALIUIO
JIUTIOJIEH.

Kaxk cnenyer u3 skcnepuMeHTa [1], 3Toro MoxXHO
JIOCTUYb C TIOMOIIIbIO YBEJIWYEHUS TeMIlepaTyphl cIie-
KaHusl T, TOpOLIKA CETHETORIEKTPUYECKON TIEHKH.
VYBenuueHue MoJBUXKHOCTU JUMOJIEH COMTPOBOXIAETCS
YBEJIMYEHUEM OCTaTOYHOW MossApu3anuu P. cerHero-
BJIeKTpUUYecKoi ruieHKU. Ha aunosb, mOMeleHHbIN
BO BHEIIIHEE BJIEKTPUYECKOE T0JIE, JEUCTBYET CUJIa

F= p,ﬁs_ff , (1)

rae [ — paccTosHMe MEXIy 3apsaaMu IUIonus; P, —
JIUIIOJIbHBI MOMEHT.

Cuna F HanpabiieHa BOOJb BeKTopa 8E/8/ u ctpe-
MUTCSI IEPEMECTUTD IUIIOJIb B 00JIACTh OOJIBIIMX 3HA-
yeHuii E.

IIpy 5TOM AMIIONBHBIA MOMEHT P; Onpenensercs
BbIpaXXEHUEM

_gole-1D)EI

2cosqp 2)

P

rae ¢ — Yroj MexXay OChblo IMITOJS U BEKTOPOM Ha-
MPSKEHHOCTH E; gy — IMDIEKTPUYECKAs TIOCTOSHHAS.

Kornma numnosib oprueHTUpOBaH MapajjeabHO TOIo,
TO cos @ = 1. DTOT Mpolecc MPOUCXOIUT B pe3yJIbTaTe
MOJISIpU3aLIMU JUIJIEKTPUKA BO BHELLIHEM 3JIEKTpUYeC-
KOM ToJie. biaromapsi ToMy NMpoILEcCy CErHETO3JeK-
TpUuecKasi KepaMuka, KOTopasi B HEMOJIpU30BaHHOM
COCTOSIHUM W30TPOITHA, BCJIEICTBUE XaOTUYHOTO pac-
npenejeHuss TOMEHOB KPUCTaJJIOB CTAaHOBMUTCS TO-
JIIPHOUM The303JIEKTprUUecKoil TekcTypoil. Ilponecc
MOJISIpU3allUKU OMpeaessieTCs CAeAyIOIMMU OCHOBHBI-
MU MapaMeTpaMu: HAMPSXKEHHOCTBIO MOJISIPU3YIOIIETO
TMOJIsl, TEMIIEPATypOil U BpEMEHEM BbIIEPXKKU TUIJIEK-
TpUKa MO 3JEKTPUYECKUM TojieM. TemnepaTypa Io-
Jsgpuszaluu Haumbosee apdexkTuBHa nipu 271...283 K,
KoTtopas Huxe temmneparypsl Kropu (Ty) [1].

g KepaMyMKM Ha OCHOBE COCTaBa TUTAH — CBUHEILL
(ITC) Tk pasna 523...623 K. Bpems nonapuzauun
OTpENeNsIeTCs SKCIMEPUMEHTATBLHO, KOTJa MaKCUMab-
HOE YHUCJIO AUIOJIe OPUEHTUPOBAHO IMapaylieIbHO
BEKTOpPY 3JIEKTPUUECKOTO TOJIS.

ITonsipusymoliee 1moJjie J0JKHO MPEeBbIIATh KOIP-
LIMTUBHYIO CUJIY W MPUKIAAbIBaThC K 00Opasiy, Ko-
TOPBI HAXOAUTCS MPU TeMIiepaType H1xe Touku Kro-
pU, TIpU ITOM TOKU YTEUKHU 4epe3 obOpasel] JOJKHBI
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ObITh MUHUMAJBbHBL. Kak moka3zanu uccienoBanus [1],
TBepAbIe PACTBOPHI MHOTOKOMIIOHEHTHBIX CHCTEM Ha
ocHoBe IITC o0061anaroT JOCTaTOYHO BBICOKHUM YIEIb-
HBIM OOBEMHBIM coIpoTuBieHueM R, mpu 373 K
R, = 108...10° Om - cm u MOJISIPU3YIOIIee TIOJIe COCTAB-
qset 3,5...4,5 kB/mM. Tlonsipuszaiiys npoucxoaut mpu
413...433 K B TeueHue 20 MUH C MOCJCAYIOLIUM OX-
JIAKJIEHUEM MpU BO3AEUCTBUU BJIEKTPUUECKOTO OIS
1o 353...363 K B teuenue 25...30 mun [1].

HanpsskeHHOCTh  2JIEKTPUYECKOTO TOJIsl  TUIIONS
(F£) Ha pacCTOSIHMM F MOXHO OIpeAeJuTb U3 ypaB-
HEHUS

P,
E= "1 . 3)

3
2negyr

IMpn mongapu3anuu CTPYKTypHOTO KOMITIEKCa -
BJIEKTpUKA B3JIeKTpuueckoe noisie (£'), BbI3bIBalOLLEe
CMelleHNe 3apsioB (MOISIPU3alni0) B HEM, PaBHO

E'= E+ P/(Begy), “)

rae p — TMOJIPU3YEMOCTh MOJIEKYJIbl CTPYKTYPHOIO
KOMILIEKCA.

Bropoit wieH B ypaBHeHuHu (4) maet BKiaj 3a CUeT
BJIEKTPOCTATUUECKOTO TIONSI COCEOHUX CTPYKTYPHBIX
KOMILIEKCOB, B JaHHOM CJlydyae — 3a CUeT JUMOJIbHOTO
MoOMeHTa Py

IMonsipuzyeMocTb MOJEKYJIbl MOXHO OINpeaeIUTh
U3 U3BECTHOro cooTHolueHust Knaysmyca—MoccoTu:

_:l.E:_]Yé_B (5)
P

m

3 b

[\

m

LIe W, p — MOJIEKYJISIDHBIM BeC U IJIOTHOCTD BellleCTBa
COOTBETCTBEHHO; N, — 4MCIO ABOraipo.

OHeprust 1unosis Wi Bo BHELIHEM 3JIEKTPUYECKOM
oJIe APYroro JUTIOJS paBHA

_ 3P, Ppcoso ©)

2T58801”ll 12

rae Pj, Pj — ANTOIbHBIE MOMEHTHI MIEPBOTO U BTO-
poro AUWMONEi; ¥ — pacCTOSTHUE MEXOy MUIIONISIMU;
[y, l, — paccrosgHMe MeXIy 3apsalaMu Ui TIEPBOro U
BTOpPOI'O JUIMOJIENl COOTBETCTBEHHO, € — IMAJICKTPU-
YyecKast IPOHUIIAeMOCThb TUIJIEKTpHKA, pa3aesrole-
ro JUIIOJIN.

B sToM cirydae mist TOro, 4TOOBI 00ECIEYUTh OTHO-
CUTEJIbHO CBOOOAHOE TepeMellleHue IUIIoJe Apyr
OTHOCHTENTBHO IpyTa, HEOOXOIMMO TIPWIIOXKUTE CUITY,
MPEBHIIAIOIIYI0 SHEPTUI0 UX B3aMMOACHCTBYS.

ITpu nonsgpuszaumnu IUAJIEKTpUKa, KaK ObLIO OTMe-
YEHO BBIIIIE, €T0 HAarpeBarmT. B aToM ciayyae TemniaoBas
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SHEPTUS MPUBOIUT K PA30PUEHTALIMN TUTIONEH, U 3TO
MOXHO 3aMucaTh CJICAYIOLIIUM 00pa3oM:

2 52
_ _2P”P12005(p

— ()

3kTr

rae k — nocrossHHas bonbliiMaHa; T — Temmnepartypa.

YT100OBI OpUEHTUPOBATH OTHOCUTEJILHO CBOOOIHBIN

IWTIONB TIO HAMNpPaBJIEHUIO 3JIEKTPUYECKOTO IO B

auanekTpuke (£'), HeodXoauMo NpuwIoXUTh ycuiaue F,
YTOOBI MEPEMECTUTD €T0 B IOJISIPHOM cpene:

d
F= 33Es, (8)
S33

rae S33 = 1/Y33 — ynpyras nofaTIuBOCTb CPebl UIs
HamnpaBJIeHUs, MapaieIbHOTO OCH TOJSIpU3ALNM;
Y33 — monynb FOHra; d,; — nbe302/1eKTpUYeCcKuii Mo-
IyJdb — HaBeleHHas MoJsipu3alivsl B HampaBieHUU 3
(ImapajuieIbHO OCU MOJISIPU3aliii) Ha €IUMHUILY MeXa-
HUYECKOIo NaBJCHMS, MPUJIOXEHHOTO B HallpaBie-
Huu 3; § — mwiomagb obpasia IudJeKTpuKa.

Juronu, M3MeHsISI CBOE TOJIOKEHUE B 2JIEKTPHU-
YeCKOM I10Jie, UI3MEHSIOT 1 3HaYeHUE TThe30MOIYJIs 3a
CUeT U3MEHEHUsl BeJIUYMHbI ECoso.

O4YeBUIHO, YTO JaXe B CWIbHBIX MOJSIPU3YIOLINUX
TTOJISIX MOTYT OCYIIIECTBUTHCS HE BCE JOMEHHBIE TTIOBO-
pothl. Uem Omvke popma siaeMEHTApHOU SYEHKU K
KyOM4YecKoil, TeM MeEHbIIe 3aTpauynBaeTcsl SHEPrUu
Ha MexaHuyeckue aedopmalvi, BOZHUKAIOLIKE TTPU
MepeoprUeHTaLIMM JOMEHOB. DTU AeopMalLliK OIIpe-
JIeNISTIOTCS CIIOHTAaHHOM nedopManueil siueiiku, T.e.
MOXHO OXHWIAaTh YBEJIMUEHUS YMCIa JOMEHHBIX TIepe-
OpUEHTALIMi MPU YMEHbUIEHUHN SYEUKU, YTO MOJKHO
MIPUBOIUTH K 00JIee BBICOKMM 3HAYCHUSIM OCTAaTOYHOM
nojgpusanuu P,.

IlpuBeneHHBIN BBIlIE aHAIW3 CIIPABEIIUB I IU-
BJIEKTPUUECKUX MaTepuanoB, 00JaJarluX MOCTOSH-
HBIM (ha30BBIM M CTPYKTYPHBIM COCTaBaMHU.

Haubonee nszyyeHHasi 1ByXKOMIIOHEHTHAasl CUCTEMa
uupkoHaT-TutaHat csuHua (L[TC) Pb(Zr,Ti;_,)O;
IIUPOKO MCTIONB3YETCS B pa3paboTKe pa3IMIHBIX Cer-
HETO- U MbE302JEKTPUUECKUX MPUOOPOB.

Ha puc. 2 npuBeneHbl 3aBUCMMOCTU OCTaTOYHOM
NOJIAPU3ALMU P,., TU3JIEKTPUYECKON ITPOHULIAEMOCTHI
s3T3 /&g, TIe MHAEKC T 03HayaeT 3HaAYeHUE IUIICKTPU-
YeCKOM MPOHUIIAEMOCTHU TIPU TTOCTOSIHHOM JaBJICHUU,
a TakKxXe Ibe303JIEKTPUUECKOro Koa(dduimeHra Ha-
NPsKEHUA g33 [1] OT cocTaBa TBEPABIX paCTBOPOB CHUC-
tembl LITC.

IIITpuXOBBIMU TUHUSIMU HA PUC. 2 BbIAEIEHA MOP-
¢otponHast obaacte (MO), KoTopast pacrojoxeHa
Mmexay TerparoHanbHoi (T) u pombGosapuyeckoit (P,)
obsactamu. BuaHo, 4TO MaKCMMyM OCTaTOYHOM MOJISI-
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Puc. 2. 3aBucumocts napamerpos P, (1), 83T3 /&g (2), &33 (3) ot co-
ctaBa TBepabIxX pacteopos cucrembl LITC; dy;, d33; — mbe30aekT-
pUYeCKHe MOIYJIH

Fig. 2. Dependence P, — (1), 53T3 /€9 (2), 833 (3) of the composition of
the PZT solid solutions; d3;, d33 — piezoelectric modules

pusauuu P. = 48 - 102 KJI/M2 MPUHAMIECKUT COCTABY
LTC ¢ pombosapuyecKoli CTPYKTYpOii, KOTOPBIN Mpu
9TOM He 00J1afaeT MaKCUMaJIbHBIMUA 3HAYEHUSIMU TThe-
303JIEKTPUYECKHUX TTapaMeTpPOB.

ITpoTuBOpeUYrBBIE TOYKM 3PEHUS BBICKA3aHBI T10
MOBOJAY CBOMCTB TETparoHaJbHON U pPOMOO3ApUUEC-
koit ¢a3 B MO. Tak, B onHux paborax [2—7] nemaercs
BbIBOJI 00 M3MEHEHMU CTPYKTYPHBIX IapaMeTpoB CO-
CcyllecTByIolIUX (a3 B 3Toil 00jacTu, a B Apyrux [8]
YTBEPXKIAETCSI UX HEU3MEHHOCTb. OHAKO CYIIECTBYET
U Jpyrasi, OTJIMYHAs OT MEPBbIX ABYX, TOUKA 3PEHUS
[9], cornacHo KoTopoit MO uMeeT CII0XHYIO CTPYKTY-
Py, pa3IMyHYIO IS LICHTPaJIbHOM U NepudepuiiHoi ee
yacteil. OObsICHEHME, a TeM 0oJiee KOJIUYECTBEHHOE
OIMCAaHUE BCEIl COBOKYITHOCTHU 3JIEKTPOMEXaHNUYECKUX
napametrpoB LITC B MO npenacrasisieT co0oit CIOX-
HYIO U 0 CHX IIOp HE pelleHHYIo 3amady [1].

[TosTOoMy MUIsl TOrO, YTOOBI OMPEAEIUTh MbE30KO-
3 PUIMEHTH U 2J1eKTpOopU3NYEeCKre CBOMCTBA 3TON
00J1aCTH, HY>XKHBI MPSIMbIE SKCIIEPUMEHTHI.

sl Ka4eCTBEHHON OLIEHKM B3JIEKTPUUYECKMX TMapa-
METPOB MPUOOPOB, U3TOTOBIEHHBIX Ha ocHoBe L[TC,
COCTaB KOTOPBIX CMEILLEH B MPAaBYIO WU JIEBYIO CTOPO-
Hy oT MO, BO3MO>HO UCITOJIb30BaHME aHATTUTUYECKUX
3aBucumocteir (ypaBHeHus (1)—(8)), ompeneseHHbIX
B IaHHOI paboTe.

Ha ocHoBaHuu ypaBHeHUs (3) MOCTpOeHAa 3aBUCH-
MOCTb U3MEHEHUSI HAMpPSLKeHHOCTHU TI0JI JUMONST OT
pacCcTOSIHUS MeXay IUIToasIMU (puc. 3).

Kak BuUIHO u3 puc. 3, BIUSIHUE 2JIEKTPUUYECKOTO
NOJIS AUIIOIS Ha COCEAHUI TOYEUHBIN 3apsia CBOAUT-
¢ K MUHMMYMY Ha paccToSHUM r > 20 A, mpudeM 310
BJIIMSIHME OcC/1abeBaeT ¢ yBEIUUYEHUEM OUIJIEKTpUUEC-
KO TTOCTOSIHHOWM Cpelbl, B KOTOPOM HaXOIATCH M-
TOJIN.

TakuMm oOpa3oM, Ha paccToaHuu r ~ 40 A nBa nu-
IIOJIS IIPAKTUYECKU He "BUIAT" OPYr Apyra, U B 3TOM
cllydyae Ha B3aMMHYIO OPUEHTAIlUIO BIMSIOT, B Iep-
BYIO O4Yepellb, YIIPYTMe CBOMCTBA OKpPYXalollen cpe-
Ibl. YBenudeHue moayiist KOHra cpenpbl conmpoBoxkia-
€TCsI CHIDKEHHUEM ee YIIPYroil moaaTIMBOCTU (ypaBHEe-
Hue (8)), yTo AesiaeT MPeANOYTUTEbHBIM UCHOIb30-
BaHWE 3TUX JUINECKTPUKOB JJISI U3TOTOBJIEHUS HAa MX
OCHOBe TpeoOpaszoBaresieid 00NbIIOKH MOIIIHOCTH.

ITpoBeaeHHBIN aHATU3 MO3BOJISIET aJ€KBATHO OLlE-
HUBaTb MOBeJeHUE MPHUOOPOB HA OCHOBE CEIHETORJIEK -
TPUYECKUX TJIEHOK.

OHUM 13 TIEPCHEKTUBHBIX CETHETONEKTPUUECKUX
MaTepuasaoB, UCMOJb3yEeMbIX TPA U3TOTOBJIEHUN U3/IE-
JIMA MUKPOCUCTEMHOU TEXHUKHU, SIBJISIETCS TBEPIbIA
pacTBOp LIMPKOHATa-TUTaHarta cBuHua Pb (Zr, Ti;_ )O3
(IITC) ¢ coctaBoM, O6JU3KUM K MOP(OTPOTIHOI (hazo-
BOM TrpaHule, rae x ~ 0,52...0,55, B BuIe IJICHOYHBIX
CTPYKTYP.

s u3rotoBjieHUs1 TpUOOPOB Ha OCHOBE MbE30-
KepaMMYECKMX TUIEHOK HEeOOXOOAMMO, 4YTOObl MUK-
popenbed MOBEPXHOCTU ObLT C IIEPOXOBATOCTHIO
R, = £10...15 um. D10 mocTUraercsa Nmpu COOTHOLIE-
Hum Zr/Ti = 52/48 (puc. 4). Takke HeoOXOAUMO TIO-
JlydaTh TJIEHKU C MaKCMMaJIbHbIM 3HAUYE€HUEM Ihe30-
3JIEKTPUYECKOro KoaduieHra ds;.

ITpu pacuere napameTpPoOB IMbE303NEKTPUUECKUX
YCTPOWCTB HMCITOJIb3YETCH MbE303JIEKTPUUECKUI MO-
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Puc. 3. 3aBUCHMMOCTb HANIPSZKEHHOCTH JJIEKTPHYECKOTO MOJIS AUIOJS
OT PACCTOSHASA MEXKIY JUITOJISAME JUIs TUIJIEKTPHIECKOI Cpe/Ibl ¢ pa3-
JIMYHBIMM 3HAYEHHSIMH JUIJIEKTPHYECKOi MPOHMLAEMOCTH

Fig. 3. Dependence of the electric dipole field on the distance between
the dipoles of the dielectric medium with different dielectric permeability
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Puc. 4. CTpykTypa II€eHOK B 3aBUCMMOCTH OT cooTHomenus Zr/Ti, Tonmuna 1 MKM
Fig. 4. Structure of the films depending on the ratio of Zr/Ti, thickness 1 um

nynab d. T1be3osaekTpuyeckKuili Moayib — 3TO BeJu-
YWHA TeHEepUPYEeMOTO 3apsana (MoJSIpu3alun) Ha -
HUIY MEXaHUYeCKOro NaBJCHMS, MPUIOKEHHOIO K
ThEe303JICKTPUUECKOMY MaTepraiy (VIJIM BeIMIMHA Me-
XaHUYEeCKOHN AedopMaliuy Mbe303JIeKTPUIECKOro Ma-
Tepraja Ha eMUHUIY TTPUIIOXKEHHOTO 3JIEKTPUIECKOTO

B Hactosiiiee Bpemsi pazpaboTaH TeCTOBBIN Kpuc-
TaJlj1, BKJIIOYAIOLIUIA 3JIEMEHTBI 11 OTpaOOTKU TEXHO-
Jloruu rnojydeHust ToHkux mieHok LITC, a Takxke Tec-
ThI MO0 OTPAbOTKE KOHCTPYKIMU MPUOOPOB: aKTHOATO-
OB, aKCeJepOMETPOB, JaTYMKOB JABJACHUSI U MUKPO-
peiae (puc. 6).

T1OJIsT).

MakcumManbHoe 3HaueHHe KoodduuueHra dsz
mst miaeHok HHTC gocturaercss mpu COOTHOILIEHUU .

Zr/Ti = 52/48 (puc. 5).

Ha ocHoBaHMM MpOBeACHHBIX UCCIEAOBAHUI Cle-
JIaHBI CJICIYIOIVI€ BHIBOJIBI:
IToka3aHo, 4TO MeTOOZaMM MAaTeMaTU4YEeCKOTO MO-
JeIMPOBAHUS MOXHO IIPOBECTU MOAYJIbHBIN U

OcHoBublie Hanpasiaenus pa3sutus usneauii MCT Ha ocHOBe Mbe30KEPAMMYECKHX ILIEHOK
Main directions of development of MST products based on the piezoceramic films

Kracc 06bekToB
Object Class

Hanpasnenue pa3paboTok
Direction

MukpomaTynKu
Microsensors

WHTennekTyanbHble CEHCOPHI, TAKTUIbHBIE gaTunku, [TAB maTunku,
OpHU30BbIC AATYUKU, MUKPOIIEPEKIIIOYaTe N
Intelligent sensors, tactile sensors, SAW sensors, breeze sensors, microswitches

OMNTO3IeKTPOMEXaHNIECKIE MUKPOCHCTEMBI
Optoelectromechanical microsystems

AnantuBHasi ONTHKA, CBETOBOIBI, JIMHUU 3AMCPKKHI
Adaptive optics, optical fibers, delay lines

MUKpO3IeKTpOMEXaHUYEeCKNEe CUCTEMbl U MAILIMHBI
Microelectromechanical systems and machines

MukpomexaHU3Mbl, MUKPOIIPUBOIBI, MUKPOIBUTATEIN, MUKPOHACOCHI,
MUKPOTUPOCKOIIBI
Micromechanisms, microdrives, micromotors, micropumps, microgyroscopes

MukpocucTeMbl dHeproodecrneyeHus 1 Ipeodpa3oBaHusI
SHEepPruu
Micro power supply and power conversion systems

ABTOHOMHbBIE MUHUATIOPHbIE UCTOYHUKY SHEPTUH, TpaHCHOPMATOPHI,
TBEpAOTEJIbHBIE OaTapen
Autonomous miniature power sources, transformers, solid-state batteries

MUKpOaHATUTUYECKUE CUCTEMbI
Microanalytical systems

MuHuaTIOpHbIe aHATUTHYECKKE TPUOOPHI
Miniature analytical instruments

BuroTtexHuYeCKre CUCTEMBI
Biotechnical systems

MuHUaTIOpHbIE CUCTEMBI 11 TMAaTHOCTMKU OpPraHu3Ma U 3aMeleHHs OPraHOB
Miniature system for body diagnosis and organs’ replacement

TexXHOIOTMYeCKNEe MUKPOCUCTEMbI
Technological microsystems

MukpopeakTopbl, MUKPOMHCTPYMEHT
Microreactors, microtools

MuKpopoOOTOTEXHUYECKUE CUCTEMbI
Microrobotic systems

ABTOHOMHBIE MHOTO(YHKIIOHATEHBIE
MUHHUCUCTEMBI [UTST CIICLIMATBHBIX YCJIOBUM 3KCIUTyaTalliy (CaMOJIEThI M T.1.)
Autonomous multifunctional mini-systems for special environments (aircrafis, etc.)

YcerpoiicTBa nepenaun, npeodpa3oBaHusl U IpUeMa CUT-
HaJIoB
Transmission, transforming and signal receiving devices

I1be30kepamMuyeckre GUIbTPHI, Mbe30KEPAMUUECKUE

pPE30HATOPBI, IMHUU 3a[ePXKKH, U3TydalolIe aHTeHHbIe MOIYJIH,
rUIpoaKycTUuecKast aHTeHHa, npueMHuku MK usinyyeHus
Piezoceramic filters, piezoelectric ceramic resonators, delay lines, radiating
antenna modules, sonar antenna, IR radiation receivers
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Puc. 5. 3apucumocTh nbe3oMoays dz3 M AMIJIEKTPHIECKOMH MOCTO-
SIHHO# CpeJibl 0T COCTaBa KePAMUKHA

Fig. 5. Dependence of the piezoelectric coefficient d33 and dielectric
constant of the medium from the composition of ceramics
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Puc. 6. N300paxkenne Mmukpopesie (3JeKTPOHHBIE MHKPOCKOMN)
Fig. 6. Image of a microrelay (electron microscope)

rapMOHUYECKUI aHAJIMU3bl XapaKTepUCTUK BHOpa-
LIV TOHKOTUIEHOYHBIX 0aJI0OK Ha OCHOBE KepaMUKHU
LITC u coporHo3upoBaTh IJIUTENIbHBIE AMHAMM-
YeCKHe XapaKTepUCTUKU CTPYKTYPHI.

e Ha ocHOBe pPeHTreHOCTPYKTYPHBIX MCCIIeIOBaHUI
ITOKAa3aHO, YTO ONITHUMAaJTbHBIM TeMIIepaTypPHBIM WH-
TEpBAJIOM IJIs HAIlbUICHUSI CETeHTOJIEKTPUUYECKUX
wieHoK LITC co cTpykTypoit Tumna nepoBCKUTA SB-
nsgetcst maTepBan 570...630 °C, a yka3aHHBbIE TeM-
IepaTtypbl MOTYT CIYKWUTHb PEeNePHBIMU TOYKAMH
MPU TEXHOJOTUYECKOM TOJYYEHUN ITUX CTPYKTYP.

e YCTaHOBJIEHO, YTO IIEHKHW, TOJYYCHHBIC IHOJI-
HBbIM HallblJIEHUEM, SIBJISIIOTCST 60J1ee OJHOPOIHbI-

MM TIO COCTaBy, YeM IIJICHKH, TIOJIyYeHHbIE MarHeT-
POHHBIM HamnbieHueM. [Tpy 1MoaHOM HaMbLIEHUU
COCTaB TIJIEHOK OMHOPOJEH Ha IUIOIIAAN THaMeT-
pom 1o 80 MM (TTpu IMaMETpe TIACTUHBI KpeMHUS
100 Mm).

o [IlokazaHo, YTO MpU ONTHUMATbHBIX peKUMax Hallbl-
JIEHUS1 BJeMEHTHBI M (a30BbIli COCTaB IIEHOK
LIMpKOHAaTa TUTaHaTa CBUHIIA COOTBETCTBYET COCTa-
By MUIlIeHM. Takoe COOTBETCTBUE MMEET MECTO Ha
95 % TOMILMHBI IIJICHKU, NUCKJIIOYeHNE COCTABIISIET
TOHKas1 MIPUIMOBEPXHOCTHAs 30Ha. OXJIaXAeHUE MO~
JIOXKKW B TIPOLIECCE HAMbUICHUS TUIEHKU HUXKE OT-
TUMaJIbHOTO TEMIIEpaTypHOIO MHTEpBajga IPUBO-
IUT K U3MEHEHMIO COCTaBa HAITbUISIEMOM TIEHKM.

o Ha ocHOBaHUM ANBIEKTPUUECKUX U TTMPOITEKTPU-
YEeCKUX MCCIIeIOBAaHM YCTAHOBIEHO, YTO MOJYYeH-
HbIe TUIEHKU TTPY KOMHATHOM TeMIiepaType MposiB-
JISTIOT CEeTHETORJIEKTPUUECKHNE CBOMCTBA.

e PaspaboraHa cTpykTypa M TOIOJOTUST KOHCTPYK-
LIMY ceMeicTBa MPUOOPOB: aKTIOATOPOB, aKCeaePo-
METPOB, JATYMKOB JABJIEHUSI U MUKpopesie, Toy-
YEHHBIX Ha OCHOBE TOHKMX ruieHoK LITC.
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Physical and Technological Features of Formation of Ferroelectric Films

for the Storage Cells

Modern micro processing technologies allow manufacture of small size and cost-effective integral piezoceramic transducers. The
most suitable, technologically debugged process with a number of advantages is a magnetron deposition. The magnetron deposition
is a widespread and well-known method in microelectronic manufacturing. Application of this method allows us to integrate the seg-
netoceramic structure formation into a standard chip manufacturing technological process. Taking into account all the mentioned
above, it is quite important to fabricate a segnetoceramic microstructure on a monocrystalline silicon surface using the magnetron
deposition. A laboratory technology for manufacture of the multilayer structures by deposition of the piezoceramic layers on silicon
was developed. Stable technological process of deposition of the piezoceramic layers on silicon will make possible a significant

progress in manufacture of active MEMS devices and sensors.

Keywords: PZT thin films, piezoceramic, piezomaterials, technologies

The ferroelectric is polarized under the influence of
the electric field. The hysteresis loop arises depending
on the polarity of the voltage. Fig. 1 shows the hysteresis
loop at which the states of the memory cell are designated
as "0" and "1". According to the energy value, they are
separated so that you can spend their identification.

The following notations are adopted: P, — polari-
zation of saturation, when the dipoles are rotated along
the field; P. — residual polarization at U = 0 (if the di-
poles did not change direction after removing of the
electric field, the residual polarization and (P,) and the
polarization of saturation (P,) are equal); U, — the co-
ercive stress at which the dielectric polarization be-
comes equal to zero. In a multidomain crystal at U,, the
half of dipoles are oriented along the field, and the oth-
er — against, while the total polarization of the crystal
is equal to zero.

The purposeful synthesis of new materials or total
modification of properties of the technological layers
are required in connection with the expansion of the
range of products on the base of ferroelectric materials,
with increasing requirements imposed to technical and
operational characteristics (low control voltages, high
sensitivity to external influences, uniformity and repro-
ducibility of the electrical properties and so on). This
should be accompanied by targeted changes in the sto-
ichiometry of the structure, phase composition and fer-
roelectric layers.

To implement this, it is necessary to establish a re-
liable relationship of the parameters listed above with
electro-physical properties of ferroelectric structures
and electrical parameters of the devices based on them.

Obviously, increasing the switching frequency
from "0" to "1" and hysteresis, as well as logic level "0"
and "1" for the ferroelectric capacitor will change. To
reduce the switching time with the logic levels "0" and
"1", it is necessary that the polarization and depolari-
zation of the dielectric passed at high speed, and for this
we need to increase the mobility of the dipoles in the
polarized dielectric medium. To rotate the dipole, it is
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necessary to overcome the energy barrier of the strain
energy and the electric energy of the dipoles in a me-
dium with dielectric permittivity ¢ and density p. The
coercive force F, is largely dependent on the size of
grains of the ferroelectric film. The grain growth reduc-
es the internal stress in the film, resulting in reduced F;
reduced intensity F of the electric field, changing the
orientation of the dipoles.

As follows from the experiment [1], this can be
achieved by increasing the sintering temperature 7. of
the ferroelectric film powder. Increase in the mobility
of the dipoles is accompanied by an increase in its re-
sidual polarization P.. The dipole placed in an external
electric field is affected by the force

_ pdFE
F= P,a , (1)
where / — the distance between the dipole charges;
P, — dipole moment.

The force F is directed along the vector 8 E/3/ and
tends to move the dipole in the region of large values
of E.

At this, the dipole moment P, is given by

p= goe— 1) El

/ ()

2cos
where ¢ — the angle between the dipole axis and the in-
tensity vector E; gy — dielectric constant.

When the dipole is oriented parallel to the field, the
cos ¢ = 1. This is due to dielectric polarization in an ex-
ternal electric field. Through this process, the ferroe-
lectric ceramics, which is unpolarized in the isotropic
state, due to the random distribution of crystal domains
becomes the polar piezoelectric texture. The process of
polarization is determined by the following parameters:
the strength of the polarizing field, temperature and
time of exposure of the dielectric under the electric
field. The polarization temperature is most effective at
271...283 K, which is lower than the Curie temperature

(Ty) [1].




For ceramics based on titanium — lead (PZT) Ty is
523...623 K. The polarization time is determined ex-
perimentally, when the maximum number of dipoles
are oriented parallel to the electric field vector.

The polarizing field must exceed the coercive force
and to be applied to the sample, which is at a temper-
ature below the Curie point, while the leakage current
through the sample should be minimal. As shown in [1],
the solid solutions of multicomponent systems based on
PZT have a sufficiently high volume resistivity R
R, =373 K at 108...10° @ - cm and the polarizing ﬁeld
is 3 5—4,5 kV/mm. Polarization occurs at 413...433 K
for 20 min followed by cooling with an electric field up
to 353...363 K for 25—30 min [1].

The dipole’s electric field strength E, at the distance
r can be determined from equation

_ b
E= . 3)

27[8807‘3

At polarization of the structural complex of a die-
lectric, the electric field (£"), causing the displacement
of the charges (polarization) in it, equal to

E'= E+ P/(Begy), “4)

where B — polarizability of molecule of the structural
complex.

The second term in equation (4) gives the contribu-
tion due to the electrostatic field of adjacent structural
complexes, in this case — due to the dipole moment P,.

The polarizability of the molecule can be deter-
mined from the ratio of Clausius-Mossotti:

s—l_EzNAB 5)
e-2 p 37

where u, p — the molecular weight and density of the
material, respectively; Ny, — Avogadro's number.

Dipole energy W/ in the external electric field of an-
other dipole is equal to:

3P, Ppcoso

Wy =- (6)

2neeyrll,
where Py, P, is the dipole moments of the first and
second dipoles, r — the distance between dipoles, /|,
l, — the distance between the charges of the first and
second dipoles, respectively, ¢ — the dielectric permit-
tivity of the dielectric, separating the dipoles.

To ensure relatively free movement of the dipoles to
each other, it is necessary to apply a force greater than
the energy of their interaction. In the dielectric polar-
ization, as noted, it is heated. In this case, the thermal
energy leads to misorientation of the dipoles, and it can
be written as

2 52
3kTP°
where k — Boltzmann constant; 7 — temperature.

; (7

To orient the relatively free dipole in the direction
of the electric field in the dielectric (£'), force F must
be applied to move it in a polar medium:

d
F=3FES, (8)
S33

where S3;3 — the elastic compliance environment for
the direction parallel to the polarization axis; Y33 —
Young's modulus; dsy3 — piezo module — induced po-
larization in direction 3 (parallel to the axis of polari-
zation) per unit of mechanical pressure applied in the
direction of 3; § — area of the dielectric.

The dipoles, changing its position in the electric
field change and value of the piezoelectric coefficient
by changing the Ecose.

It is obvious that even in strong polarizing field not
all domain turns can be realized. The closer the shape
of the cubic unit cell, the less energy is expended on the
mechanical strain at the domain reorientation. These
deformations are determined by spontaneous deforma-
tion of the cell, i.e. you can expect an increase in the
number of domain reorientation with cell’s decreases,
which should lead to higher values of residual polari-
zation P,.

The above analysis is valid for dielectric materials
with a constant phase and structural composition.

The most studied component system of lead zirco-
nate titanate (PZT) Pb(Zr,Ti;_,)O5 is widely used in
the development of various ferroelectric and piezoelec-
tric devices.

Fig. 2 shows dependenmes of the residual polariza-
tion P,, the permittivity 833 /&g, where the index T is
the permlttwlty at constant pressure, and the piezoe-
lectric voltage coefficient g33 [1] depending on the
composition of solid solutions of PZT system.

The lines in fig. 2 are selected by the morphotropic
area (MA), which is located between the tetragonal (T)
and rhombohedral (P,) reglons The maximum residual
polarization P.= 48 - 102 C/m belongs to the compo-
sition of the PZT with a rhombohedral structure, which
does not have the maximum values of piezoelectric pa-
rameters.

Conflicting points of view expressed on the proper-
ties of the tetragonal and rhombohedral phases in MA.
For example, in [2—7] is concluded to change the
structural parameters of coexisting phases in this area,
as in others [8] claims their immutability. However,
there is another point of view [9], according to which
MA has a complex structure, different for central and
peripheral parts of it. The explanation and more quan-
titative description of the set of electromechanical pa-
rameters of PZT in MA is a complex and still not solved
problem [1]. Therefore, in order to determine the pie-
zoelectric coefficients and the electrical properties of
this area, we need direct experiments.
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For the qualitative assessment of the electrical pa-
rameters of devices manufactured on the basis of PZT,
the composition of which is offset to the right or left
side of MA, the analytical dependencies of the equa-
tions (1)—(8) defined in this paper can be used.

The dependence of the dipole field change on the
distance between the dipoles (fig. 3) is based on the
equation (3).

As can be seen from fig. 3, the influence of the elec-
tric field of the dipole in the neighboring point charge
is reduced to a minimum at a distance > 20 A, and it
decreases with the increase of the dielectric constant of
the medium, where the dipoles are placed. Thus, at a
distance r ~ 40 A two dipoles almost not "see" each oth-
er and in this case, the elastic properties of the envi-
ronment primarily affects on the relative orientation.

Increasing the Young's modulus of the medium is
accompanied by a decrease in its elastic compliance
(equation (8)), which makes the preferred use of such
dielectrics for manufacturing on their base of high pow-
er converters.

The analysis allows to adequately assess the behavior
of the devices based on ferroelectric films.

One promising ferroelectric materials used in the
manufacture of microsystem technology is a solid so-
lution of lead zirconate-titanate Pb (Zr, Ti; _ )O3 with
a composition close to morphotropic phase boundary,
where x ~ 0,52...0,55 in the form of film structures
(Table).

For manufacturing of devices based on piezoelec-
tric films it is need to make the surface microtopog-
raphy roughness of R, = +10...15 nm. This is achieved
with a ratio of Zr/Ti = 52/48 (fig. 4). It is also nec-
essary to obtain films with a maximum value of the pi-
ezoelectric coefficient d3. The maximum value for the
coefficient dy; PZT for films is achieved with a ratio of
Zr/Ti = 52/48 (fig. 5).

When calculating the parameters of piezoelectric
devices we use the piezoelectric module d. The piezo-
electric module — is the amount of generated charge
(polarization) by one of mechanical pressure applied to
the piezoelectric material (or the amount of mechanical
deformation of the piezoelectric material per unit of ap-
plied electric field).

Currently, a test chip that includes elements for de-
veloping the technology of PZT thin films was devel-
oped, as well as tests to simulate the design of devices:
actuators, accelerometers, pressure sensors, and micro-
relays (fig. 6) were made.

The following conclusions were made basing on the
research:

e It is shown that the modular and harmonic analysis
of the characteristics of thin-film beam vibrations
based on PZT ceramics and predict the long-term
dynamic characteristics of the structure can be made
on the base of the mathematical modeling.
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¢ On the basis of X-ray diffraction studies have shown
that the optimum temperature range for deposition
of segentoelectrical PZT films with a perovskite
structure is a range of 570...630 °C, and these tem-
peratures can serve as reference points when obtain-
ing technological structures.

o It was found that the films obtained by diode sput-
tering are more uniform by composition, than films
prepared by magnetron sputtering. At diode sputter-
ing, the composition of the films is uniform in an ar-
ea with a diameter up to 80 mm (with a diameter of
silicon wafer of 100 mm).

e It is shown that under optimal conditions of depo-
sition, the element and phase composition of the
films of lead zirconate titanate corresponds to the
composition of the target. This match takes place on
95 % of the film thickness, with the exception of a
thin surface zone. Cooling of the substrate during
film deposition below the optimum temperature
range alters the composition of the deposited film.

e Based on pyroelectric and dielectric studies it is de-
termined that the film obtained at room temperature
shows ferroelectric properties.

e The structure and topology structure of the family of
devices: actuators, accelerometers, pressure Sensors
and microrelays obtained on the basis of PZT thin
films.
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MocKOBCKMIA TOCyIapCTBEHHBIN TeXHUYeCKUl yHuBepcuTeT uM. H. B. baymana

MCCAEAOBAHUA KOOOOUULUMEHTOB AUDDY3UU Al U Si B AlAs/GaAs
PE3OHAHCHO-TYHHEADBHbIX TETEPOCTPYKTYPAX

Ilocmynuna 6 pedaxyuio 17.03.2016 e.

Ilposedennvt uccaedosanus deepadayuu nHanopazmephvix AlAs/GaAs pe3oHaHCHO-MYHHEAbHbIX eemepoCcmpyKmyp 6ciedcmeue
dughdhyzuu cocmasnsrouux ux snemenmos. Jquepghyzus Al u Si 6 GaAs npoucxooum npeumyuyecmeeHHo no OMpUYAMenbHO UOHU-
308AHHbIM BAKAHCUAM 2aAAUs ¢ 3apsa008bim cocmosHuem —3. Koaghguuyuenm oupghysuu 3aeucum maxice om KOHUeHMpayuu
n-neeupyoweil npumecu 8 coomgeemcmeuu ¢ 3ggexmom ypoers Depmu. Anaiuz aumepamypHvix OaGHHbIX O KOIDpuuuenmam
dughghyzuu Al u Si 6 GaAs nokazan, umo oHU CUALHO 8APLUPYIOMCSL 8 3ABUCUMOCIU OM YCAOBULL U320MOBACHUS 2eMepOCMPYKMYP.
3HaueHus Ko3pouyuenmos oup@yuu, nosyueHHsle agmopamu Hacmoauwel Cmamoll, Co2Aacyiomesi ¢ OAHHbIMU 3aPYOeNCHbIX UC-
credosameneil, 4mo NO36045eMm UCNOAb308AMb UX 045 oyeHKu ckopocmu deepadauuu AlAs/GaAs pe30HaHCHO-MYHHEAbHbIX 2eme-
DPOCMPYKMYp U NAPAMempo8 Pe30HAHCHO-MYHHEAbHbIX 0U0008 HA UX OCHOBe 8 3A0AHHBIX YCAOBUAX IKCHAYAMAUUU.

Karoueevie caosa: AlAs/GaAs-eemepocmpykmypa, pe30HAHCHO-MYHHeAbHbIE 0Uod, deepadauus, Ko3gguuyuenm ougpgysuu,

MexarHuzm oughgy3uu, 6aKaHcuu 2aiius, mepmu4eckoe gozoelcmeue, HA0eHCHOCHb

BBenenune

OCOOEHHOCTBIO PE30HAHCHO-TYHHEIbHBIX IVOAOB
(PT/) Ha ocHoBe HaHOpa3MmepHbIX AlAs/GaAs-reTe-
POCTPYKTYpP C MOIMEPEUYHBIM TOKOIIEPEHOCOM SIBJISIET-
Csl BO3MOXHOCTb (DOPMHUPOBAHMSI BOJBT-aMIEPHbBIX
xapaktepuctuk (BAX) pazauuHoil (GOpMBI ITyTEM MO -
Oopa mapaMeTpoB reTepocTpyKTyphl [1]. BKyne ¢ BbI-
COKUM ObICTpOoaeicTBUEM [2—4] naHHasi 0COOEHHOCTh
00yC/IOBIMBaeT NEPCHEKTUBHOCTL NpuMeHeHus1 PT]I B
TaKuX 00JIaCTSIX, KaK Ha3eMHasl U CITyTHUKOBAsI CBS3b,
paguoYyacToTHas UIeHTU(UKALIMS, UHBa3UBHAsI OHUO-
ceHcopuka u np. [5—S8].

Hnst PTI Ha ocHoBe HaHOpa3MepHbIX AlAs/GaAs-
TeTEPOCTPYKTYP IIPOoOJeMbI IIPOTHO3MPOBAHUS 1 00eC-
MeYyeHUs] HaJe’)KHOCTU aKTyaJbHbI BCJIEACTBUE UYBCT-
BUTEJILHOCTH TIapaMEeTPOB TeTepPOCTPYKTYPHl K IPO-
leccaM Jerpajalluy BBUAY MaJlOCTH TOJIUMH CJIOEB
(010 HEeCKOJIbKMX aTOMapHBIX cjioeB). MHTeHCUBHOCTD
Jlerpanaluy HaHoMatepuasa (reTepoCTPYKTYphl) 3aBU-
CUT KaK OT KOHCTPYKTOPCKO-TEXHOJOTHYECKUX (hak-
TOPOB (TOJIIMHBI CJIOEB, 3JIEMEHTHOTO COCTaBa CJIOEB,
Je(heKTOB KPUCTAJUIMYECKOI PELIETKH U JIp.), TaK U OT
9KCIUTyaTallMOHHBIX (PAKTOPOB (TeMIIepaTypbl, MOHU-
3UPYIOLIUX U3TYYEHUI U T.[.), BbI3bIBAIOIIUX YCKOpE-
Hue nuddy3uun. ITocKoabKy 3JeKTpuyecKue napameT-
pul PT]I ompenensitoTcsi KBaHTOBO-MEXaHUYECKUMMU
SIBJICHUSIMU, TIPOUCXOASIIIMMU B HAHOPa3MEPHbBIX dJie-
MEHTaX TeTepPOCTPYKTYPhI, TO J10ObIe U3BMEHEHMUSI B re-
TEPOCTPYKTYpe MPUBOISIT K U3MEHEHUIO XapaKTepuc-
TUK AMOAOB, YTO MOXKET OBbITh MPUUMHON MOCTEIEH-
HOTO OTKa3a YCTPOMCTBa Ha UX OCHOBE B Ipoliecce
9KcIUTyaTauuu. B HacTosIer paboTe MpoBOAUTCS UC-
cliefoBaHue Jerpagaiyy HaHOpa3MEpPHBIX Pe30HaHC-
HO-TYHHENbHBIX AlAs/(GaAs-TeTepOCTPYKTYp BCIIEACT-
BUe UMD DY3Un COCTaBISIIOIIMX UX JIEMEHTOB.

PCSy.TIbTaTbI HUCCJIeI0BAHMIA

PTI comepXuUT pe30HAHCHO-TYHHEJIbHYIO CTPYK-
Typy (PTC) (Habop cinoeB AlAs/GaAs), TpUKOHTAKT-
Hble obnactu (ciaou Si-nmerupoBaHHOro GaAs) U OMU-
YeCcKue KOHTAKThI (pUC. 1, CM. TPEThIO CTOPOHY 000X~
ku). PTC cocTonT 13 CJI0€B TOMIIIMHON 10 HECKOIBKMIX
aTOMapHBIX CJIOEB, YeM OOYCJOBJIEHA BbICOKASI YYBCT-
ButTelbHOCT, BAX PT]I K M3MeHEHUIO ee ITapaMeTpoB
[9—10]. Mexcnoitnast nudpysus B PTC u B IpuKoH-
TaKTHBIX 00JIACTSIX MPUBOAUT K U3MEHEHMIO (hOPMBI
MOTeHUMAIbHBIX 0apbepoB U siMbl PTC 1 nonoxeHust
ypoBHs PepMHM B MPUKOHTAKTHBIX OOJIACTSIX M, KakK
CJIeCTBYE, K U3BMEHEHMIO YCJIOBUI TOKOMNEpeHOoca B
PTC. B kauecTBe nerpagaliMOHHBIX IPOLIECCOB B Ha-
cTosiuieid paboTe paccmarpuBaeTcss audgysust Al B
PTC u Si B npukoHTakTHBIX objacTsax PT/I.

OCHOBHBIM MexaHu3MoM auddys3un kKak Al, Tak
u Si B GaAs saBasieTcs nuddy3ust Mo BaKaHCUSIM Traj-
s Vg, [11]. D10 cBa3aHo ¢ TeM, 4TO aTtoMbl Al u Si
MMEIOT CXOMHbIE MacChl M Pa3Mepbl U pacrojiararoTcs
B TIOApeIeTKe Taus (P CTETEeHSIX JIETUPOBAHUS
menee 51018 CM_3). OTO MO3BOJISIET OLIEHUBATh KO-
spdunment nuddy3un Al B GaAs no koadpduimneHTy
anddysun Si, 1 HaoGopoT. Bxknag apyrux medekToB
(BakaHCUM MbIlIbAKA V), MEXI0Y3elbHbIE Ne(DEKTHI
I, 1 15, aHTUCTPYKTYpHBbIE NeeKThl Gang U Asg,)
0 cpaBHEeHMIO ¢ Vi, man [11, 12].

Bakancuu rannusa B GaAs MOryT ObITh HEHUTpalb-
HBIMU Vga A OTPUIIATEIIBHO I/IOHI/ISOBaHHLIMI/I c —1
—2 1 —3 3apsnOBBIMU COCTOSTHUSIMU VGa, VGa , VGa .
DTO IBASETCS CAEACTBUEM TOTO, UTO TOUEUHbBIE Ae(eK-
THI BHOCSIT SHEPreTUYECKe YPOBHU B 3allpelllcHHYIO
30HY MOJIYIIPOBOJHMKA.
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OO0111as1 KOHLIEHTpallusl BaKaHCUIA TaJulus orpene-
JsieTcst mo popMmyiie

CVGa (n) = CVO (”i) + (%J CV(; (”i) +

Ga i

2 3
n n
* (;J Cgr )+ (;j Cra,

1

rme C ., — TEPMOIMHAMNYECKN paBHOBECHAA KOH-

VG a

-3.
;M N —

LIEHTpaLus BaKaHCUM TaJlIusI VGq;, cM
KOHLIEHTpALMU D3JIEKTPOHOB B 30HE IPOBOAMMOCTU
U COOCTBEHHBIX HOCHUTENIEH 3apsiia COOTBETCTBEHHO,

oM 3,

3aBHCUMOCTh KOHIICHTPAIIMM BaKaHCUM TaJlIus
VGa OT KOHLUEHTPALMK n-JIETUPYIOLLEN ITPUMECH, OIl-
penessioleil mojaoxeHuss yposHsa Pepmu, mojaydyuia
HaszBaHue sddekTa ypoBHst Pepmu [13—21]. ITosTto-
My J100ast 00paboTKa, Biausionias Ha ypoBeHb Depmu
(HarmpuMep, OTKUT, JISTUPOBaHUE U T.1.), OyIeT u3mMe-
HATH KOHIEHTPAILINIO TOYEYHBIX Je(PEKTOB.

3HaueHNS TePMOIMHAMUYECKNA PaBHOBECHBIX KOH-
ueHTpauuii V¢, onpenensores kak [14, 19—20]

c/
_ o pl/4 =58 Véa
CV(‘{; (n) ~ C PAS4 T °"®exp _kBT ,

rae C* — IpeasKCIOHEHIUANBHBINA (aKTop; PAS4 —

JaBJIEHUE TTApOB MBIIIbSIKA, aTM.; Cj; 4~ — CBOOOIHAsA
Ga

sHeprusi ['m66ca obpazoBaHUsI BaKaHCUU Vé;, 9B;

k p — nocrosinHas bonbumana (k= 8,617 - 1072 53B/K);
T — Temnepartypa, K.
Takum 00pa3oM, KOHILIEHTpALMsI BAKAaHCUIA TaJuIus

C 3— 3aBHUCUT OT TEMIICpATyphbl, CTCIICHU JICTUPOBaA-
Ga

HUg (1), JaBIeHUS ApOB As (PAS4 ), METO/Ia U3rOTOB-

JIeHUsT (TEXHOJIOTUM ).

PaccMoTpuM, Kak 3aBUCUT KOHIIEHTpaLMsl BaKaH-
CHi1 TAJLIMSI OT TeMITepaTyphl U CTEIEHU JIETUPOBAHMS
n. Ucxons u3 aHanusa BeIpaxkeHus (1) MoxHO mpen-

3_
TIOJIOXWTb, YTO BaKaHCUM Tauims Vg, OymyT mpeod-

JlagaTh B KOJWYECTBEHHOM OTHolleHuu. M 310 mon-
TBepKHaoT padoThl Tana m np. [14, 15], B KOTOpBIX
ObUIM TTOJYYEHBI 3aBUCUMOCTU OTHOCHUTEBbHBIX KOH-
LEHTPpALMi BaKAaHCUI TaJUIdsl Pa3IMYHON CTEIICHU 3a-
psina ucxons u3 paccuutanHbix bapadpdom u lltore-
poM [22] akLeNnTOpPHBIX YPOBHE 3HEpPrud BaKaHCUM

rauast Vg, Ve s Vga -
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Puc. 2. I'paduk 3aBHCHMOCTH OTHOMIEHHS] KOHIIEHTPAIMA OTPHIIA-
TeJbHO MOHM30BAHHBIX BAKAHCHI TaJUIHA C 3apsI0BbIM COCTOSIHUEM
MEHYC 3 K 0011€eil KOHIEHTPALNA BAKAHCHIA OT TEMIEPATYPHI PH CTe-

TeHH JierupoBanus 2 10'7 em~3

Fig. 2. Graph of the ratio of the concentration of negatively ionized
gallium vacancies with the charge state of —3 to the total concentration

of vacancies on the temperature at a doping degree of 2 + 10'7 em™
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Puc. 3. 3aBucHMOCTH 3HepreTHYECKHX YPOBHEi BAKAHCHI rajuiMs
ypoBueit ®epmu n-, p- u i-GaAs ot Temneparypbl. OdaacTu, 0003-

HayeHHbIe Yepe3 V(,, MOKA3BIBAIOT IMANA30HBI TEMIEPATYP U CTe-

neHei JIETHPOBaHMs, I71€ NPeodJaJaeT TO WM HHOE 3apsao0Boe CO-
CTOsIHHE

Fig. 3. Dependence of the energy levels of gallium vacancies and Fermi

levels n-, p- and i-GaAs from temperature. Areas designated by Vé"a

show temperatures ranges and degrees of doping, where a particular
charge state is dominated

3_
To, uro BakaHcum rawmms Vg, mpeodiagaoT mo
CPaBHEHUIO C APYTMMH, HAIISIAHO TPEACTaBI€HO Ha

rpaduKe OTHOLIEHMS KOHILIEHTpalun Vé; K oO1ei
KOHIIEHTPAllMM BaKaHCUN B 3aBUCUMOCTM OT TEMIIe-
patypsl (puc. 2).

B pabore Anb-Menyu [23] ObLIO ITOKa3aHO, YTO
MpeobiagaHrie TOTO WJIM MHOTO 3apsSIoBOTO COCTOSI-
HUS BaKAHCUM TajlsIMsg ONpPENessieTCsd TeMIlepaTypon
" moyioxxeHneM ypoBHsT @epmut (prc. 3). DTOT BBIBOI




OBl MOAKPEIUIEH pacyeToM pa3HOCTel CBOOOTHBIX
SHEPTUA pa3IMYHbIX 3apsIOBbIX COCTOSIHUI B 3aBUCU-
MOCTHU OT TeMIIepaTyphl:

FY=1'=0,22 + 2,74kpT:
F7V/72=0,42 + 1,42kpT:
F72/73=0,63 + 2,28kpT,

rne F ifm _ Pa3HOCTb CBOOOMHBIX SHEPTUIM 3apSIOBBIX
cocTogHuil [ u m.

Wcxons us storo mist cooctBeHHOro GaAs BakaH-

3_
CHMM TaJIMs C 3apsANOBLIM cocTostHueM —3 (V, ) mpe-
00J1a1a10T BILUIOTH A0 TemmnepaTypsl 520 K, a nisg n-ne-

rupoBaHHoro GaAs Vé; npeodaagaloT IJIsi OONbLINX

3HayeHuil Temiepatyp nopsuaka 1200 K. IToatomy
BO3MOXHO ycKopeHue 1t dy3nOHHOTO pa3MbITHUS pe-
30HAHCHO-TYHHEJIBHOU CTPYKTYphl B Cilyyae moraja-
HUS B Hee aTOMOB Si.

IIpu paccmorpenun nuddysuu Si B GaAs ciaeayet
TakXe UMETh B BUIY, UTO IO CBOEH MpUPOJE MPUMECh
KpeMHUs1 objagaeT aMm@OTepHbIMU CBOWMCTBAMMU, T.€.
MOXET TMOBBILIATh KaK 3JEKTPOHHYIO MPOBOIMMOCTD
GaAs (tipu BHeapeHun B noapeineTky Ga), Tak v IbI-
POYHYIO MPOBOAMMOCTh (MPU BHEIPEHUU B IOIpPE-
metky As). [Tpu nerupoBanuu kpuctamia GaAs Kpem-
HHUEM B ILEJSIX MOJYYEHMST TTPOBOIUMOCTH A-THUTIA JO
KOHILEHTpauuu ~5 * 1018 em™ KPEMHUI BCTpanBaeTCs
B MOIPEIIeTKY TaJIvsl, 1 KOHIIEHTPAINS 3JIeKTPOHOB
C POCTOM KOHIICHTpalUUM KPEMHUS JIMHEWHO YBEIU-
ymuBaeTcs. [Ipu ganbHeIeM pocTe KOHIEHTpaun Si
HaOJII0daeTCsl CHMKEHME CKOPOCTY YBEJIMUYEHUS KOH-
LIEHTpALIMK 3JIEKTPOHOB, UTO U COOTBETCTBYET 3(hhek-
Ty 2JIEKTPUYECKOI KOMITIEHCALIMU MPUMECHBIX MOHOB
[16, 24, 25].

OCHOBHOI  KOJIMYECTBEHHOM XapaKTepUCTUKOM
ckopocTd AUG@Y3UOHHBIX MPOLIECCOB SIBJSIETCS KO-
sppuumeHt guddy3un D. OH 3aBUCUT OT TeMIlepaTy-
pbl (3aKOH AppeHuyca) U OT KOHLIEHTpaLuU A-Jeru-
pywouieit npumecu (3gdext ypoBHss DepMn):

(£%)
Dppsi(m) = Dy-e ° (EJ ;
n;
re Dy gi(n) — xosbduument nuddysun Al u Si B
I’l—JIel"I/Ip,OBaHHOM GaAs; Dy — npeasKCrnoHeHINalb-
HBIi MHOXWTEJb, CMz/C; E, — sHeprusa akTubaluuu
JerpagalliOHHOTO TIpoliecca, 3B.

AHaIu3 JUTEpaTypHBIX JAHHBIX MO KO3(MUIIU-
eHTam guddysun Al u Si B GaAs [14—21, 40] moka-
3aJ1, YTO OHU CUJIBHO BapbUPYIOTCSI B 3aBUCUMOCTU OT
YCJIOBUI M3TOTOBJIEHUS T€TePOCTPYKTYp. DTO CBsI3a-
HO C TeM, 4TO Ae(EKTHOCTb BbIpalllMBa€MbIX FE€TEPO-

CTPYKTYp 3aBHCHUT OT OOJBIIOTO YMCJIa TEXHOJIOTH-
yecKuX (pakToOpoB, TAKMX KaK TeMIepaTypa MOIJIOXKU
(600...650 °C) TIpu TIpOBEACHUHN MOJIEKYJISIPHO-Tyde-
BOU 3IMMTAKCHUU, JABJIEHUE B Kamepe, TeMIleparypa U
BpeMsI TIPOBEICHUS OTXKWTA, Ae(EKTHOCTh MCXOTHOM
TOJIOXKKHN U MHOTOE JIPYToe.

B pa6ore [13] Barep ompemenun, 4To B ciyyae
auddysun B GaAs Mo BaKaHCUSM TaJlJIdsl SHTAIbIIUS
aktuBauuu audoysun A H gonxHa ObITh OT 3 10 4 3B,
a TNPEeN3KCIOHEHLIMAIbHBIA MHOXUTENb D) JOKEeH
OBITb paBeH OT 1 * 105 001-107! CM2/C. D10 maet ¢pu-
3UYECKM aJieKBaTHbIe 3HAUEHHWSI SHTPOIIMU aKTUBALIMU
AS, nopsnka 6kp.

Meit n np. [26] npoBenn McCiIegOBaHUE B3anM-
Hoil muddy3um B cBepxpelneTkax AlAs/GaAs mMeTo-
agomM BUMC. Onu obHapyxunu, uyto auddysus Al B
AlAs/GaAs CUJIbHO 3aBUCHUT OT CTEIEHU JIETUPOBaHUS
cjoeB Si U onucaiu ee B CleaylolleM BUje:

_ AN
JAI = _(X,Deff(sl) —-a;C— ,

rae J — auddy3uoHHBIA TOTOK Al; o — Temmepa-
TYPHO-3aBUCUMBII KOPPEJSILIMOHHBINA (hakTop (B pa-
6ote ompeneneH Kak —0,06); Deﬁr(Si) — 3¢ deKkTus-
HbIA Kospbuument nuddysun Si; Cp; — KOHLEHTpa-
mus Al

Tany, I'eccemo u nOp. IpuHamiexaT pa3paboTKa
sddekra ypoBHa Pepmu [14—21], HauboJIbllIEE YHUC-
J0 pabor no muddysuu Si, Al, Ga B GaAs n Hau-
OoJbliiee pazHooOpasue B KoapduiimeHtax nuddysuu
B GaAs.

B paGote [16] paccmarpuBaetcs nuddysus Si mo

0 3—-
BakaHcusiM raumst Vg, u Vg, ¢ npeobnamzaHuem

0
middysun no Vs, Npu CTENEHSX JIETUPOBAHUS 10

5-10'8 cm3. Paccumranusiit koahpuumreHT auddy-

3UM JaeT 3aBbIlIEHHbIE 3HAYEHUS IS COOCTBEHHOTO

GaAs u He oTpaxaeT TOT ¢akT, uTo nuddy3us npe-
3_

UMYILECTBEHHO MpoTekaeT no Vg, . Tem He MeHee,

npuBegeM KoadduuueHTsl Aud@y3un KpeMHUS 10

0 0 3— 3—
BakaHcuam rams Vg, (Dgg) v Vg, (Dgg), onpe-
JeJeHHbIe B 9TO paboTe:

24
DY, =383-1073% 7,
,4,9735) ;

Dyg = 5.2-10% (%J

B nmocnenyromux paborax Tan u ap. paccMaTpu-
BaloT nuddysuio B I’l-JIeFl/IpOBaH3H_OM U COOCTBEHHOM
GaAs uckmountenbHo yepes Vg, . B [17—19] Tan,
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I'€zens u ap. mpoBenau ucciaeaoBaHus KoadduiureHTa
mddy3un Ga B GaAs. OH oka3ajics paBeH

()
Dga(n) = 2,9+ 10%

HaHHbIl KO3(pPULIMEeHT He oTpaxaeT (pru3nUecKuii
CMBICJI, TIOCKOJIbKY, UCXOJsl U3 HEro, SHTPOMNUS aK-
TUBaUU AP @y3un IIPUHUMAET 3aBBIIIICHHOE 3HaUe-
Hue AS, nopsanka 26kp, a KoappuuueHT 1updysun
MPUHUMAET CIUIIKOM HU3KUE 3HAYEHMUs.

B pa6ote [20] onpenenenbl KoadgduuueHT auddy-
3un Si B GaAs:

—4,98)
Dgi(n) = 5,2-10% :

yto B 10 pa3 Gojbliie 3HaYeHUs B [16].

Oco6HsiKoM cTouT pabdorta [21], B KOTOpoil mpea-
cTaBiieHbl Koa(pduimeHTsl auddy3un Si o ciaydas
ucxoasiein nuphy3uu:

-3,91
4 kBT
Dsl(nl) = 6,77 - 10%e

Arot ko3dpdumeHT muddy3un odiamgaeT, HaIpo-
THUB, CAMBIMU OOJIBIIMMY PACcUYeTHBIMU 3HAYCHUSMMU.

B pa6orte [30] BpaxTt u ap. npoBeiu ucciaeaoBaHue
Kospduumenros nudpoysun Ga n Al B Al,Ga;_,As-
CTPYKTYypax C pa3HbIMU 3HAYEHMSIMU X B Jvana3oHe
temmeparyp ot 800 go 1160 °C. bruto onpeneneHo, 4To
s puddysun Al B GaAs AH = (3,50 = 0,08) 3B, a
InDy, = (—1,77 £ 0,80) CM2/C. OTO COOTBETCTBYET 3HA-
YEHUIO

73,5)

kpT

Dy =0,17e

B [31] Bu u gp. onpenenunu koadpduiumreHT B3a-
uMHoI nuddysun B rerepoctpykrypax AlGaAs/GaAs
B nuarnasoHe Temmnepatyp ot 750 go 1150 °C u momy-
YUJIM 3HAYEHUE

DAlGaAs = 0,26

B pabore [32] nmpoBeneHo ucciaenoBanue Al—Ga
muddysun  BHyTpu AlGaAs/GaAs-reTepoCcTpyKTyp
npu temmnepatypax ot 700 mo 1050 °C u 6bU10 ompe-

IeseHo, uTo B BakyyMme InDy = (1,16 £ 2,10) CM2/C u
AH = (4,05 £ 0,21) 3B, a npn PAS4 =1-10° Ma —
InDy = (12,70 *+ 2,45) CMZ/C uAH= (4,91 £ 0,23) 3B.

B [33] Banr u ap. onpenenuyiv KoapduimeHT ca-
momuddysun Ga B GaAs meronom BUMC:

~4.24
kpT
Dg,(ny) = 43e

B pat6ore [34] metomom WK cnexrpockonuu
MpoOBeAeHO oIpenencHue KoapduiueHta audpdy-
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Puc. 4. 3aBucumoctn k03dpduumnentos auddysun Al u Si B codc-
TBeHHOM GaAs oT TeMmeparypbl N0 JaHHbIM myOsnukaumii: / — [30,
36—40]; 2 — [31]; 3 — [21]; 4 — [20]

Fig. 4. Dependencies of Si and Al diffusion coefficients in own GaAs
on temperature according publications: 1 — [30, 36—40]; 2 — [31];
3 —[21]; 4 — [20]

3un atoMoB Al B GaAs, KOTOpBII OKa3ajCs paBeH
210717 CM2/C npu 700 °C.

B [35] Mioppeii u ap. uccinegoBanu auddysuio Si
npu TeMmnepatypax ot 700 o 950 °C u nmoayuunu cie-
JIVIOIIYIO 3aBUCUMOCTb KoaddunueHra nugoy3uu ot
TeMIepaTypbl U CTENEHU JIETUPOBAHMS:

-3,9 )

kpT
Dg;(n) = 60,1e [ﬁj :

n;
HaHHblii KoadduuueHT aubdhy3un OMUChIBaeT
ciaydai auddy3uu mo oTpulaTeIbHO ABAaXAbl MOHU-
30BaHHBIM BaKaHCUSIM rajulusl, YTO, KaK MOKa3aHO Bbl-
11e, SBISIETCS OLIMOOYHBIM.

B paGorax aBTOopoB Hactosueil cratbu [36—40]

MetonoM MK crnekrpanbHOM SJIMIICOMETPUM ONpee-
JieHbl KoapduiimenTol auddy3un Al u Si B GaAs:

3

n
(”J ’
3.5V (n)’
DALSiZO,22eXp(—]—€-;7,)(;J .

IIpoBeneM corocTaBieHUe HaWIeHHBIX B JINTEpa-
Type KoadpduumeHnroB muddysun [14—21, 25—40].
Haubonee xapakTepHbIMU C Hallleld TOUKU 3PEHUSI SIB-
JISIOTC caenypoime koaddunneHTol tnddysnn Al n
Si B GaAs:

— B paborax [30, 36—40], rne £, = 3,5 3B, Dy =
=0,17 CM2/C;

— B paGore [31], re E, = 3,6 B, D, = 0,2 cm?/c;

— B paborax [20], rne E, = 4,98 3B, D, =
=5,2-10° cm?/c, u [21], tne E, = 3,91 3B, D,
=6,77- 10 cm /¢ (cnyyait ucxopsiueir nuddysun).

DTN JaHHBIEe TIpEACTaBIeHEI Ha puC. 4.

Darsi = 0,17exp(_k3j5T)




IpenskcnoHeHUMaNIbHbIA MHOXUTENL Dy onpene-
JIIET SHTPOINMUIO aKTUBALMK AU dy3un AS,, Ipy 3TOM
(bU3MYECKM aeKBaTHbIE 3HAYEHUs] SHTPONIUU AS, TIpu
nubdy3un Mo BaKaHCUSIM TaJlIMs AOJKHBI ObITh OKO-
70 6kg. DTOMY KPUTEPUIO YIOBIETBOPAIOT Dy 3 paboT
[30—31, 36—40], B KOoTOpEIX AS, OKa3bIBaeTCs paB-
HBIM Skpg.

3akmoueHne

Huddysus Al u Si B GaAs poucXoauT MpeumMy-
IIECTBEHHO IO OTPULIATEIbHO MOHM30BAaHHBIM BaKaH-
CHSIM TaJUIUs € 3apsiioBbIM cocTosiHueM -3. Koaddpu-
HueHT auddy3un 3aBUCUT TakKKe OT KOHLEHTpaluu
n-JITUPYIOLIE NMPUMECU B COOTBETCTBUU C d(PdheK-
ToM ypoBHSI Pepmu. [1o3TOMY BOZMOXHO YCKOpEHHUE
IUbGY3MOHHOTO pa3MbITUSI Pe30HAHCHO-TYHHEJIbHOM
CTPYKTYpHI B CIy4yae nomnajgaHus B Hee aToMOB Si. DTo
cjenyeT Y4YUThIBaTb IMpPHU TMPOTHO3UPOBAHUM HAIEX-
"Hoctu PT/I.

AHanu3 auTepaTypHBIX JaHHBIX MO0 KoM UIIeH-
Ttam auddysumn Al u Si B GaAs nokasail, YTO OHU CUJIb-
HO BapbMPYIOTCSI B 3aBUCUMOCTH OT YCJIOBHIT M3TOTOB-
JIHUSI TeTepOCTPYKTYp. DTO CBSI3aHO C TEM, UTO Jie-
(beKTHOCTDb BBHIPAIIMBAEMBIX T€TEPOCTPYKTYP 3aBUCHUT
OT OOJIBIIIOTO YMC/Ia TEXHOJIOTHYECKUX (DaKTOpoB, Ta-
KMX Kak temmeparypa nomioxku (600...650 °C) mpu
MPOBEJACHUU MOJIEKYISIPHO-JIyYEBOM SMUTAKCUU, AaB-
JIeHWe B Kamepe, TeMrepaTypa U BpeMsl MpOBeAeHUS
OTXKMTa, Ne(PEKTHOCTh UCXOMHON IOMIOXKHA W MHO-
roc apyroc.

3naueHus1 KkoaddunreHToB uddy3un, NoaydeH-
Hble aBTOpPaMU HACTOSIIEH CTaTbU, COIJIACYIOTCS C
JMIaHHBIMU 3apyOeXHBIX HCcienoBaTeseil, YTo MO3BO-
JISIeT UCIOJb30BaTh MX IJIsl OLIEHKU CKOPOCTHM Jerpa-
naiuu AlAs/GaAs PTC u napamerpoB PTI Ha ux oc-
HOBE B 3alaHHBIX YCJIOBUSX IKCIUTyaTallMH.

Hccnedosanue ebinoaneno npu uHancosol nodde-
pocke PODU ¢ pamkax nayunozo npoexma No 16-37-
60067 mon_a_ok.
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Investigation of Al and Si Diffusion Coefficients in AlAs/GaAs

Resonant-Tunneling Heterostructures

The current work investigates degradation of the nanoscale AlAs/GaAs resonant-tunneling heterostructures due to the diffusion
of their constituent elements. Diffusion of Al and Si into GaAs occurs mostly via the negatively ionized gallium vacancies with a
charge state of —3. The diffusion coefficient depends also on the concentration of the n-doping impurity in accordance with the Fer-
mi-level effect. Analysis of the literature sources shows that Al and Si diffusion coefficients in GaAs strongly vary depending on the
conditions of manufacture of the heterostructure. The values of the diffusion coefficients obtained by the authors of this article are
consistent with the data of the foreign researchers, which allows their use for estimation of the degradation rate of AlAs/GaAs resonant
tunneling structures and the parameters of the resonant tunneling diodes based on them in the set operating conditions.

Keywords: AlAs/GaAs heterostructure, resonant tunneling diode, degradation, diffusion coefficient, diffusion mechanism, gal-

lium vacancies, thermal effect, reliability

Introduction

A feature of resonant tunneling diode (RTD) on the
basis of nanoscale AlAs/GaAs heterostructures with a
transverse current transport is the possibility to form the
current-voltage characteristics (CVC) of different shapes
by selection of heterostructure parameters [1—2]. Cou-
pled with high speed [3—4] this feature makes the pros-
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pects of RTD in both terrestrial and satellite commu-
nication, radio frequency identification, in invasive bi-
osensors, etc. [5—8].

For RTD, based on nanoscale AlAs/GaAs heter-
ostructures, the forecasting and reliability manage-
ment are actual due to the sensitivity of the relevant pa-
rameters of the heterostructure to degradation because




of small layer thickness (up to a few atomic layers)
[9—10]. The intensity of the nanomaterial degradation
(hetero-) depends on the design and technological fac-
tors (thickness of the layers, elemental composition of
the layers, crystal lattice defects, etc.). and operational
factors (temperature, ionizing radiation, etc.), causing
the diffusion acceleration. Since the electrical param-
eters of RTD are determined by quantum-mechanical
phenomena occurring in nanoscale heterostructures el-
ements, any changes in the heterostructure leads to a
change in the characteristics of the diodes, which can
be the cause of device based on them failure during op-
eration. In this paper, we study the degradation of na-
no-sized resonant tunneling AlAs/GaAs heterostruc-
tures due to the diffusion of their constituent elements.

Results of study

RTD includes a resonant tunneling structure (RTS)
(set of AlAs/GaAs layers), contact regions (layers of
Si-doped GaAs) and ohmic contacts (fig. 1, see the
3-rd the side of cover). RTS consists of layers with the
thickness of up to a few atomic layers, that causes high
sensitivity of RTD CVC to changes in parameters [9—10].
The interlayer diffusion in RTS and in the contact areas
leads to a change in the shape of the potential barriers
and RTS well and position of the Fermi level and, as a
consequence, a change in current transport conditions
in the RTS. The diffusion of Al in RTS and Si in the
contact areas of RTD are described in the paper as the
degradation processes.

The main mechanism of diffusion of Al and Si in
GaAs is the diffusion of the vacancies of Vg, gallium
[11]. This is due to the fact that the Al and Si atoms
have a similar size and mass and are arranged in gallium
sublattice (at doping levels of less than 5 X 1018 cm_3).
This allows to estimate the diffusion coefficient of Al in
the GaAs by Si diffusion coefficient, and vice versa. The
contribution of other defects (¥, arsenic vacancies, in-
terstitial defects /5, and /4, antisite defects Ga,g and
Asg,) compared to Vg, is small [11, 12].

The gallium vacancies in GaAs may be neutral Vga
and negatively ionized with —1, —2 and —3 charge

states V,; Vé; ; Vé; . This is due to the fact that the

point defects introduce energy levels into the forbidden
band of the semiconductor.

The total concentration of gallium vacancies is de-
termined by the formula

Cyg, (M= Cpo () + [5} C,- (n)+

Ga i Ga

2 3
n n
+ (Zj Cpa () + (;] Cpa (1),

1 1

where C o thermodynamic equilibrium concentra-
Ga

3

tion of gallium vacancies Vé;, cm ~; nand n; — con-

centration of electrons in the conduction band and

their own carriers, respectively, cm 3.

The dependence of the concentration of Vg, gal-
lium vacancies on the concentration of n-dopant that
determines the position of the Fermi level, called the
Fermi level effect [13—21]. Therefore, any treatment
which influences the Fermi level (annealing, doping,
etc.), will vary the concentration of point defects.

Thermodynamic equilibrium concentrations Vg;
are defined as [14, 19—20]:

S
\ < o pl/4d 5/8 Véa
CV(‘{; (n) =~ C PAS4 T exp ) ,

where C* — preexponential factor; PAS4 — Pressure of

arsenic vapors, atm.; Cj; .~ — Gibbs free energy of for-
Ga

mation of Vé; vacancy, eV; kp — Boltzmann's con-
stant (kp = 8,617+ 1077 eV/K); T — temperature, K.

Thus, the concentration of gallium vacancies C_;_
Ga

depends on the temperature, the degree of doping (»),
the As vapor pressure (PAS4), the method of manufac-

ture (technology).

Let’s consider how the concentration of gallium va-
cancies depends on the temperature and the degree of
doping (n). Based on the expression (1) it can be assumed

that gallium vacancies Vé; will dominate in terms of
numbers. This is confirmed by Tang et al. [14, 15]. They
have obtained the relative concentrations of gallium va-
cancies varying degrees by charge, based on the calcu-
lated by Baraff and Schluter [22] acceptor energy levels

of gallium vacancies V,; Vé;; Vé;.

The fact that the gallium Vé; vacancies dominate

over other is graphically represented on a graph of the

concentration ratio Vé; to the total concentration of

vacancies as a function of temperature (fig. 2).

In [23] it was shown that the prevalence of a charge
state of gallium vacancies is determined by the temper-
ature and the position of the Fermi level (fig. 3). This
conclusion is reinforced by calculating the difference in
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the free energies of different charge states, depending
on the temperature:

FY=1'=0,22 + 2,74kpT:
F7V/72=0,42 + 1,42kpT:

F2/73=0,63 + 2,28kpT,

where F/™ — the difference between the free energies
of the charge states / and m.

Accordingly, for own GaAs, the gallium vacancies

with the charge state — 3 Vé; dominate up to the tem-

perature of 520 K, and for n-doped GaAs Vé; domi-

nate for large values of the temperatures of the order of
1200 K. Therefore, the acceleration of diffusion blur of
the resonant tunneling structure in case of contact of Si
atoms with it is possible.

Considering the diffusion of Si in GaAs it should be
borne in mind that the nature of silicon impurity has
amphoteric properties, i.e., it may increase the elec-
tronic conductivity of GaAs (introduction in Ga sub-
lattice), and hole conductivity (introduction in As
sublattice). When GaAs crystal is doped with silicon to
produce n-type conductivity at a concentration of
~5+ 108 ¢cm™3, the silicon builds into the gallium sub-
lattice and electron density with increasing of concen-
tration of silicon linearly increased. With further growth
of the Si concentration, the decrease in the rate of in-
crease of the electron density is observed, which corre-
sponds to the effect of the electric compensation of im-
purity ions [16, 24, 25].

The main quantitative characteristic of the rate of
diffusion is the diffusion coefficient D. It depends on
the temperature (Arrhenius law) and the concentration
of n-dopant (the effect of the Fermi level):

kpT
Dy si(n) = Dye

where Dy, g;(n) — the diffusion coefficient of Al and Si
in the n-aoped GaAs; Dy — preexponential factor,
cmz/s; E, — the activation energy of the degradation
process, eV.

Analysis of the data on the diffusion coefficients of
Al and Si in GaAs [14—21, 25—40] have showed that
they vary greatly depending on the manufacturing
conditions of heterostructures. This is due to the fact
that defects of grown heterostructure depends on
many process factors such as the substrate temperature
(600...650 °C) at molecular beam epitaxy, chamber
pressure, temperature and annealing time, the defec-
tiveness of the original substrate and other.
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In [13] it is determined that in the case of diffusion
into GaAs by the gallium vacancies, the enthalpy of the
activation diffusion AH should be from 3 to 4 eV, and
the pre-exponential factor D should be from 1 - 1077 to
1-107! cmz/s. This gives the adequate physical values
of entropy of activation AS, about 6kp.

Mei et al. [26] investigated the mutual diffusion in
superlattices AlAs/GaAs by SIMS method. They found
that the diffusion of Al in the AlAs/GaAs is strongly
dependent on the degree of alloying of Si layers and de-
scribed it in the following form:

0Cy
JAI = _(X,Deff(sl)? 5

where J,; — diffusive flux of Al; o — the temperature-
dependence correlation factor (defined as — 0,06);
Deﬁ(Si) — the effective coefficient of Si diffusion;
C,; — the concentration of Al

Tan, Hessel et al. developed of the Fermi level effect
[14—21], and wrote the largest number of works on the
diffusion of Si, Al, Ga in GaAs and diversity in the dif-
fusion coefficients in GaAs.

In [16], the diffusion of Si on gallium vacancies V(Q;a

and Vé; with prevalence of the diffusion by Vga at

doping levels up to 5« 10" ¢m™3 were described. The

calculated diffusion coefficient gives higher values for
their own GaAs and does not reflect the fact that dif-

fusion is predominantly flows through Vé;. However,
we present silicon diffusion coefficients of gallium va-
cancies Vo, (D3g) and V3, (Dyg). defined in this
paper:

—2,43)
D% —383-10% &
SG - 9 € 5
—“ﬁ) 3
_ kpT
Dy =52-10% "’ (Sj :
1

Subsequently, Tang et al. have considered diffusion in

n-doped and own GaAs only through Vé; .In [17—19]
Tan, Gezel et al. have conducted a study of the diffu-

sion coefficient of Ga in GaAs. It was equal to:

-6

kgT
Dga(n) =2,9-10%¢ *" .

This ratio does not reflect the physical sense, since,
on the basis of it, the entropy of activation diffusion
takes too high value AS, of the order of 26kp, and the
diffusion coefficient takes too low value.




In [20] determined the diffusion coefficient of Si in
GaAs:

4,98

kpT
Dgi(n) =52-10%e ° |

that is in 10 times greater than the value in [16].
Apart stands [21], which shows the Si diffusion co-
efficients for outgoing diffusion:

—3,91)
Dgi(n) = 6,77 - 10%e

This diffusion coefficient has the largest calculated
values.

In [30], the diffusion coefficients of Ga and Al
in Al,Ga,_ As-structures with different values of x
in the range from 800 to 1160 °C was studied. It
was determined that for Al diffusion into GaAs AH =
= (3,50 £ 0,08) eV and InD, = (—1,77 = 0,80) cmz/s.
This corresponds to

@
Al = 0,17e

In [31] determined the coefficient of mutual diffu-
sion in AlGaAs/GaAs heterostructures in the temper-
ature range from 750 to 1150 °C:

@Z3)
DyjGans = 0,2e

In [32], the Al—Ga diffusion in AlGaAs/GaAs
heterostructures from 700 to 1050 °C was researched
and was determined, that in the vacuum InD, =

= (1,16 + 2,10) cm?/s and AH = (4,05 £ 0,21) eV,
while Py, =1 10> Pa — InDyy = (12,70 + 2,45) cm?/s

and AH = (4,91 = 0,23) eV.
In [33], the Ga in GaAs self-diffusion coefficient
was defined by SIMS method:

4,24
kyT
Dg,(n) = 43e

In [34], the diffusion coefficient of Al atoms in
GaAs, which was equal to 2 * 1071 cmz/s at 700 °C was
determined by IR spectroscopy.

In [35], the diffusion of Si at temperatures from
700 to 950 °C, and the dependence of the diffusion co-
efficient on temperature and degree of doping was de-
termined:

3.9

(kBT) " 2

i

This diffusion coefficient describes the diffusion case
for a negative double-ionized gallium vacancies, which
is shown to be erroneous.

In [36—40], the diffusion coefficients of Al and Si
in GaAs were determined by IR spectroscopic ellip-
sometry:

Dyyi = 0.17exp(- k335 ){Qﬁ

Dygi = 022exp(—l—§;5—)(—j.

Let’s make the comparison of diffusion coefficients
found in the literature [14—21, 25—40]. The most typ-
ical are the diffusion coefficients of Al and Si in GaAs:

— [30, 36—40], where E, = 3,5¢V, D, =0, 17 cm?/s;

— [31], where E, —36eV DO—02cm/s

— in [20], where E, = 4,98 ¢V, Dy=15,2+ 10° cm/s,
and [21], where E, = 3,91 eV, D, = 6,77 - 10* cm /s
(case of outbound dlffusmn)

These data are presented in fig. 4.

The pre-exponential factor D, defines the entropy of
diffusion activation as AS,, while physically adequate
entropy values AS, with diffusion by gallium vacancies
should be about 6kp. This criterion is satisfied by D,
from [30—31, 36—40], where AS,, is equal to 5kp.

Conclusion

Diffusion of Al and Si in GaAs takes place mainly
by the negative ionized gallium vacancies with the
charge state of —3. The diffusion coefficient also de-
pends on the concentration of n-dopant in accordance
with the effect of Fermi level. Therefore, the acceler-
ation of diffusion blur of resonant tunneling structure
in the case of Si atoms getting into it is possible. This
should be considered when predicting the reliability of
RTD.

Analysis of published data on the coefficients of Al
and Si diffusion in GaAs has shown that they vary de-
pending on the manufacturing conditions of heter-
ostructures. This is due to the fact that defects of grown
heterostructures depend on many process factors such
as the substrate temperature (600...650 °C) at molec-
ular beam epitaxy, chamber pressure, temperature and
annealing time, defectiveness of the original substrate,
and other.

The values of the diffusion coefficients obtained by
the authors of this article are consistent with those of
foreign investigators, so they can be used to assess the
AlAs/GaAs RTS degradation rate and RTD parameters
based on them in the given operation conditions.

The study was sponsored by The Russian Foundation
for Basic Research, the project number 16-37-60067
mol_a_dk.
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TEXHOAOTMYECKME OCOBEHHOCTU NMOAYYEHUA COEAMHEHNIA
XAAbKOTEHMAOB SAEMEHTOB MEPBOM IPYMMbl M TOHKMX NAEHOK
HA X OCHOBE 3AAAHHOTO COCTABA
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TexHonoeuueckue ocobeHHocmu noay4eHus COeOUHeHUU XANbK02eHUA08 INeMEHMO8 I’l@p@OlZ epynnbl U MOHKUX NAEHOK 3a0an-
HO20 cocmaea onpe@eﬂmomm BbICOKOU Jiemy4ecmoro XaabKoeeHd, CUNBHOU ucnapsemocmoro U auccouuauueﬁ coeO0uHeHUsl. HO/ly—
YeHue coeduHeHUll 3a0aHHO20 COCMABA C Xopowumu mepmosaeKkmpudecKumu ceoﬁcmeaMu, 6’bl60p Memoda u mexHoA02U4ecKo2o
pexicuma HaHeceHusA NniaeHKu nol3eodem 3ocnp0u3eo&umb cocmaes u ceolicmea Ha nieHkKe.

Karoueesvie caosa: mexuonoeus, nienka, cocmas, ucnapenue, OUCCOUUAYUs, pelcum, memnepamypa, npeodpazoeamens, ma-

mepuan, céoiicmea

BBenenne

OcHOBHBIE MapaMeTphl IUIEHOYHBIX Mpeo0dpa3oBa-
TeJell OIpeNeNsIOTCS CBOMCTBAMM YYBCTBUTEIBHBIX
BJIEMEHTOB, KOTOpBIE, B CBOIO Ouepellb, 3aBUCSIT OT
CBOICTB MaTepUAaJIOB, N3 KOTOPHIX OHM M3TOTOBIICHBI.
711 X U3TOTOBJICHUSI MCIONBL3YIOT BIIOJIHE OIpele-
JIEHHBIE MaTepHuajbl, YTO CBSI3aHO C MHOT0OOpasreM
U CIIOXXHOCTBIO TIPEIbSIBISIEMBIX K HUM TpeOOBaHUIA
[1, 2]. BTO CcBsI3aHO TaKKe C TEXHOJOTMUYECKUMHU TPYII-
HOCTSIMU, BO3HUKAIOLIUMU B TIPOLIECCE U3TOTOBICHUS
IUIEHOYHBIX IpeoOpa3oBateneil [3, 4].

I[IpuMeHeHMEe COENMHEHUI U CIIJIABOB ITO3BOJISIET
B OoJiblliell CTemeHU 00ecneYruTh COOTBETCTBYIOIINE

TEPMOBJICKTPUUECKHE TTapaMeTphl MaTepUAJIOB U pea-
JIU30BaTh YCJIOBUSI, MPU KOTOPBIX HMX COOTHOLIEHUE
TMPUBOINT K TOCTUKEHHUIO MAKCHUMYyMa TePMO3JIEKTPH -
YyecKoil 1oopoTHOCTH. Matepuansl I Ipeodpa3oBa-
TeJaell MOKHBI MMETh MTOCTATOYHO OOJIBLIYIO TEPMO-
BJIC, KoTopasi A0JKHA ObITh HEMPEPbIBHOM U OJHO-
3HAYHO (PyHKIME TemIleparypbl, MaKCHUMaJIbHO
OMM3KOW K JWHEWHON; B Ipolecce 3KCIUTyaTaluu
MaTepHaIbl 1OJKHBI COXPAHSITh CBOIO TEPMOIJIEKTPU-
YECKYI0 XapaKTePUCTUKY HEM3MEHHOI.

BreiGop MaTepmwanoB Il 2JIEMEHTOB TUIEHOUYHBIX
npeobpa3oBaresieil OCYLIECTBISIIOT ¢ YYEeTOM MX Tep-
MODJIEKTPUYECKNX CBOMCTB, TEXHOJIOTMU HaHECEHMUS
TUIEHKU, MO3BOJISIIONIEH BOCIPOU3BOAUTDL 3TU CBOMCT-
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Ba Ha MJieHKe. MartepuajaMu C XOPOLIMMMU TE€PMO-
3JIEKTPUYECKUMU CBOMCTBAMM JUISI TEPMO3JIEKTPUYEC-
KMX YCTPOMCTB U MUKPOTEpPMOIIpeoOpa3oBaTesieii sIB-
JISTIOTCSI XaJIbKOT€HUABI MEIU U cepedpa.

CyluecTBeHHOE 3HauyeHue MpUOoOpeTaeT IoJyde-
HUE COCIVMHEHUN XATbKOTECHUIOB 3JIEMEHTOB MTEPBOM
TPYIIbl 33JaHHOTO COCTaBa U MJIEHOK Ha WX OCHOBE
C BOCHPOW3BOIMMBIMU CBOWCTBAMHU TIPUA W3TOTOB-
JICHUM YYBCTBUTEJbHBIX 3JIEMEHTOB MpeoOpa3oBaTe-
neu [5].

Ilonyyenue coeauHeHMii 1 TOHKHX MJIEHOK
Ha WX OCHOBE 3aJJaHHOTO COCTaBa

TexHoa0TUs U3rOTOBJIEHUS TIJICHOUHBIX TMpeodpa-
30BaTejiell COCTOUT M3 MHOXecTBa omnepauuii. Orm-
pelefeHHass 4acTb ollepalluii TIpeacTaBisieT cOoO0oi
TOHKHE U CJIOXHBbIE (PU3UKO-XUMUYECKUE TIPOLIECCHI.
TpeboBaHUST BLICOKOTO KauecTBa MPOBEACHUST TEXHO-
JIOTUYECKMX OIlepalrii obecreuynBaoTCsl TOYHOCTBIO
MoJAepXXaHUSI TEXHOJOTMYECKUX PEXMMOB Ha OMNTH-
MaJIbHOM YPOBHE U UX KOHTPOJIEM.

Ilpy co3maHuuM TUIEHOYHBIX Mpeobpa3oBartesieil K
TPYJHOCTSIM, KOTOpbIE BCTPEYAIOTCS MPU BbBIOOPE Ma-
TepMajoB C HEOOXOAMMBIMU CBOWCTBaMu, A0OABJIS-
IOTCS TPYIHOCTHU, CBS3aHHbIE C BOCIIPOU3BEIECHUEM
rnapaMmeTpoB COEAMHEHMII MCXOJHOTO Marepuana Ha
IUIeHKE. B 3aBUCMMOCTU OT TEXHOJOTMYECKOTO PEXU-
Ma HaHECEHMsl TePMOIJIEKTPUUECKME CBOMCTBA TOJY-
YEHHbIX TOHKUX TUIEHOK CHUJIBHO MEHSIOTCS U MOTYT
3HAUUTEJIbHO OTAMYAThCS OT CBOMCTB HCHapsSIeMOro
Marepuania.

OOBIYHO HEOPTaHWYECKUE COEAMHEHMS U CILIaBbl
UCIIapSIIOTCSl ¢ U3MEHEHHUEM COCTaBa BCJIEACTBUE pa3-
JINYMS JABJIEHUS TTapOB COCTABJISIONINX, TTO3TOMY CO-
CTaB Mapa M KOHJIeHcaTa OTJIMYaeTcs OT cocTaBa MC-
XOJTHOTO Marepuasa.

TexHonornyeckue OCOOEHHOCTU TOJIYYEeHUsI CO-
€IMHEHUI XaJbKOTEHUJOB 3JIEMEHTOB MEPBOW TpyM-
bl OMPEAEIISIIOTCSI BICOKOM JIETYUeCThIO XaJlbKOTeHa,
CWJIBHOM UCMapsieMOCTBIO U TUCCOLMALIMEN COEMHE-
HUS TpU TeMrepaType MiaBieHus. Beaeactsue yero,
TPU CUHTE3€ UCXOJAHBIX COEAUHEHUN TOABEM TEMIIE-
paTypbl MPOUCXOAUT MEJJIEHHO, C YACOBBIMU BbIIEPK-
KaMu TIpY TeMIlepaType Hayaja peakiuu MeXay Uc-
XOJHBIMU KOMITOHEHTaMM. [Tocie cuHTe3a TOMOTeHU -
3allUsl BBITIOJTHSIETCSI OTOXKUTOM.

B TepMmoamHaMuKe KOHIEHCUPOBAHHOE U ra3zoo0-
pa3HOe COCTOSIHUSI BElleCTBA XapaKTepU3yrTCcs (QyHK-
LIMSIMU, KOTOPbIE 3aBUCSAT OT JaBJICHUS, TEMIIEPATYPHhl,
o0beMa 1 Macchl. [Ipu TepMOaAMHAMUYECKOM PaBHO-
BECHMM TBEpPIbIE TeJla XapaKTepU3YIOTCS ONpEacsieH-
HBbIM JaBJIeHWEM TapoOB, KOTOPOE 3aBUCUT TOJbKO OT
TEeMITEpaTyphl.

JaBiaeHue HaCBIILIEHHOTO Tapa Haj MOBEPXHOCTHIO
KOHJIEHCUPOBAHHOM (ha3bl SIBJISIETCSI BaXKHOI BEJIUYM-

504 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 8, 2016

HOM, TTO3BOJISIIOLIEH OIIEHUTb CITOCOOHOCTh BellleCTBa
K UCMApEHHUIO U T€ TEMIIEPATypbl, MPU KOTOPBIX HO-
CTHXMMBI He0oOXoauMble CKOpocTH ucnapeHusi. Oco-
0oe 3HaueHue OHO MpuoOpeTaeT IJsl COCAUHEHMIA.
PaBHOBecHOe naBiieHUE OIpPeAcsIeTcs CBOOOIHOM
SHEprueu UcrapeHus Mpu JaHHOU TemIiepartype.

HMcnapeHue coefMHEeHU COMTPOBOXKIAETCS AUCCO-
nuanuen. Juccounanusi 0ObIYHO CUJIBHO BJIMSIET HA
CTeXMOMETPUUYECKOE COOTHOIIEHUE COCTABJISIOIINX,
YTO OCOOEHHO MPOSBISETCS, €CIU OJAUH U3 POLYKTOB
JUCCOLMALIMU SIBJIIETCS HENETYUUM.

st OMHApHBIX COEIMHEHWI 4YacTo HabrogaeTcs
HCcIapeHue ¢ Auccoldanueit, K TaKUM COeIUHEHUSIM
OTHOCSITCS XaJIbKOTeHUIbI cepedpa.

OnuHakoBasi JIETy4yeCTb OOEMX COCTaBISIOLIMX
COEIMHEHU SIBJIsIETCS HEOOXOAMMBbIM, HO HeIoCTa-
TOYHBIM YCJIOBUEM OCAXIEHHUS IJIEHOK MCXOIHOTO
cocTaBa.

HekoTtopble coeiuHEHUST UCIAPSIOTCSl HECOTJIaco-
BaHHO, T.€. MPW MOBBIIIEHHBIX TeMIlepaTypax JieTy-
YECTb UX COCTABJISIOUIUX OTJAUYAETCI CTOJb CUJIBHO,
YTO XMMMYECKMIA COCTaB Mapa M IUIEHKU HE COBMa-
JIAeT C XMMUYECKUM COCTaBOM MCIIapsieMOro Belllec-
TBa. K TakuM coequHEeHUSIM OTHOCSITCSI XaJIbKOT€HU-
JIbl MEIIU.

I1pn n3roToBNIEHNMN IJICHOYHBIX IIPpeOOpa3oBaTeseii
CYIIIECTBEHHOE 3HAUYEHUE UMEET TeXHOJIOTUS IoJyye-
HUSI TOHKMX TUJIEHOK COeIMHEHMI 3a1aHHOTO COCTaBa,
TaK Kak IOJyYeHUE IJIEHOK COCAUMHEHWM MCXOAHOro
COCTaBa CBSI3aHO CO 3HAYMTEJbHBIMM TEXHOJOTMYeC-
KVMU TPYIHOCTSIMU. DTO CBSI3aHO B MEPBYIO OUepeab C
TEM, UTO YCJIOBUS OCAXIEHUSI CUJIBHO BIUSIOT HA CO-
CcTaB TUieHOK. [In1eHKM MHOTOKOMIOHEHTHBIX MaTe-
pMajoB TPYAHO BOCIPOU3BOAUMBI IO cocTaBy. Tpya-
HOCTHU TOJIYYEHUS TIJIEHOK CBSI3aHbI C TEM, YTO MpH
HCITapeHUU MPOUCXOAUT pa3fiesieHUe COeNMHEHUS Ha
OTZAEJIbHbIE KOMIIOHEHTHI, WCTIApSIOIIMECS C pa3iny-
HBIMU CKOPOCTSIMM.

ITpoBeneHHBbIN aHaIM3 MOKa3blBA€T Ha IOJOXM-
TeJIbHOE BJIIMSIHUE YBEJUUCHUSI CKOPOCTU UCHApeHUs] U
OCaXJEHUS Ha MOJYyYeHUE OTHOPOIHBIX TJIEHOK Xaslb-
KOTeHUJ0B Meau U cepebpa 3alaHHOTO cocTaBa U
cBoiicTB. Ilpu 3TOM BelIeCTBO MEPEXOIUT B ra3000-
pa3HoOe COCTOSTHME 0e3 M3MEHEeHUS! BUa MOJIEKYJbI,
YTO MO3BOJISIET MOJYYaTh IUIEHKU TAKOTO XK€ COCTaBa,
KakK M COCTaB UCXOJHOTO MaTepuaa.

Bribop meToma mojiydeHus TOHKUX IUJICHOK 3aBM-
CUT OT Ha3HaYeHUsI TOHKOW TUIEHKM, COBMECTUMOCTHU
METONA C IPYTMMU TEXHOJOTMYECKUMHU OMNEPALMIMU
MUKPOBJIEKTPOHHOI TexHoJoruu. s obecneueHust
BOCITIPOU3BOJUMOCTU 3JEKTPOGU3ZNUECKUX CBOIMCTB
TOHKHUX TIJIEHOK METOAbl OCaXKACHUS NOJKHbBI TTO3BO-
JISTh TOJyYaTh IMJIEHKW MCXOIHOIO COCTaBa.

g monyyeHusl TUIEHOK XaJbKOTE€HWIOB MEAU U
cepedpa UCXOJHOTO cocTaBa MPUMEHEH METO. IMCK-
pEeTHOro ucnapeHusi B Bakyyme. BelectBo ucnaps-




eTCs MPaKTUYECKA MTHOBEHHO U 1ie-
JINKOM, ¥ B TIPOCTPAHCTBE HaJ UCTIa-
puUTeIEM OIHOBPEMEHHO OYIYT MPH-
CyTCTBOBaTh B IMapoobpa3Hoil (ase
KOMTIIOHEHTBI COEIUHEHUSI B TAKOM
COOTHOIIIEHUHW, B KaKOM OHHU CO-

X

Tepuaja, U COCTaB apa, KOHJIEHCH -
pyIolIerocss Ha TMOMIOXKeE, Oymer
OIM30K K COCTaBy MCXOMHOIO MaTe-
puaia, ¥ Ha TTOBEPXHOCTH KOHIEeHCa-

|
|
|
|
|
|
|
|
|
JIepxkarcs B 00beMHOM 00pa3slie Ma- |
|
|
|
|
|
|
LIUKU TI0JIyYaeTcsl IIeHKa UCXOAHOTO :

cocTaBa. Lo

Ilepen HaHeceHMEM TIPOBOJSAT
TpeaBapUTeIbHbIN pa3orpes Bellec-
TBa B UCMAapuUTese 0 TeMIepaTypbl
HUXKE 3aMETHOTO UCTTapeHUsI Bellec-
TBa, ISl TIpeIBapUTEIbHOrO obe3ra-
JKUBAHUS UCIapsieMOro BelllecTBa U
YMEHBIIIEHUSI TEIJIOBOM WHEPLNU
WcrapuTelisi. 3aTeM IPOBOISIT ObIC-
TPBIIi HarpeB OO TeMITepaTyphl MC-
MapeHusl BelllecTBa IyTeM MoAauyu
MOIIIHOTO KPaTKOBPEMEHHOTO WM-
myjbca Toka. [1pu a3ToM 3HaYeHUE U IJTUTEIBbHOCTh UM-
IMyJIbCa BEIOMPAIOT TaK, YTOOBI OBICTpEE IMPOM3O0IIUIN Ha-
I'PEB UCTApUTEsl U B3pbIBHOE MCMApeHUe BCeil MopLUumn
BellleCTBa, TOMEILIEHHOTO B UCTIapUTeb. Takoi pexxum
paszorpeBa IO3BOJISIET COKPAaTUTb BPEMSI JOCTUXKEHUS
MaKCHMMAaJIbHOM TeMITepaTyphl ¥ UCKIIIOYAET BOZMOXKHOE
paccioeHude BelllecTBa MO KOMIIOHEHTaM B ITpoliecce
pasorpeBa MCIapuTelis, a Takke TOCTUYb TeMIIEpaTyp,
MPU KOTOPBIX CKOPOCTb MCIHApeHMs] MPEeBBIIIAET CKO-
pPOCTb pa3sIOXKEeHUS BEIeCTBa.

ITonyyeHHbIE TUIEHKM MPOXOISIT TeMIlepaTypHYIO
00paboTKy B BaKyyMe HEIOCPEACTBEHHO MOCJIe HallbI-
JIGHUS.

OGecneyeHre MCXOMHOIO COCTaBa IJIEHOK Xaslb-
KOTE€HUJOB 3JIEMEHTOB IePBOI IPYyMIlbl UMEET MEePBO-
CTeNeHHOe 3HaYeHue IS MOJYYeHMSs TUIEHOK C 3a-
MaHHBIMU CBOMCTBAMU, TaK KaK MX CBOIMCTBA CYIIEC-
TBEHHO 3aBMCAT OT cocTaBa. [1o pe3ynbraram npose-
JIEHHbIX MCClIel0BaHUN MOCTpOeHa MHOTOYpPOBHEBast
(akTopHasg monenb F, xapakTepusymroulas KayecTBO
Mpolecca HaHEeCEHMSI IUICHOK B BHIE MPUIMHHOIO
rpada, Koropas nokaszaHa Ha puc. 1. Moaenb no-
Ka3bIBaeT CBA3b KavyecTBa Ipoliecca HAaHECEHUsI TIIe-
HOK UM BBIXOJA TOJAHBIX, T.€. COOTBETCTBUE MapaMeT-
POB TOHKHUX IIJICHOK TapaMeTpaM HMCXOIHOTO MaTe-
puana.

Ha nonyyeHHBIX oOpa3lax MpoBEAEHbI UCCIENO0-
BaHUSI BJeKTpouU3UUYEeCKUX CBOUCTB. WM3mepeHue
TepM0oDJIC mpoBOAUTCS IPU OTCYTCTBUM TOKA 4epes
oOpasell Mo MaJeHUIO HAIPSIKEHUsI, CO3/1aBaeMOro 3a
CUeT pa3HOCTU TeMIepaTyp Ha KOHlax oOpasma. Ha
MPOBOJIMMOCTD TIJIEHOK BJMUSIHAE OKAa3bIBAIOT SIBJICHUS

Puc. 1. MuoroyposHeBasi (pakTOpPHASI MOJIENb: F'— KavyecTBO Mpollecca HAaHECEHUS TUIEHOK
X| — CTPYKTypa IUIEHKH; X, — COCTaB; X3 — TOJILINHA TUIEHKN; X4 — TOJBMXHOCTb HO-

cuTesIell 3apsana; X5 — LIMPUHA 3alPEIEeHHON 30HBI; X4 — YIEJIbHOE COIPOTUBIICHUE;
X7 — KOHLIEHTpaUus HocuTesei 3apsaa; xg — KoapduuueHt TepModJIC; xg — 25eKTpo-
MPOBOIMMOCTb; X{q — KOI(M®OULUEHT TEIUIONPOBOIHOCTH; X;; — BBIXOJ FOAHBIX

Fig. 1. Multilevel factorial model: F — quality of deposition of films; x; — film structure; x, —
composition; x3 — thickness of a film; x, — mobility of the charge carriers; x5 — width of the
Jorbidden zone; x5 — specific resistance; x; — concentration of the charge carriers; xg —
coefficient of the thermal electromotive force; xg — electroconductivity; x ;) — coefficient of heat
conductivity; x;; — yield ratio

TepeHoca y MOBEPXHOCTU. DTO CBI3aHO, TTO-BUANMO-
My, C TeM, YTO TpPH MPOTEKAHUM TOKA Yyepe3 TOHKUM
obOpa3sell HOCHUTEIM PacCerBalOTCS HE TOJBKO B 00B-
eMe, HO ¥ Ha TOBEepXHOCTH. 11 UCKITIOUeHUsT BIIUSI-
HUS TIOBEPXHOCTH Ha pe3yiabTaThl M3MEpPEeHU, IpU
OIpeaeeHUN NEKTPOonpoBoAHOCTU U TepMoBIC uc-
MOJIB3YIOT TIJICHKH XaJIbKOTCHUIOB 3JIEMEHTOB TTEPBOMA
TPYINbI TOMKUHOM 60ee 0,3 MKM.

3aBUCUMOCTH TEPMOIIEKTPUIECKON TOOPOTHOCTH
COEIMHEHUI XaTbKOTeHUIOB MEAU M TOHKUX TUICHOK
M0 pe3yJabTaTaM IPOBEICHHBIX MCCACAOBAHUMA TIpU-
BeleHbl Ha puc. 2 (I — ISt COeIUHEHUI TeJuTypuaa
Menu; 2 — IS TUIGHOK TeJTypuma Menu; 3 — IS
COeIMHEHUI celeHuaa Meau; 4 — JUIs TIJIEHOK cesle-
HUIA MEON).

0,6

03 4

b by e

Puc. 2. 3aBHCHMOCTH TEPMOIJIEKTPHIECKOI JOOPOTHOCTH OT COCTABA
Fig. 2. Dependences of the thermoelectric good quality on composition
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W3 puc. 2 caeayer, 4TO 3aBUCUMOCTHU TE€PMOIJIEKT-
pUYeCKOi TOOPOTHOCTU OT COCTaBa ISl COEAUHEHUI
XaJIbKOT€HUIOB JIEMEHTOB MEPBOIl TPYIIIBI M1 TOHKHMX
IUIEHOK Ha UX OCHOBE MICHTUYHBI.

3akmouenue

ITpu cozmaHny TOHKOIUIEHOUHBIX MpeoOpa3oBaTe-
JIE Ha OCHOBE COCNMHEHUN XaJbKOT€HUIOB BJIEMEH-
TOB MEPBOU TPYMITHI HEOOXOMUMO OOECIIEYNUTh MOy~
yeHre MaTepuayia 3aJaHHOTO COCTaBa C XOPOIIMMU
TEPMODJIEKTPUIECKMMHU CBOWCTBAMHU, BBIOOD M OTpa-
0OTKY TEXHOJIOTUYECKOTO peXrMa HAaHECEHUS TIJIEH-
KU, TTO3BOJISTIOIIINE BOCITIPOU3BOJINUTDL COCTAaB U CBOMCT-
Ba Ha meHke. IIpuMeHeHUE IJIEHOUYHBIX Mpeobpa-
30BaTENICl MO3BOJUT YJIYUIINATh MApaMETPBl U Xapak-
TEPUCTUKU NPUOOPOB HM3MEPUTEIBLHOU TEXHUKH, B
YACTHOCTU TEPMOIJICKTPUUECKUX U3MEPUTEITBHBIX yC-
TPOMCTB.
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Technological Features of Obtaining of Compounds of Chalcogenides
of Elements of the First Group and Thin Films on their Basis

The technological features of obtaining of the compounds of the elements of the first group of chalcogenides and thin films of a
set composition are determined by high volatility of chalcogen, evaporation and dissociation of the compounds. The technological
problems with obtaining of films with reproducible composition are connected with separation of the compounds during evaporation,
because separate components evaporate at different rates. The reproducibility of the electrophysical properties and original com-
position of the thin films of chalcogenides of elements of the first group is ensured by a number of deposition methods. Obtaining
of the compounds of a set composition with good thermoelectric properties, selection of a method and technological mode for pro-
duction of films will allow us to reproduce the composition and properties on the film.

Keywords: technology, film, composition, evaporation, dissociation, mode, temperature, converter, material, properties

Introduction

The basic parameters of the film converters are de-
termined by the properties of the sensitive elements —
SE, which depend on the materials, of which they are
made. Quite certain materials are used for their man-
ufacture, which is due to the variety and complexity
of the requirements to them [1, 2]. This is also con-
nected with the technological difficulties encountered
in the course of manufacture of the film converters
[3, 4].

Application of the compounds and alloys to a great
degree allows to ensure the thermoelectric parameters
of the materials and to realize the conditions, at which
their parity leads to a maximal thermoelectric quality.
The materials should have high enough thermal elec-
tromotive force, have a continuous and unequivocal
temperature function, as much as possible close to the
linear one; and during operation they should keep the
thermoelectric characteristic invariable.

506 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 8, 2016

Selection of the materials for the elements of film
converters is carried out with account of their thermo-
electric properties and the film deposition technologies
allowing us to reproduce these properties on the films.
The materials with good thermoelectric properties for
the thermoelectric devices and microthermal convert-
ers are chalcogenides of copper and silver.

Obtaining of compounds of chalcogenides of the
elements of the first group of a set composition and
films on their basis with reproducible properties during
production of SE converters acquires essential impor-
tance [5].

Obtaining of compounds and thin films
on their basis of a set composition

The manufacturing technology of the film convert-
ers consists of numerous operations. Some of them are
delicate and complex physical-chemical processes. The
high quality requirements to the technological opera-




tions are ensured by the accuracy of maintaining of the
technological modes at the optimal level and control
over them.

Creation of the film converters encounters not on-
ly the difficulties with selection of the materials with
the necessary properties, but also the problems con-
nected with reproduction of the parameters of the
compounds of the initial material on the films. De-
pending on a deposition mode, the thermoelectric
properties of the received thin films vary greatly and
can differ considerably from the properties of the
evaporated material.

Usually, the inorganic compounds and alloys evap-
orate alongside with a change of the composition owing
to different vapor pressures of the components, there-
fore, the compositions of the vapor and of the conden-
sate differ from that of the initial material.

The technological features of obtaining of com-
pounds of chalcogenides of the elements of the first
group are determined by their high volatility, vapora-
bility and dissociation at the melting temperature. Ow-
ing to that, during synthesis of the initial compounds
the temperature is raised slowly, with hour soakings at
the temperature of the beginning of the reaction be-
tween the initial components. After the synthesis, the
homogenization is carried out by annealing.

During production of the film converters, depending
on a deposition mode, the thermoelectric properties of
the received thin films vary greatly and can differ con-
siderably from the properties of the evaporated material.

In thermodynamics the condensed and gaseous
states of a substance are characterized by the functions,
which depend on pressure, temperatures, volume and
weight. In case of a thermodynamic balance the solid
bodies are characterized by a certain pressure of vapors,
which depends only on the temperature.

The pressure of the saturated vapor over the surface
of the condensed phase is an important value allowing
to estimate the evaporation ability of a substance and
the temperatures, at which the necessary speeds of
evaporation are achievable. It acquires special impor-
tance for the compounds. An equilibrium pressure is
determined by the free energy of evaporation at the giv-
en temperature.

Evaporation is accompanied by dissociation of the
compounds. Usually, the dissociation has a strong in-
fluence on the stoichiometric correlation of the com-
ponents, which is especially pronounced, if one of the
products of the dissociation is nonvolatile.

For binary compounds the evaporation is often ob-
served with dissociation. Among such compounds are
chalcogenides of silver.

Identical volatility of both components of the com-
pounds is a necessary, but not a sufficient condition for
deposition of films of the initial composition.

Some compounds evaporate discordantly, i.e. at
higher temperatures the volatility of their components
differs so radically, that the chemical composition of
the vapor and of the film does not coincide with the
chemical composition of the evaporated substance. To
such compounds belong the chalcogenides of copper.

In manufacture of the film converters an important
role is played by the technology for reception of thin films
of the compounds of the set composition, because this is
connected with considerable technological difficulties,
explained, first of all, by the fact that the deposition con-
ditions have a strong influence on the composition of
films. Composition of films of the multicomponent ma-
terials is difficult to reproduce. The problems with recep-
tion of the films are due to the fact that the evaporation
causes partitioning of a compound into separate compo-
nents evaporating with various speeds.

Analysis demonstrates a positive influence of an in-
crease of the speed of evaporation and deposition on
the reception of the homogeneous films of chalcoge-
nides of copper and silver of the set composition and
properties. At that, a substance turns into a gaseous
state without changing the kind of its molecules, which
allows us to receive films of the same composition as
that of the initial material.

Selection of a method for obtaining of the films de-
pends on the purpose of a thin film, and compatibility
of a method with the other technological operations of
the microelectronic technology. In order to ensure re-
producibility of the electrophysical properties of the
thin films, the deposition methods should allow us to
receive films of the initial composition.

For reception of the films of chalcogenides of cop-
per and silver of the initial composition, the method
of a discrete evaporation in vacuum is applied. A sub-
stance evaporates practically instantly and entirely,
and at the vaporous phase in the space over the evap-
orator there will be components of compounds in such
a correlation, in which they are in the volume sample
of a material, and the composition of the vapor con-
densed on a substrate will be close to the composition
of the initial material, and the film of the initial com-
position will appear on the condensation surface.

Before a deposition, a substance is heated up in the
evaporator up to the temperature below an appreciable
evaporation of the substance, for a preliminary degas-
sing of the evaporated substance and reduction of the
thermal inertia of the evaporator. Then, fast heating is
done up to the temperature of evaporation of the sub-
stance by giving a powerful momentary impulse of a
current. At that, the parameters of such an impulse are
selected, which can ensure the most rapid heating of the
evaporator and an explosive evaporation of all the sub-
stance placed in the evaporator. This heating reduces
the time of achievement of the maximal temperature,
excludes a possible stratification of the substance in the
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components during heating of the evaporator, and
helps to reach the temperatures, at which the speed of
the evaporation exceeds the speed of the decomposition
of the substance.

The received films undergo the temperature
processing in vacuum directly after deposition.

Preserving of the initial composition of the films of
chalcogenides of elements of the first group has a par-
amount value for reception of the films with the set
properties, because their properties essentially depend
on the composition. By the results of the research a
multilevel factorial model Fwas constructed character-
izing the quality of the deposition process of the films
in the form of a causal graph (fig. 1). The model shows
a connection between the quality of the films and the
yield ratio, i.e. correspondence of the parameters of the
thin films to the parameters of the initial material.

On the samples a research was done of their elec-
trophysical properties. Measurement of the thermal
electromotive force was done in the absence of a cur-
rent through the sample by a voltage drop, created due
to the difference of temperatures on the ends of the
sample. Conductivity of the films is influenced by the
transfer near the surface. This is connected with the fact
that, when the current goes through a thin sample the
carriers dissipate not only in the volume, but also on the
surface. In order to exclude the influence of the surface
on the results of measurements, during determination
of electroconductivity and thermal electromotive force,
the films of chalcogenides are used with thickness more
than 0,3 micrometers.

Dependences of the thermoelectric good quality of
the compounds of chalcogenides of copper and thin
films by the results of the research are presented in fig. 2
(1 — for copper telluride; 2 — for the films of copper

telluride; 3 — for copper selenide; 4 — for the films of
copper selenide).

From fig. 2 it follows, that the dependences of the
thermoelectric good quality on the composition for the
compounds of chalcogenides of elements of the first
group and thin films on their basis are identical.

Conclusion

During creation of the thin-film converters on the
basis of the compounds of chalcogenides of the ele-
ments of the first group it is necessary to ensure obtain-
ing of a material of a set composition with good ther-
moelectric properties, selection and development of a
technological mode of deposition of films, allowing us
to reproduce the composition and properties on a film.
Application of the film converters will allow us to im-
prove the parameters and characteristics of the meas-
uring devices, of the thermoelectric measuring devices,
in particular.
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B monorpaguu paccMoTpeHbl pu3MUYecKrue OCHOBBI, MPOOJEMbl M MPUHLIMITBI MOJASIMPOBAHUS MPUOOPHBIX
CTPYKTYp (37I€EMEHTOB) MUKPO- M HAaHO3JEeKTPOHUKHU. C eNMHBIX MO3UIIUI TTPOBeAeHA CUCTeMaTU3als MOoaeeit
ajieMeHTOB. OCHOBHOE BHMMaHUe yeleHo HanboJjiee afeKBaTHbIM YUCIeHHBIM MoesiM. KHura npenHa3zHaueHa
JIJISI CIELIMAJIMCTOB B 00J1aCTU MUKPO- U HAHORJIEKTPOHUKHU, IIPErogaBaTelisiM, aCliupaHTaM, MarucTpaHTaM U CTy-
JIeHTaM COOTBETCTBYIOIIMX ClielraibHOCTeil. MoHorpacdusl HamucaHa Ha OCHOBE cTaTell aBTopa, OIyOJMKOBaH-
HBIX B BEAYIIMX HAayYHO-TEXHUYECKUX XypHaynax Poccuiickoit denepanu B 001aCTH MUKPO- U HAHOBJIEKTPO-
HUKH1, 1 0000111aeT ero COPOKaJIETHUI OMNBIT pabOTHl B JAaHHOI 00J1aCTU HAYKM.

WHdbopmalimio o KHUTe U ee MPUoOpeTeHNEe MOXHO OCYILIECTBUTh, OOPAaTUBIIKCH Ha CAT:
https://www ljubljuknigi.ru/
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Bsenenune

B pa6ore [1] moka3aHO, YTO MIpU OIPEaeIeHHBIX
YCIIOBMSIX B KOHTAKTHBIX 00JIACTSIX HAHOIPOBOJA MO-
I'YT BOBHUKHYTh pejaKcallMOHHAasI HEYCTOMYMBOCTh U
3aTyxalolle OCLHUIISLIUNA KOHUEHTPAIUU SJIEKTPO-
HoB. O0a 3TU IBJIEHUS UMEIOT ITOPOTOBLIN XapakTep U
BO3MOXHBI TOJIbKO B TOM CJIy4ae, €CJI MOABMKHOCTH
SJIEKTPOHOB B KOHTAKTaxX M IPOBOJISIIEM KaHajle Ha-
HOMPOBOAA pa3iUyHbL. [10J0XKMM, YTO MOABUKHOCTD
3JIEKTPOHOB B IIPOBOJIAILEM KaHajle HAHOIPOBOAA I,
00JIbl1IE UX MTOABUXKHOCTE B SMUTTEPHOM KOHTAKTE 1,
U KOJUIEKTOPHOM KOHTakKTe .. TOraa Mpu MOJOXM-
TEJILHOM CMEILLIEHUU MeXIY KOJUIEKTOPOM U dMUTTE-
pPOM peJlakCallMOHHAasE HEYCTOMYMBOCTh MOXET BO3-
HUKHYTb B KOJUIEKTOPHOM KOHTaKTe, a OCLIMJUISILIUA
KOHLIEHTpAllMU 3JIEKTPOHOB — B BMUTTEPHOM KOH-
TaKTe.

PemakcanimoHHasT HEYCTOWYMBOCTL pPa3BHBAETCS,
€CJIV TJIOTHOCTH TOKA B HAHOIIPOBO/E ITPEBHIIIAET I10-
poroBoe 3HaYeHWE

J ins — “cn(xjc)(z(a/ Lrelc(xjc)) X
X (l + (Tchelc(xjc)/ch)z(l - Hc/“ch)_la (1)
e n — KOHUCHTpAaUUs 3JICKTPOHOB, xjc — KOOpAMHa-

Ta YCJIIOBHOTI'O IEpPeXo1a MeX/Iy IMPOBOASIINM KaHAJIOM
HaHOIIPOBOAA M KOJIJIEKTOPHBIM KOHTAaKTOM;

e = kBT,

CBY uznyuenue, eenepamop, peaaKcayuoHHAas HEYCMOU4U8oCmy

kp — nocrosinHas bonbliMaHa, T — abCoOIIOTHAS TEM-
nepaTypa;

Lrelc = (hcchcc/en(cch + Gc))l/z

— JUIMHA pejlakCalli HEePaBHOBECHBIX 3JIEKTPOHOB
B KoJIIeKTOope; # — mocrostHHas [lnanka, meneHHas
Ha 2m; e — 3apsifl 2JIEeKTPOHA; G, U G, — MPOBOAU-
MOCTH 3JIEKTPOHOB B ITPOBOSIIEM KaHaJle U KOJIJIEK-
TOPHOM KOHTaKTe HaHONpoBona; L. — AJIMHa KOJ-
JIEKTOpAa.

B cooTtBercTBUM ¢ opMmyiioit (1) BeaTUUnHy

Eins = (2®/eLrelc)(1 + (nLrelc/ch)z)(l - P-c/lflch)_ls

MOXHO WMHTEPIPETUPOBATh KaK HAMPSKEHHOCTb MO-
pOTOBOTO TIOJISL.

IIpyynrHOA BO3HMKHOBEHHUS pejaKCallMOHHOM
HEYCTOMYMBOCTU SIBJISIETCSI CIAUIIKOM OoJiblIasi mpu
J > Jins CKOPOCTb HEPABHOBECHBIX 3JIEKTPOHOB, IIO-
MajgalonX M3 MPOBOMSIIETO KaHajla HAaHOIIPOBOAA B
KOJIJIEKTOPHBIM KOHTAKT. DT 3JIEKTPOHBI HE YyCIleBa-
IOT peJaKCUPOBATh K COCTOSHUIO TEPMOAUHAMUYEC-
KOT'O paBHOBECUS 3a BpeMs IMpoJieTa JUIMHBI pejakca-
uun L, 1 HAKaIJIMBalOTCA B KOHTAKTHOM 00JacTy.
CoracHo pacuetaM [2] UX KOHIIEHTpalUs SKCIIOHEH-
IMAJIBHO HapacTaeT ¢ MHKPEMEHTOM Topsiaka ©/2h
(oxono 40 TTu npu KomHaTHOI Temmiepatype). [1pu
TOCTUXKEHUU HEKOTOPOTO TMPENETIBHOTO 3HAYCHUS
KOHIIEHTpauuu [2] ee HapacTaHWe CMEHSIETCSI IKCIIO-
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HEHIMAJIbHO OBICTPHIM 3aTyXaHUEM C JIEKPEMEHTOM
TOTO XK€ MOopsiAKa MO0 MPOMCXOAUT TEIJIOBOM TpO-
0oii. /111 HAaHOIIPOBOAOB C KOPOTKMM KaHajioM [1] u
HEBBICOKOW COOCTBEHHOW KOHIIEHTpAILIMEN 3JIEKTPO-
HOB B KOJUIEKTOPHOM KOHTAaKT€ pelaKCallMOHHAsI He-
YCTOMYMBOCTD TOJDKHA TIPUBOIUTDH K 3aMETHBIM U3MeE-
HEHUSIM B TIPOBOAWMOCTU CTPYKTYPHI.

Ecnu maoTHOCTh TOKA B HAHOIIPOBOJE IPEBHIIIAET
JIPyroe IOpPOroBoe 3HaYeHUE

Jose = M )((2/T)O/ LX) X
x (n(xje)/nch)(Le/Lre]e(xje))z(1 - “e/uch)_la (2)

B SMUTTEPHOM KOHTAKTEe BOZHUKAIOT 3aTyXalOIIUE Bbl-
COKOYACTOTHbIE OCLMJUISILIMM KOHLEHTpalUunu BJIeKT-
poHoB [1]. TIpuunHO# OCUMJUISILIMIA SIBJISIETCSI HENO-
CTaTOYHAsI KOHILIEHTPAIUS 3JIEKTPOHOB, HEOOXOINMBIX
IIJIsT oOecrneyeHusl B CTAllMOHAPDHOM pexXume Tpedye-
MOTO YPOBHS MX MHXEKIIMA U3 SMUTTEepa B MPOBOSI -
IIMIA KaHall HaHompoBoga. B dopmyne (2) Xjp — KO-
OopIMHaTa YCJIOBHOTIO Iepexona MeXIy 3MUTTEPHBIM
KOHTAKTOM U TIPOBOJSIIM KaHAaJIOM;

Lrele = (thhGe/en(Gch + Ge))l/z

— JJIMHA pejlaKCallui HEPABHOBECHbLIX 3JICKTPOHOB B
SMUTTEPE; G, — IMPOBOAMMOCTU JJICKTPOHOB B SMUT-
TEPHOM KOHTAKTC€ HAHONIPOBOJA,; 7., — COOCTBEHHasI
KOHLICHTpaluA 3JICKTPOHOB B IPOBOAAILICM KaHaJIC;
Le — JJIMHA SMUTTEpPA.

B cootBercTBUM ¢ hopMysioit (2) BeTUUMHY

Epe = ((2/1)0/eL,y,)
X (1) /M) (Lef Lygg) (1 = /1) ™!

MOXHO MHTEPIIPETUPOBaTh KaK HaNpsDKEeHHOCTh I10-
POTOBOTO TIOJIS.

Kaxk BugHo u3 dopmyn (1) u (2), B obiieM ciayyae
MOPOTOBBIE TNIOTHOCTHU TOKOB jj s U j,i, — PA3INYHbIE
BeIMYMHBI. VX OTHOIIIEHUE OIpeneseTcss BhIpaxe-
HUEM

jins/josc = nz(Lrechrele/ Lez)(”chn(xjc)/ ”(xje)z) X
X (1 + (nLre[c/ZLc)2((l - “e/“ch)/(l - “c/“ch))' (3)

Otcoga cleayer, 4To, BapbuUpysl IMapamMeTpbl Ha-
HOIIPOBOJA, MOXHO TOOUTHCS TOTO, YTO 00a paccMmar-
pUBaeMbIX SIBJICHUSI HAQUHYT pa3BUBATHCS TPU OJHOM U
TOM € 3HAaYeHUHM IOPOroBOl MJIOTHOCTU Toka. [lpu
5TOM B SMUTTEpPE IOSBUTCS BCTPOEHHAS] WHIYKTHUB-
HOCTb, @ B KOJIJIEKTOPE MOXET COpMHUPOBATHCS 00-
JIaCTb C OTpULIATEIbHBIM TUddepeHIIaTbHBIM COMPO-
TUBJeHUEM. To eCTb MOTYT BO3HUKHYTbH YCJIOBUSI, He-
obxoanMmele ai1g reHepanyy CBY mMoiHoCTH.
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ManocurnanbHas cxeMa 3aMeleHus HAHOIpoBOAA

Ha puc. 1 cxemaTnuHo n300pakeH HAHOIIPOBO, a
Ha pUC. 2 TMOKa3aHbl XapaKTepHble MOTEHILIMAJIbHbIE
pelabedbl 1J19 3JEKTPOHOB B TaKOW CTPYKType IpuU
Pa3IUYHBIX NTOMEPEYHBIX pa3Mepax MPOBOASIIETO Ka-
Haja. BuaHo, 4To rpaHUlibl KOHTAKTOB C MPOBOJIS-
IIMM KaHaJIOM MPEICTABISAIOT COO0M reTepOnepeXOibl.
CBoiicTBa 3TUX TMEPEX0J0B MOTYT OKa3bIBaTh CYILIECT-
BEHHOE BJIMSIHME Ha BJIEKTPUYECKUE XapaKTEPUCTUKU
HaHOIPOBO/A.

Ecnu depe3 HaHOMpPOBOJ MPOTEKAeT TOK C ILUIOT-
HOCTBIO j, TO I MaaeHus HanpskeHus V cripasen-
JIMBO BbIpaxxeHue [1]

V= Vohm + Vje + VjC' “)

Bennuuna V), — 510 omuyeckuii Bkiaa B V, xo-
TOPBIA MOXET OBbITh 3allMCaH B BUJE

Vohm zjrohm’ (5)

Puc. 1. Hal-lOl'[pOBOIl — CTPYKTYpa, CoCToAlasA U3 NPOBOAALICTIO Ka-
HaJIa M IBYX KOHTAKTOB

Fig. 1. A nanowire — the structure of the conducting channel and two
contacts

Puc. 2. Ilotennuanbubie pesibedbl 1S 3JEKTPOHOB B HAHONPOBOIE
TIPH HYJIEBOM NPHJIOKEHHOM HANPSKEHNW, KOMHATHOW TeMmepaTtype
H Pa3IMYHbIX NONEPEeyHbIX pasmMepax NpoBojsumero Kanana L, (kpu-

Bble cHu3y BBepX) L, > Ly, Ly = Ly, L, = Ly,/2, Ly, — Anuna pas-
MepHOro KBAHTOBAHHS

Fig. 2. Potential reliefs for electrons in a nanowire at zero applied voltage
at room temperature and different transverse dimensions of the conductive
channel L , (botiom-up curves) L, > Ly, L, =Ly, L, =Lg,/2, Ly, —
length of size quantization




TIE 7., — YAEIbHOE OMMYECKOE CONPOTHUBJIECHUE
CTPYKTYpPBI, MpeACTaBIsIolIee COO0M CYMMY YASTbHBIX

OMUYECKUX CONPOTUBICHUIA 3MUTTEPA Fpppmpr TIPOBO-
JSLIEro KaHaua 7., U KOJUIEKTOPA 7yp -
Fohm = Yohme T ch +r Tohme: (6)

BeanmauHbr Vje Vjc ONKCHIBAIOT BKJIAAbI TETEPOIIE-
PEX0J0B MEXAY SMUTTEPOM U MPOBOASILIUM KaHAJIOM,
KOJIJIEKTOPOM M TIPOBOISIIMM KaHaJOM, COOTBETCT-
BEHHO, B o0lliee MaJeHue HaIpsKEHUs Ha CTPYKType.

st HUX cripaBeJIuBbI TPUOJIKeHHbIE (hOPMYJIb

Vie=Jlie»  Vie = Jljes @
a Fjp VL Ije — YICJIbHBIC CONPOTHBIICHHUSI T€TEPONEPeX0-
JIOB
Tie = 10/ 21(Xje) Lyete(Xje)
= 10/20(Xe) Lyor(Xsc); (8)
ry = h/e2 ~ 4,1 kKOM — Tak Ha3biBaeMoe "PyHIamMeH-

TaJbHOE CONPOTHUBICHUE" .

PenakcalimoHHasi HeyCTOWYMBOCTb MPUBOIUT K
BO3paCTaHUIO KOHLEHTpalUu1 n( ), 4TO cornacHo (8)
BeleT K YMEHBIIEHUIO COl'[pOTI/IBJ'[eHI/IH Ocuun-
JISIIIMA  KOHLIEHTPALMM DJIEKTPOHOB JIOKAJTM30BaHbI
BOJIM3M Tlepexoa MeXAy dMUTTEPOM U MPOBOASIIUM
KaHAJIOM M U3MEHSIOT CONMPOTUBICHUE Fj,. [list TOro
YTOOBI 3T 3(PEPEKTHI CYIIECTBEHHO TMOBIMUSIM Ha Xa-
pPaKTEepPUCTUKY HAHOIPOBOA, HEOOXOIUMO, YTOOBI CO-
TIPOTUBJICHUSI Fj, U Fj, OBUIM COMOCTABUMBI C 7ypye U
ITpocThie olleHKM MOKa3bIBaloOT [1], 4TO

(Lc/Lre]c)(n( )/nch)

(Le/Lre[e)(n( e)/nch) (9)

Fohme:
r ohmc/ rj
F ohme/ Tie ~

To ectb paccmaTpuBaeMble 3¢p(HEKThl TOJLKHBI B
HauOOJIbIIIEN CTeNeH! MPOSIBJISITbCSI B HAHOMPOBOJAX
C KOPOTKMM TIPOBOJISIIMM KaHaJllOM M HEBBICOKOM
KOHILIEHTpalMel 3JIEKTPOHOB B KOHTAKTax.

Ha ocHoBe BbipaxeHuit (4)—(8) HaHOMNpPOBOI B
HEeCTallMOHAPHOM CJlydyae B IMPUOIMXKEHUU, YTO abCo-
JIIOTHAs1 BeJIMYMHA aMIUIMTYbl KOJI€OaHUI MJIOTHOCTU
TOKAa MHOI'O MEHbIIIE, YeM IIOPOroBbie TOKU (IIPUOJIM-
>K€HHEe MaJioro CUrHaja), MOXeT ObITb OMMCaH SKBU-
BaJICHTHOI CXeMoOli, mpeAcTaBJIeHHOI Ha puc. 3. DTa
cXeMa YYUTHIBAET, YTO B HECTAllMOHAPHOM pEXUMeE
BaXXHYIO POJIb UTPAIOT eMKOCTH IeTepOIepexo10B KOH-
TakT — TPOBOASIINI KaHal. YaeJbHble COMPOTUBIE-
HUS SMUTTEPA ¥, U KOJIJIEKTOPA ¥, HA SKBUBAJIEHTHO
CXEMe€ OIpeAeSIeHbl KaK

e ™ Topme T 1,

oo Te ® Tohme T 1

e (10)

Puc. 3. MasiocuraajbHas 9KBUBAJIEHTHAS JJICKTPHIECKAA CXEMA HA-
HONPOBOJA

Fig. 3. Small-signal equivalent circuit diagram of a nanowire

Ddopmyibl, ToaydyeHHBIE B padorax [1, 2], mo3Bo-
JIAI0T BBIYMCIUTh UHKPEMEHT HapacTaHus & (QIyKTy-
auuii moreHuuana sV, nupu j > j;,. a TAKXKE 4acTOTY
OCLMJUISILMNA ®y U JAEKPEMEHT 3aTyxaHus y (uyKrya-
uuii noreHuuana 8V, npu j > j, .. Ilo stum napaMeT—
paM MOXHO OIpPEeIeIUTh CONPOTUBIICHUS /. U I, B pe-
KMMax pejakCalMOHHOM HEYCTOMYMBOCTU M 3aTyXa-
IOIIMX OCHWJUIALIAN

= (yC,)™ !, (11)

a TaKK€ MHAYKTUBHOCTb OMUTTEpPA

= (xC) ",

= (Coop) . (12)

[MpubauxeHHble 3HAYEHUST MAJIOCUTHAJIBHBIX €M-
kocreit amurrepHoro (C,) u komiekropHoro (C,) re-
TEPONEPEXOJ0B MOTYT ObITh HAHAECHBI MPU TIOTHOCTSIX
TOKOB, MEHBIIINX MTOPOTOBBIX, M3 COOTHOIIICHWIA, aHa-
JornyHeix (11):

= (1) . (13)

3nech vy, . JEeKpeMEHThl 3aTyxaHusl (QIyKTyauui
V, . [1], a BenmunHbI Tie> T OTIPENIENICHBI CTALIMOHAP-
HbIMU (opMynamu (8).

— -1
Ce - (’Ye’}e) 5

Pe3yabTaThl pacyeToB

B cootBetcTBUM ¢ hopmynamu (1) u (2) mioTHOCTU
MIOPOTOBBIX TOKOB j;,c Y jyo. TEM OOJIbLIE, YEM BBILLE
KOHIIEHTpalLMsl 2JEKTPOHOB B KoHTakTax. Ilo aToit
MPUYMHE 11 MUHUMU3ALUU TUIOTHOCTEW MOPOTOBBIX
TOKOB 11€JIECO00pPa3HO UCIOJb30BaTh MOJYITPOBOIHM-
KOBbBI€ KOHTaKThl, KOHLIEHTPAL1S 3JIEKTPOHOB B KOTO-
PBIX PETYJIMPYETCS YPOBHEM JIETUPOBAHUS JTOHOPHOM
MpUMECHIO.

Kak mokazaHo B pabote [1], cyliecCTBEeHHOE BJIM-
SIHUE HA 3HAYECHUS 0, Jooer &, O M Y OKA3BIBAIOT Pa3-
MepbI KOHTaKTOB L, 1 L. IlepedncieHHble TapaMeT-
PBI 3aBUCST TaKXe OT MOJABUXHOCTU U KOHLIEHTPALlMK1
5JIEKTPOHOB B MpoBonsdieM KaHaine. [locienHsst on-
penensieTcsi COOCTBEHHOM KOHLIEHTpallMeld MaTepuania
KaHaJla U KOHIIEHTPAILIMEN 2JIEKTPOHOB, NWHXEKTUPO-
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Puc. 4. KonueHTpanus 3,1eKTPOHOB B HAHONPOBOJE C KOHTAKTAMH U3
n*-KpeMHHsI ¥ mpoBoxsAmMUM KanaxoM u3 InSb npu HyieBoM mpu-
JIOXKEHHOM HANPSKEeHUH M Pa3JMYHBIX NONepevyHbIX pasMepax mpo-
BojsmIero Kanama: /| — oGbeMHbIT Matepuan; 2 — L, = Ly, 3 —
Ly =Lg/2;4— L =Lyy/3;5— L, =Ly/4

Fig. 4. Concentration of electrons in a nanowire with the contacts of

n"-silicon and conductive channel of InSb at zero applied voltage and
different lateral dimensions of the conductive channel: 1 — volume
material; 2 — L, =Ly 3 — L, = Lyy/2; 4 — L, = Ly/3; 5 —

L_L =qu/4

BaHHBIX B KaHaJl U3 SMMUTTEPHOro KOHTakTa. s
MPOBOJSALIETO KaHaJla C TONepeYHbIMU pasMepamu L,
MEHbILIMMH JJIMHBI pa3MEPHOro KBAaHTOBaHUS, COOCT-
BeHHas! KOHIICHTpAIINS 3JIEKTPOHOB YOBIBACT C YMEHB-
uieHueM L, (puc. 4).

st Toro 4ToObI TeHEPaTOp Ha OCHOBE HAHOIMPO-
BoJa MMeJ MpUeMJIeMblii KO3(DUIIMEHT TMOJIe3HOro
nmeiictBust (KIIH), HeoOxommmMo MWHUMHM3UPOBATh
TeIUIOBbIE MTOTEPU dHEPTUU. To eCcTh yAeIbHOE COIpPO-
TUBJIEHUE TPOBOAAILEIO KaHajaa F., MOJKHO OBbITh
MUHUMaJIbHBIM. [Ipy 3TOM KOHIIEHTpalMs 3JEKTPO-
HOB B KaHaJjle He JOJKHa ObIThb CAMIIKOM BbICOKOW.
Muaye GonpliMMu OyAyT IUVIOTHOCTU IOPOTOBBIX TO-
KOB. BbIMoOJIHEHUSI yKa3aHHbBIX MTPOTHMBOPEUYUBBIX YC-
JIOBUH MOXHO NOOUTBCS, €CJIM MPOBOISILIMA KaHas
M3TOTOBUTH U3 MaTepHaia ¢ MaKCUMAaIbHOM TTOIBIIK-
HOCTbIO — aHTMMOHUAA UHAUS.

TecToBble pacueTbl MO3BOJSIOT MOAO0PATh MPUEM-
JieMble BapuaHThI CTpyKTyp. OHA U3 HUX C TTPOBOSI-
UM KaHaJIOM M3 aHTUMOHMIA WHIMSA M KOHTaKTaMu
U3 KPEMHUSI 1-TUIA UMEET CJeyIolIe napamMmeTphl:

L,=100 um, L.= 500 um, L. = 100 uMm,

L, =40nm, N,=10"cm 3, N.=5-10"cm3,

rae N, u N, — KOHILIEHTpalysl NOHU30BaHHOMI TOHOP-
HOI MpUMECHU B IMUTTEPE U KOJIJIEKTOPE.
KoHiieHTpanus 371eKTpOHOB B MPOBOMASIIEM KaHa-
Je n.;, ABNAETCA (QYHKUMEH KOOPAMHAT U 3aBUCUT OT
MPUJIOXKEHHOTO HamnpsikeHus. B nuanaszone Hampsike-
HU OT HyJig 10 1 B unciieHHbIe pacueThl 1aloT 1Sl Hee
3Ha4YeHMe MmopsiaKa 1013...10! cm 3. Pacuerst MIPOBO-
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IUJINCh B IIPEAIIOJIOXEHUM, YTO TeMIlepaTrypa CTPYK-
Typbl TIocTosiHHA U paBHa 300 K.

IIpu ykazaHHBIX IAapaMeTpax HAHOIPOBOAA IS
ITOPOTOBEIX TUIOTHOCTEM TOKOB ITOJYJalOTCS OJIM3KHE
IPYT K IpYTy 3HaYCHUSI:

= 8,73+ 103 A/em?, = 8,77 103 A/em>.

jins josc

Ha puc. 5—7 noka3zaHbl 3aBUCUMOCTH &, Wy U Y OT
IUIOTHOCTU TOKa. BUIHO, YTO MTPpU MIOTHOCTSIX TOKOB,
MEHBLINX ITOPOTOBBIX 3HAYEHUH, & U ®( PABHLI HYJIIO.
Ipu j > j;,s W j > josc 3T BETUIUHBI MOHOTOHHO BO3-
pacTalT C poCTOM IJIOTHOCTUA TokKa. Ilpu 3tom xa-
pakTepHble 3HAUYE€HUS & COCTaBJISIIOT eduHULbl TI1I,
a oy — gecarku TT'u. JlekpeMeHT 3aTyXaHus (puyk-
TyallMiA KOHLIEHTpPaLMU B BMUTTEPE Yy MOHOTOHHO
yowiBaeT 1ipu j < j,.. Ilpn j > j, . BeIn4nHa y 1pak-
TUYECKM HE M3MEHSIETCS W COCTaBJsIeT MPUMEPHO
94,5 TTu.

Ha puc. 8 nokazaHo moBelneHNE COMPOTUBICHMUS
KOJUIGKTOPHOTO TeTepoIiepexona r;. B 3aBUCUMOCTH
oT TIoTHocTu Toka. Ilpu j <, 3T0 conpoTuBieHne
MOJIOXKUTEbHO Y BO3pPACcTaeT C pOCTOM TOKa, YTO CBsI-
3aHO C 00eTHEHUEM reTeponepexo1a HOCUTENIMU 3a-
psiia 3a CUET YCKOPSIIOLIErocsl C pOCTOM TOKa BbIHOCA
UX B KOHTaKTHyI0 obnacts (puc. 9). Ilpu j > j;, . Be-

JMYUHA 7j, HaYMHAeT OBICTPO YOBIBAaTh C POCTOM

J, Alem?
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Puc. 5. lnkpemeHnT Hapactanus QUIyKTyanuii 2 B KOJJIEKTOpe Kak
(yHKIMSA MJIOTHOCTH TOKA j

Fig. 5. Growth rate of fluctuations e in the collector as a function of
current density j
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Puc. 6. YacTroTa ocuM/UISIAil KOHIEHTPAIMHA 3JIEKTPOHOB B IMATTEPE
®) KaK (yHKIMS IIOTHOCTH TOKA j

Fig. 6. Frequency of the oscillations of the electron density in the emitter
oy as a function of current density j
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Fig. 7. Damping decrement of fluctuations in the emitter y as a function
of current density j
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Puc. 8. InddepennuanbsHoe conpoTuBiIeHne Nepexona MexXIy npo-
BOJALHM KaHAIOM H KOJUIEKTOPOM ;. KaK ()YHKUMA IIOTHOCTH TOKa j

Fig. 8 Differential resistance of the junction between the conductive
channel and collector r;, as a function of current density j

IUIOTHOCTU TOKAa U CTAHOBUTCS oTpuliaTeabHON. OHa
OBICTPO JOCTUTAET HEKOTOPOr0 MUHMMAJILHOIO 3Ha-
YeHUsI MU HaUMHAeT BO3pacTaTh C POCTOM j, OCTaBasiCh
OTPULIATEILHOM BO BCEM pacyeTHOM JMaIla30He ILIOT-
HOCTEN TOKA.

st BBIOpaHHOM CTPYKTYpPhl pacyeThl MOKa3bIBa-
10T, 4TO 3P HEKTUBHAA UHAYKTUBHOCTD L2, IPU j > j, o0
OKAa3bIBACTCS MOpPsAKA 10710 ulu - em2. Emkoctu C.n
C.~ 1 nH®/cm?, a conpoTuBIeHns r,), ~ 1070 Om - em?,
Tie ~ Yohme ~ Yohme ~ 10_5 Om - CM2‘

PesynbraThl pacueToB 3aBUCUMOCTU OT YacCTOTHI ®
JEUCTBUTEJIBHOM W MHHUMOM 4YacTe€id KOMIIJIEKCHOTO
uMIlegaHca Z CXeMbI 3aMellleHUsI HaHOIIpOBOJa IO-
Ka3aHbl Ha puc. 10. BeiOpaHO 3HaueHMe TMJIOTHOCTU
ToKa j = 1,6+ 104 A/CM2, MOYTH B JBa pasa IpeBbI-
LIafollee NMoporopbie 3HaYeHusA. Yacrora o, paBHs-
ercst mpu 3ToM 72,17 TT'u. BugHo, yto B 061acTu yac-
TOT, MEHBILINX ®(), PEATU3YIOTCA YCIOBUSA, HEOOXOIU-
Mble st reHepan CBY mourHocTH.

ODTO MNOATBEPXIAIOT pacyeThl MaKCUMaJIbHOM
MOIIIHOCTH, OTAaBaeMOWl HAHOIMPOBOAOM BO BHeElll-
H010 Lienb. MX pe3ynbraThl mokasaHbl Ha puc. 11.

Puc. 9. Pacnpeseenne KOHIEHTPAIMH 3JIEKTPOHOB B HAHOMPOBOJE
npu V= 0,38 B (n, — xonuenrpauus npu V=0 B)

Fig. 9. Distribution of the electron density in a nanowire at V = 0,38 V

(ny — concentration at V= 01V)
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Puc. 10. JleiicTBuTE/IbHAS H MHAMAS 9aCTH KOMILJIEKCHOTO MMIIEIaH-
ca HAHONPOBOJA KAK (PYHKIHS 4ACTOTHI

Fig. 10. Real and imaginary parts of the complex impedance of a
nanowire as a function of frequency

Puc. 11. Makcumansnas CBY MomHocTh, reHepupyeMasi HAaHONPO-
BOJIOM

Fig. 11. Maximum microwave power generated by a nanowire
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IIpu yacrotax, menbiuux 1,4 TT'11, paccMaTpuBaeMblil
HaHOMPOBOJ MOXET OTIaBaTh BO BHELIHIOKO 1IEMb MO-
psaaka 10 uBt. I1pu aToMm ero KIIJI oka3bsiBaeTCcsl OKO-
o 13 %. Ilpu dacrorax, mpeBblmammmx 7,2 TIio
(~0,1p), renepanusa CBY MoliHOCTH MpeKpaliaeTcs
Y KBAHTOBBIM MPOBO/ TOIJIOIIAET BHEILHIOW 3HEPTUIO.

3akioueHue

B cratbe nmokazaHo, YTO HaHOIPOBOJ MOXKET OBITh
aKTUBHBIM 3JIeMeHTOM reHepaTropa CBY konebaHuii B
MUWJUIMMETPOBOM M CYOMWJLIMMETPOBOM Jrarna3oHax
JIJIUH BOJIH. Takoe mpuMeHeHHe 3TOro Ipuodopa BO3-
MOXHO, €CJIM B €r0 KOHTAaKTHBIX 00J1aCTSIX BO3HUKAET
pellakcaloOHHasT HEYCTOMYMBOCTb M OCUULISLIUKA
KOHLEHTpaLMU HOCUTENIeN 3apsiia. OTU SIBICHUS MO -
poOHO paccMOTpeHHI B pabote [1].

CorysacHO TIpOBEAEHHBIM pacueTaM MOIIHOCTb
BJIEKTPOMATHUTHOTO U3JTyUYeHMSsI, TCHEPUPYEMOTO O/I-
HUM HaHOIIPOBOAOM, MoxXeT mocturaTth 10 HBT. B pa-
Oote [5] omMcaHa TEXHOJOIUSI CO3NAaHUS U UCCIEIO-
BaHBI CBOMCTBA MaTPUI] HAHOIIPpOoBOAOB 13 InSb, B Ko-
TOPBIX UX IUIOTHOCTb COCTaBJISIET OKOJIO 1010 Ha cm?.
Ecnu npuBeneHHbBIe 3[eCh OLUEHKN MOIIHOCTU MU3ITy-
YyeHUsT OyAyT MOATBEPXKIECHBI 3KCIEPUMEHTAJIBHO, TO
MpYMeHEeHWe MaTpUll HAaHOIIPOBOJOB B KayeCTBE aK-

TUBHBIX 3JieMeHTOB CBY reHepaTopoB MO3BOJIUT I10-
JiyuuThb 1o 100 BT/CMZ.

B HacTos111e€ BpeMsI UMEIOTCS BCE TEXHOJIOTHYEC-
Kri€ BO3MOXHOCTU ISl TIPOBEACHUSI TaKUX DKCIEPU-
MEHTAJIBHBIX MCCIIeIOBaHNMI, HAaTIpaBJIEHHBIX Ha TIpaK-
TUYECKOE OCBOEHME TeparepleBoro Auana3oHa yacToT
(300...3000 I'T'm).
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Nanowire as an Active Element of the Microwave Radiation Generators

The authors theoretically investigated feasibility of use of a nanowire as an active element of the solid-state generators of elec-
tromagnetic radiation of the terahertz range of frequencies (300...3000 GHz). They demonstrated, that application of the quantum
wire matrixes from antimonide of indium with semi-conductor contacts, in principle, will allow us fo receive the density of the ra-

diation power up to 100 W/cmz.

Keywords: nanowire, terahertz radiation, microwave radiation, generator, relaxation instability

Introduction

In [1] it is shown that under certain conditions in the
contact areas of nanowire, relaxation instability and
damped oscillations of the electron density may occur.
These effects have a threshold and are only possible if
the electron mobility in the contacts and conducting
channel of nanowire are different. Let us assume that
the mobility of electrons in a conducting channel of na-
nowire p, is over of their mobility in the emitter con-
tact p, and collector contact p.. Then, at a positive bias
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between the collector and emitter, the relaxation insta-
bility may occur in the collector contact, and at elec-
tron density oscillations — in the emitter contact.

Relaxation instability develops if the current density
in a nanowire exceeds the threshold value

2
1+ [nl’relc(x[c)}
20 2Lc

Jins = ne(Xpe) (D
ins e Lrelc(xjc) - He

Hen




where n — concentration of electrons; x;. — coordinate

b Jc
of the relative transfer between the conductive channel

of a nanowire and the collector contact; ® = kpT,
kp — Boltzmann's constant, 7'— absolute temperature;

1/2
ho,.,0, / .
Loy=|—————— — the relaxation length of the
en(c,,+0c,.)
nonequilibrium electrons in the collector; # — Planck's
constant divided by 2n; e — electron charge; ., and

o, — electron conductions in the conducting channel
and collector contact of the nanowire; L. — collector’s

length.
In accordance with formula (1), the following value
can be interpreted as a strength of the threshold field:

2 -1
E. 20 1+ L e M
ins eLrel 2Lc Hen .

The reason for the relaxation instability is high speed
of the nonequilibrium electrons at j > j;, fall from a
conductive channel of a nanowire in the collector con-
tact. They do not have time to relax to a state of ther-
modynamic equilibrium during the relaxation span L,
and accumulate in the contact area. According to cal-
culations [2], their concentration increases exponen-
tially with the growth rate of the order of ®/2/4 (about
40 THz at room temperature). Upon reaching the con-
centration limit values [2] its increase is replaced by an
exponentially fast decay with a decrement of the same
order, or there a thermal breakdown occurs. For na-
nowires with short channel [1] and low concentration
of the electrons in the collector contact, the relaxation
instability should lead to noticeable changes in the
structure of the conductivity.

If the current density in a nanowire exceeds other

threshold
2o
n(x;,)

. " je/ «
Jose = He 8 je) rele( ) Ren
2 -1
L
x[ ¢ j[l e 2
rele( ) Ken

the damped high-frequency oscillations of the electron
density occur in the emitter contact [1]. The cause of
the oscillation is the lack of concentration of electrons
needed to ensure the steady operation of the desired
level of injection from the emitter into the conductive
channel of a nanowire.

In the formula (2) Xjg — the coordinate of condi-

tional transfer between the emitter contact and the

1/2
"“f_hcj non
)

conductive channel; L,,, = (
en(c,.,+o,

equilibrium relaxation length of the electrons in the
emitter; o, — electrons’ conductions in the emitter

contact of a nanowire; n,, — concentration of

electrons in the conducting channel; L, — the length

of the emitter. In accordance with formula (2),
2

= nx;,)( L 2 -

Epse = = L5 [ ¢ j [ - &) can be in-
eLrele Ren Lrele Hen

terpreted as a threshold field strength.

As can be seen from the formulas (1) and (2) gen-
erally threshold currents densities j;,, and j,. are dif-
ferent values. Their relation is given by

jiiv - 7_CZLrechrele (nchn(xjc)j %
)

josc Li n(xje 2
)1k
% (1 +[TCLrelcj j “ch' (3)
2L, e
B Hen

It follows that, by varying the parameters of the na-
nowires, we can ensure that both events will develop in
one and the same threshold current density. The built-
in inductance will appear in the emitter, and region
with negative differential resistance can be formed in
the collector. That is, you may receive the conditions
necessary for generation of microwave-power.

Small-signal equivalent circuit of a nanowire

Fig. 1 schematically depicts a nanowire, and fig. 2
shows the characteristic of the potential reliefs for elec-
trons in such structure at different transverse dimen-
sions of the conducting channel. It is evident that con-
tacts with the conductive channel boundaries are the
heterojunctions. The properties of these transitions can
have a significant impact on the electrical characteris-
tics of a nanowire.

If current with a density j flows through a nanowire,
for the voltage drop Vit is true [1]

V= Vohm + Vje + Vjc' (4)

V,nm is ohmic input into ¥, which can be written as

Vohm = jrohm’ (5)

where r,,,, — specific ohmic resistance of a structure,
which represents the sum of the specific ohmic resist-
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ances of the emitter r,
collector 7,

ame> conducting channel r,, and

hmc

1%

ohm = Tohme + Fen + Tohme: (6)

Vie and V. describe inputs of the heterojunction be-
tween the emitter and conducting channel and a con-
ductive collector, respectively, into the total voltage
drop across the structure. For them, the formulas ap-

proximation
Vie=Jtier Vie = Jfies ()

and r;, and r;, — the specific resistances of the hetero-
junction

"o
Fie = )
Je 2n(xje) Lrele(xje)

"o
P = g (8)
/e 2n(xjc)Lrelc(xjc)

1y = h/e2 ~ 4,1 kQ — "fundamental resistance".

Relaxation instability leads to an increase in the
concentration n(xjc), that according to (8) leads to a re-
duction of resistance r;.. The oscillations of the electron
density localized near the junction between the emitter
and the conductive channel and change resistance 7.
To let these effects significantly influence on the char-
acteristics of a nanowire it is necessary that the resist-
and r,

ances 7, and r;, were comparable to ., hme
The estimates show that [1]
T ohme N Lc n(xjc)
rjc Lrelc Ren
Fohme - Le n(xje) 9)
rje Lrele 0y

That is, these effects should be the most manifest in
nanowires with short conductive channel and a low
electron density in the contacts.

Based on the expressions (4)—(8) with a nanowire
in the approximation of the transient case, the abso-
lute value of the current density amplitude of oscilla-
tion is much smaller than the current threshold (small
signal approximation) can be described by the equiv-
alent circuit (fig. 3). This scheme takes into account
that the heterojunction capacitance contact — con-
ducting channel in the transient regime play an impor-
tant role. Specific emitter resistance r, and collector r,
in the equivalent circuit are identified as
+r. (10)

Fe =1, +r Te ® Fohme ™ Tie

hme je>
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The formulas obtained in [1, 2], allow us to calculate
the growth rate = of potential fluctuations 8V, at;j > j;,.,
as well as the frequency of the oscillations o, and
damping rate y by potential fluctuations 8V, at j > j .
These parameters can determine the resistances r;. and
Tie in modes of relaxation instability and damped oscil-
lations

re=(@C), r,=@C) 7, (11)

as well as the emitter inductance
— 2\-1
L,=(Coy) . (12)

Approximate values of small-signal capacitances of
emitter (C,) and collector (C,) heterojunctions can be
found at current densities lower than the threshold,
from the relations, analogous to (11)

Co= (i) s Co=(rer) ", (13)

there v, . — the damping fluctuations rates 5V, . [1],

and the values r;,, r;, are defined by fixed formulas (8).

Calculation results

In accordance with formulas (1) and (2), the
threshold current densities j;,, and j,,. the greater the
higher the concentration of electrons in the contacts.
To minimize the threshold current densities it is ap-
propriate to use semiconductor contacts, the electron
density in which is regulated by the level of doping do-
nor impurity.

As shown in [1], a significant impact on j;,, j e @,
o, and y have the contacts and the size of L, and L.
These parameters also depend on the mobility and con-
centration of electrons in the conducting channel. The
latter is determined by their own channel material and
concentration of electrons injected into the channel
from the emitter contact. For conducting channel with
transverse dimensions L |, smaller than the length of the
size quantization, the electron density decreases with
decreasing L (fig. 4).

To let generator based on nanowires have an accept-
able coefficient of performance (COP), the thermal
losses must be minimized. That is, the resistivity of the
conductive channel r, should be minimal. The elec-
tron density in the channel should not be too high. Oth-
erwise, the densities of threshold currents will be great-
er. Successful completion of the contradictory condi-
tions can be achieved, if the conducting channel will be
made of indium antimonide with maximum mobility.




Test calculations allow to suggest the alternative
structures. One with conductive channel of indium an-
timonide and contacts of n-type silicon has parameters:

L,=100 nm, L.=500nm, L., =100 nm,
L, =40nm, N,=10"%cm™3, N.=5-10"cm™3,

where N, and N, — ionized donor impurity concentra-
tion in the emitter and collector.

The electron density in the conductive channel n,,
is a function of the coordinates and depends on the ap-
plied voltage. In the voltage range from zero to one V'
the numerical calculations give a value in the order of
1013...10* cm™3. The calculations were made in the as-
sumption that the structure of the temperature is con-
stant and equal to 300 K.

At these parameters of a nanowire for the threshold
current densities there the values are obtained close to
each other:

=8,73-10° A/cm?, = 8,77-10° A/cm?.

jins josc

Figs. 5—7 show the dependences &, oy and y from
the current density. We see that at current densities be-
low the threshold, @ and o are equal to zero. Atj > ;.
andj > . these values increase monotonically with in-
creasing of current density. In this case, the character-
istic values of @ make THz units and o) — tens of THz.
The decrement of concentration fluctuations damping
in the emitter y decreases monotonically at j < j ..
At j >, v almost constant and is approximately
94,5 THz.

Fig. 8 shows the behavior of the resistance of the
collector heterojunction Fie depending on current den-
sity. At j < jj,¢ this resistance is positive and increases
with increasing current, due to the depletion of the
charge carriers heterojunction by accelerating the re-
moval of them in the contact area (fig. 9). At j> j;,, the
value Fie begins to decrease rapidly with increasing cur-
rent density and becomes negative. It quickly reaches a
minimum and begins to increase with increase of j, re-
mained negative throughout the estimated range of cur-
rent densities.

For the chosen structure, the effective inductance
L, at j > j,. is in the order of 10—1% nH - cm?, the
capacities C, and C, ~ 1 nF/cm? and resistance
Fop ~ 107 Q- cm?, Tie ™~ Fohme ~ Tohme ~ 107° Q- cm?.

The results of calculations of dependence on the
frequency o of the real and imaginary parts of the
complex impedance Z of a nanowire equivalent circuit
is shown in fig. 10. The selected current density

j=1,6- 10% A/cm2 almost twice exceeds the thresh-
olds. The frequency w( equals to 72,17 THz. It is evi-
dent that at lower frequencies of w the conditions for
generation of microwave power become realized.

This is confirmed by calculations of the maximum
power given by a nanowire to an external circuit (fig. 11).
At frequencies below 1,4 THz, the considered nanowire
may give to the external circuit about 10 nW. Moreo-
ver, its efficiency is about 13 %. At frequencies greater
than 7,2 THz (~0,1 o), microwave power generation
stops and a quantum wire absorbs external energy.

Conclusion

The article shows that a nanowire can be an active
part of the generator of the microwave oscillations in
the millimeter and submillimeter wavelengths. Such use
of the device is possible if its contact areas there a re-
laxation oscillation instability and concentration of
charge carriers occur. These effects are discussed in de-
tail in [1].

It is estimated that the power of the electromag-
netic radiation generated by one nanowire, can be up
to 10 nW. [5] describes a technology for creating and
investigates the properties of nanowires arrays of InSb,
where their density is about 1010 per cm?. If the given
estimates of the radiation power will be confirmed ex-
perimentally, the use of arrays of nanowires as the ac-
tive elements of the microwave generators will provide
to obtain up to 100 W/cmz.

There are all the technological possibilities for ex-
perimental studies on the development of the terahertz
frequency range (300...3000 GHz).
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! MHucTtutyt aBTroMatuku u anekrpomeTpun CO PAH, r. HoBocubupck

2 PanMOTEXHUYECKHIA MHCTUTYT uMeHH akanemuka A. JI. Munna, r. MockBa

OLEEHKA MAKCMMAAbHOW YAEAbBHOW MOLLHOCTH
EMKOCTHbIX SAEKTPOCTATUHECKUX MUKPOTEHEPATOPOB

Ilocmynuna é pedaxyuro 02.03.2016 e.

lloka3zano, 4mo 6 eMKOCMHbIX INeKMPOCMAMUYECKUX MUKPOLEHEPAMOPax MAKCUMAAbHAS NAOMHOCMb NeKMPUYecKou dHepeuu
Mmoocem docmueams 10 ,ZZMC/MZ, umo onpedensiem 03MOICHOCMb docmudiceuss y0easHou mowHocmu do 100 MBm/CM2 6 obnracmu
Huszkux yacmom (10...100 T'y), xapakxmepruix 015 MUKposubpayuii nosepxHocmeti meepovix mea. Taxas MOUHOCMb NO360AUM CY-
WeCmeeHHo pacuupums 004acmu nPUMeHeHUsl YKA3AHHbIX MUKPO2EHepamopos, 8 nepayio ouepeds, 8 MOOUAbHBIX INeKMPOHHbIX YC-
mpoticmeax. [loka3ano, umo 01 npeobpa308aHus bICOKOU NAOMHOCIU KUHeMU4eCKoU dHepeUuU 6 INeKmpuU4ecKyro HedoCmamo4Ho
UCNOAB308AMb CEOUICMBA UHEPUUOHHOCIU MACChbl N008udcHoU naacmutbsl (T111) kondeHcamopa eenepamopa, Komopbvle NPUMEHAOMm
6 00AbUUHCMEE U36eCTHbIX KOHCIMPYKYUL nO cO0pY dHepeuu UOPayull nogepxHocmeti meepobix mea ¢ HU3KOU IHEPLOeMKOCHbIO
(00 0,1 Jrc/m?), a Heolxo0umo 6 KOHMYpe MeXAHO-31eKmPUHecKo20 npeobpasoeanus SHepeull OCywecmenims npsmoe o3oetic-

meue eHewHell cuavl Ha T111.

Karouegvie caosa: emxocmuoie MUKDpOceHepamopbsl, 31eKmpocmamuKa, MaKkCumaibHas 3HepeoemKocnms

BBenenue

MukporeHepaTopbl 3J€KTPUYECKOU SHEPruu B
HacTosllllee BpeMsi MHTEHCHBHO pa3pabaThbiBaIOT IS
OCYIIECTBJIEHMUS OecriepeOOMHOro NMUTaHus yaajeH-
HBIX 3JIEKTPOHHBIX YCTPONCTB, 3aMe€Ha XUMMYECKHUX
3JIEMEHTOB MUTAHUSI B KOTOPBIX TPYAHO OCYLIECTBUMA
WY TIpaKTUIeCKU HEBO3MOXHA. JInarmazoH MOIITHOCTH
reHepaTopoB, TPeOyeMblii J1s1 TAKUX YCTPONCTB, — OT
10 HBT1 1o 10 MBT. K yKazaHHbBIM yCTpOiCTBAaM OTHO-
CSTCSl CUCTEMbI YAAJIIEHHBIX MUKPOCEHCOPOB, MpUMe-
HSIEMbIX JIJISI MOHUTOPUHIA OKPYXKalollei cpebl, s
KOHTPOJISI Pa3IMYHbIX MPOMBILIJIEHHBIX YCTaHOBOK,
ObITOBOI ammnapaTypbl U OMO0OBEKTOB. AKTyaJllbHBIM
SIBJIIETCSI BOIIPOC O NMPUMEHEHUU MUKPOTEHEepaTOpPOB
JUIS. TIMTAHUSI TIEPEHOCHBIX MUHU-YCTPOMCTB, HAINpU-
Mep MOOWJIbHBIX TeJIe(DOHOB, IS MOANEPKAHUS B pa-
0oyeM COCTOSIHMM 3apsiia akKKyMyJjsiTopa, Koria, ro
OlleHKaM, HeobxoauMa MOIIHOCTb MMKpOTeHepaTopa
Mopsiika COTEeH MUKPOBATT.

Haubonee mepcrnekTWBHA IS UCMHOJb30BAaHUS B
MUKpOTeHepaTopax 3Heprusl BUOpaluii oKpyxKarolei
Cpelbl, MOCKOJIbKY 10 CPaBHEHUIO C IPYTMMU HUCTOY-
HUKaMM 3HEPTUU, TAKUMU KaK CBET, TEILIOTa, paauo-
U3JIy4YeHre, OHa MTOCTOSIHHO AOCTYIHA U MMEET TOCTa-
TOYHO OOJIBIIYIO INIOTHOCTh. MCTOUHMKAMU MUKPO- U
MaKpOBUOpaLMi MOIYT CIYXWUThb KOJeOaHUs CTPOU-
TeJIbHbIX KOHCTPYKUMIA, HAIPUMED, 30aHUIA, MOCTOB,
JIOPOXKHOTO MOJIOTHA, PEJIbCOB, MAIIMH U MEXaHM3-
MOB, OBITOBOMI amrmapaTyphbl, Teja 4eJoBeKa, MUKPO-
ceiicmuka u ap. [1—3]. ITockonbKy co3maHue 3J1eKT-
POMAarHUTHBIX MUKPOT€HEPATOPOB (CM., Harpumep, [4])
C IOCTAaTOYHO OOJIBLION MJIOTHOCTHIO Mpeodpa3yeMoii
SHEPIUM TPYAHO OCYIIECTBUMO, TO B HACTOSILLIEE BPEMSI
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pa3pabaThIBalOTCsS] €MKOCTHBIC YCTPOICTBA — 3JIEKT-
pOCTaTUYECKKME M IhE303JEKTPUUECKME MUKDPOreHE-
paTopBkI.

PaGoTra mbe3oreHepaTOpOB OCHOBaHA Ha IMPSIMOM
mbe303(dekTe, BO3HUKAIOIIEM B IU3JIEKTPUKAX U CeT-
HETO3JIEKTpUKax 0e3 ILIEHTpa CUMMETPUU MOI BO3-
JIeCTBUEM MEXaHWYECKOM CUJIbI, IIPUBOISIIIEH K 00-
patnMoii nedopMalMi TJIACTUHBI ITbe303JIeKTpUKa [5].

B snexTpocratmyeckmx eMKOCTHBIX MUKpOTreHepa-
TOpax MPoIEeCcC reHepaluy SHEPIrUY IPOUCXOIUT IIPpU
JIEVCTBUM MEXAaHUYECKOM CUJIbI IPOTUB CUJI SJIEKTPU-
YeCKOro IOJIsl, COBepllalleil paboTy Mo pa3aBUxKe-
HUIO 3apsKEHHBIX TTACTUH KOHAeHcaTopa [6]. Mox-
HO OTMETHUTh, UTO MaKCUMMaJlbHasl dHEPrus, rpeodpa-
3yeMasl 3a OJMH LIUKJI B 3IEKTPOCTATUUECKUX reHepaTo-
pax, paBHa MaKCMMAaJIbHOUM 3HEPIUU 3JICKTPUUISCKOTO
MoJISI B KOHAEHCAaTOpe, TOrJa KaK MaKcHMallbHast
DHEprusl Mbe3oreHepaTopa OrpaHUYEHa ero MeXaHu-
YeCKOU MPOYHOCTHIO, KOTOPasi HEIOCTATOYHO BBICOKA
IIJIsI TOHKMX TUJICHOK, IIpuMeHsieMbIx B MOMC-reHe-
paropax.

EMKOCTHOM MUKpOreHepaTtop B 00lLeM BUIE Mpe-
cTaBjsieT coboii KOHIEeHcaTop, OJHA W3 IJIACTUH KO-
TOPOTro 3aKperuieHa Ha KOpITyce yCTPOMCTBa, a apyrasi
MOXET TEPEMEIIATHCS IOl BO3NCUCTBUEM BHEIIHEH
MexaHu4Yeckoi cuibl. Ut mpenoTBpalleHus: mpobost
MEX3JIEKTPOJHOIO 3a30pa 1 YBEIUUYEHUS] aMILIMTYAbI
HaIpsiKeHUs1 Ha TIOBEPXHOCTh OJHOTO U3 3JEKTPOJOB
HAHOCST TOHKUI CJI0i1 IuaaeKTpuka (puc. 1). BToT re-
HepaTop MOXeT paboTaTh MPU Pa3ABUXEHUU TJIACTUH
KakK B MJIOCKOCTU CTPYKTYPbI (TO €CTh TPU U3MEHEHU U
TJIOIIAAM MEePEeKPHITUS TUIACTUH S MPU HEM3MEHHOM

on

MEXDJIEKTPOIHOM 3a30pe) — "TUIaHAPHBINA" TeHepaTop




Puc. 1. CxemaTnueckoe mpeactaBjieHHe eMKOCTHOIO HEIJIAHAPHOTO
(a) u nnanapaoro (b) renepaTopoB (CTpeJKAMH NMOKA3aHO HAMPAB-
JieHHe BO3AeiCTBHA cHiibl HA moaBmkHyI0 miaactuny (ITIT) konaeH-
caropa): [ — [1I1; 2 — nuanexTpuk; 3 — sneKTpoa; 4 — MOMIOXKKA
Fig. 1. Circuit of the capacitance nonplanar (a) and planar (b)
generators. Arrows show the direction of influence of a force on the mobile
plate (MP) of the condenser: 1 — MP; 2 — dielectric; 3 — electrode;
4 — substrate

(cM. puc. 1, b), cMm., Haipumep, [7—13], 1ubo — 1pu
pa3nBUXKEHUM TIJIACTUH BHE IIJIOCKOCTH (M3MEHSIeTCS
3a30p TPW HEM3MCHHON TIUIOIIAAN TIEPEKPHITUS) —
"HemaHapHbI" reHeparop (cMm. puc. 1, a) [14—19].
OueBUIHO, YTO MPU JOCTATOYHO OOJBIIMX pa3Mepax
IJIACTUH — OT €IWHUII MWIJIMMETPOB JO CAHTUMET-
pOB, TPeOYeMBIX IJII NOCTVKEHMSI BBICOKOW MOIII-
HOCTH, TIPAaKTHMYECKM HEBO3MOXHO OOECITEUYUTh He-
00XOIMMYI0 TUIOCKOTApasuieJbHOCTh IJIACTUH TpU
paboTre ¢ cyOMUKpOMeTpoBBIMU 3a3opaMu. [losTomy
B JajbHeillieM OyaeM paccMaTpuBaTh HeIIaHApHBII
reHeparop.

DrexkTpuyeckasi cxemMa eMKOCTHOIO 3JIeKTPOCTaTH -
YecKoro reHepartopa npuBeaeHa Ha puc. 2, a. KoH-
neHcatop C(f) mepBOHAYaIbHO 3apsiKeH 10 MOTEHIIM-

ana V. 3apsan Ha KonzaeHcarope paseH Qp = C ..V,
rae Cpax — HUCXOIHOE, HayaJabHOE (MAaKCHUMAJIbHOE)
3HaYE€HME EMKOCTU KOHJIEHCATOpa, KJII0Y YCTAaHOBJIEH
B nojgoxenue 2. Ilpy yMEHBLIEHMM €MKOCTU KOH-
JEHCATOPa 3a CYET MEXaHMYECKUX CHUJI, YBEJIMUUBAIO-
LIMX MEXIJIEKTPOIHOE PACCTOSHUE, U COBEPIUEHUM,
TakKMM 00pa3oM, paboOTbl MPOTUB CHUJ 3BJIEKTPUYEC-
KOTO MOJIsl SHEPTHS ANEKTPOCTATHYECKOTO MOJIS, BO3-
pacTeT ¢ Wmin = Cmax VO /2 no Wmax Cmin Vmax /2
(roe Viyax — MakCUMabHOE HANpPsKEHUE HA KOHIEH-
carope), 3Ha4Y€HMUe 3apsaa IpU 3TOM HE U3MEHSAETCH,

Q) = CinaxVo0 = Cinin Vimax (Cinin — MMHUMaIbHOE 3HA-
YyeHUEe €eMKOCTH KOHJeHCcaTopa) WU
Vmax = V()Cmax/cmins (1)
TO €CTb
2 2 2
W~ Crnax Vmin — V02 Crnax - 9 )
max ~ :
2 2 Cmin 2 Cmin

IMonyyeHHas1 ajeKTpuyeckass dHEprusi mepeaaeTcs
B Harpy3ky R mepexJiloueHueM KIIoya B mojioxkeHue 3.
Hanee rmiacTUHBI KOHAEHCATOpa BO3BpAIIalOTCS B MC-
XOJHOE TOJIOKEHME, 3apsKAOTCS OT MCTOYHMKA Ha-
npseKeHus (mosaoxeHue [ Kiioda) M Ipoliecc Ipeod-
pa3oBaHMSI SHEPTUM MOBTOPSIETCS, U T.A. MOIIHOCTb,
pa3BHUBaeMas TaKMM TeHepaTOpOM, paBHA

P =W,/ (2a)
rae f — 4acToTa MOBTOPEHMSI LIMKIJIOB MpeoGpaso-
BaHUS.

Pa3sHOBHUIHOCTBIO EMKOCTHOTO T€HEPATOPA SIBIISIET-
Cs1 9JIEKTPETHBII reHepaTop. B HeM MCTOYHMKOM Ha-
TIPSCKEHMST CITYKUT 3apsill, BCTPOSHHBIN B IUAJIEKTPHK,
pa3MeLLEHHbI HA OJHOM M3 IUIACTUH KOHAEHcATopa.
B manpHelileM OymeM HasbiBaTh TeHEpaTop, ILIACTH-
Hbl KOTOPOTO 3apsDKAlOTCSI OT BHEIIHETO MCTOYHMKA,
€MKOCTHBIM I'€HEepaTOpOM, a FeHepaTop CO BCTPOCH-
HBIM 3apSIOM — 3JIEKTPETHBIM I'€HEPATOPOM. DKBU-

y 4+ c;;f [| 7 Cé I s—! IF:

Puc. 2. DkBuBaIeHTHDBIE JIEKTPUYECKHE CXEMbI: ¢ — €MKOCTHOTO TeHepaTopa; b — 3JIeKTPETHOTO reHepaTopa HaMpsKeHUs!, ¢ — 3JIEKTPETHOTO

réHeparopa Toka

Fig. 2. Equivalent electric circuits: a — capacitance generator; b — electret voltage generator; c — electret current generator
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BaJIEHTHAsI CXeMa 3JIEKTPETHOIO TeHepaTopa HampsiKe -
HUS TIpUBeJieHa Ha pucC. 2, b, IIUKJIBI €T0 paboTH aHa-
JIOTMYHBI ONMMCAHHBIM BBILIE. 31ECh

Vp = QP/CF, (3)

— TIOBEPXHOCTHBIM MOTeHUMaN 3jekTpera; QOp —
BCTPOCHHBIN 3apsi,

CF = 880S/d (4)

— €MKOCTb CJIOSl JUBJIEKTPUKA; d — €ro TOJNIIUHA;
ggg — AMINIEKTpUYEcKasl MPOHULAEMOCTb; S — ILUIO-
1Iaab MEPEKPHITHS IUIACTUH KOHAeHcaTopa. B naHHOM
cilydyae 3a Tepuol peodpa3oBaHUsl BbIpabaTHIBAETCS
sHeprug [6]

Coax _ 9P Conax

Cmin 2 C% Cmin .

2
y
Wp~ L 5)

DNeKTpeTHbIA TeHepaTop MOXeT paboTaTb U 0e3
KiIo4ya. DKBUBAJIEHTHAs cXeMa TaKOro reHepaTopa,
Ha3blBaeMOro "TOKOBBIM", MpHUBedeHa Ha pucC. 2, c.
OnHako B 3TOM CJIydyae 3Heprus, BhipabaThiBaeMas 3a
KaXJbIi IMKJI, MEHBIIE, YEM Y TEHEpPATOPa HaIpsKe-
HUSI, TOCKOJIbKY BBIXOJ I'eHepaTropa IMOCTOSIHHO 3a-
MKHYT Ha Harpy3ky, 4epe3 KOTOpylO B Mpoliecce IBU-
>KeHUS TJIaCTUHBI TepeTeKaeT 4yacTb 3apsiia.

OTMeTUM, YTO yBEJIMYEHME MOIIHOCTU TOJBKO 3a
CYET YBEJIMYECHUST MEXKINEKTPOJHOTO 3a30pa, UCITOJb-
3yeMO€ B KJIACCUUECKUX MaKPOCKOITUUECKUX JIEKTPO-
CTaTUYECKUX TeHepaTopax, B MMUKpOTE€HepaTopax He
peain3yemMo, BBUAY TabapuUTHBIX OTpaHUYEHUId 1 CBSI-
3aHHBIX C HUMU OTPaHWYEHUI aMIUIMTYIbl HalpsixKe-
Hus. [ToaToMy yBelnMuyeHHE MOIIHOCTU MUKPOTEHE-
paTopoB MOXET ObITb JOCTUTHYTO TOJILKO Ha MYTHU
YBEIMYEHUS YIEJIbHOW eMKOCTU CTPYKTYPhl Cpppay, T.€.
YMEHbIIIEHUS TepPBOHAYAJIbHOTO MEXIJIEKTPOIAHOTO
3azopa.

Llenb naHHOM pabOThl — OMpeAcIeHNE MAaKCUMalb-
HOM DBJIEKTPUYECKOM BHEpPrum, BhIpabaThHIBaeMOM 3a
OIMH TaKT €MKOCTHBIM 3JIEKTPOCTATUYECKUM MUKPO-
reHepaTopoM, U aHajlu3 COBOKYIMHOCTU YCJIOBUM, TIpU
KOTOPBIX TaKasi SHEPTUS JOCTHMXXUMA.

1. CpaBHeHHEe MAKCHMAJIBHBIX 3HEPrHii
€MKOCTHOT0 M 3JIEKTPETHOTr0 reHEPATOPOB

OTHOIlIEHNE 3HEPruii, BbIpabaThIBAEMBIX 3a TaKT
peoOpa3oBaHusl B EMKOCTHOM U 3JIEKTPETHOM TeHE-
paTopax HalpsoKeHMs, B COOTBETCTBUM C BBIPAXKEHU-
sMu (2) u (5) paBHO

2 2
Wmax — E Cmax, C ( 6)
Wy vy \C ’

max, E.

3nech nHaekesl "C" 1 "E" 03HayaloT COOTBETCTBEHHO
€MKOCTHOM M 3JIEKTPETHBINA TeHepaTop.
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3HaueHus HanpspkeHuin V) m Vp IOIKHBI ObITh
omuskumu (V; = Vp) M 10CTATOYHO OOJIBIIMMU, 10
102 B, 4To OmpemessieT BO3MOXHOCTb JOCTHKEHHMSI
BBICOKOU TIJIOTHOCTH TeHepupyeMoii sHepruu. OTMe-
TUM, YTO NP YKA3aHHBIX 3HAYEHUSIX Vp EMKOCTb 11-
3JIEKTPUKA Maja: Tak Kak 3apsan (p B 3JIEKTpeTax
OOBIYHO HE TIPEBBIIIAET 1072 K/Mz, To 3HayeHue Cp
OyIeT COCTaBJSITh MOpsiAKa 1074 CD/MZ, YyTO IJIs TIIe-
HOK 3JIeKTpeTOB (d = 1 MKM) COOTBETCTBYET 3HAUEHUIO
e ~ 10. OueBuaHo, yro 3HauyeHue Cp .. g HE MOXET
npesbluaTh 3Ha4eHuss Cp. ’

B emKocTHOM reHepaTope, B OTIIMYUE OT DJIEKTPET-
HOTO TeHepaTopa, UCHOJb3YeTCsI UCTOYHUK HaIlpsoKe-
HUSI, 3HaUeHHE KOTOPOro HE CBSI3aHO C €eMKOCThIO AU3-
JIEKTPUKA U TIOCJIEIHSISI MOXET OBbITh CYILIECTBEHHO yBe-
JIMYeHa, Ha JBa Mopsiika u 0oJsiee 3a cueT MPUMEHEHUS
B KauyecTBe JUAJIEKTPUYECKOIO CJIOSI TUIEHOK CErHeTO-
9JIEKTPUKOB C BBICOKMM 3HaYeHUEM ¢ (TIOpsaKa 10 u
oosiee). B aTOM ciyyae mpu MMHUMAIbHBIX 3a30pax
MeXK1y TIOBEPXHOCTBIO CETHETORJIEKTPUKA U TIOJBMXKHOM
riactuHoit (ITIT) xonnencaropa d;,;, = 10...100 M
sHaueHue Cp,, ¢ Oyaer 3HauuTebHO Gosbie Cpay p-
CrenoBaTesibHO, TUIOTHOCTD SHEpruu W, .. 3HaYUTE b=
Ho mpesbiiaer Wy, Ilostomy OyneM aHaIu3MpOBAThH
TOJIBKO CJIydaii eMKOCTHOTO TeHeparopa (puc. 2, a).

2. OneHKa MAKCHMAJIbHO# 3HEPruM W MOIIHOCTH
€MKOCTHOTO MHKpOreHepaTopa

XapaKTepHOI 0COOEHHOCTbIO 3JIEKTPOCTATUYECKUX
€MKOCTHBIX MHUKPOI'€HEpaTOpOB C YKa3aHHOW BHILIIE
CTPYKTYPOU SIBJISIETCSI BO3MOXHOCTh KOHLICHTPAIIUU
BBICOKUX BJICKTPUYECKMX TIOJIE B CYyOMHKPOMETPO-
BOM 3a30p€e MEX]Y MMOBEPXHOCTSIMU CETHETORJIEKTPUKA
U TIOABMXKHOTO BJIEKTPOAA, 3TO OIpeAcssieT BO3MOXK-
HOCTb NI€pBOHAYAJILHOTO HAKOTIUIEHUST OOIBIION BHEP-
MU 3JIEKTPUIECKOro TIOJIS, Mpeobpas3yeMoil majiee B
TOK. B Takoif CTpyKType TOHKUIT CETHETORJIEKTPUK BBI-
MOJIHSIET POJIb JeMIT(UPYIOLLIETO CI0sI, OrpaHUYNBAIO-
1Iero Mmpo6oii BO3AYIIHOIO 3a30pa, MOCKOJIbKY B 3TOM
cliyyae Mpo0oii orpeaesseTcs HalpsKEHHOCThIO OIS
Mpo00sT CETHETO3JIEKTPUKA, paBHOTO OoJiee 108 B/m.
Tak Kak pacrpenelieHHe TIOJiei B CJIOSX MHOTOCIIOM -
HO¥1 CTPYKTYpPBI 00paTHO MPOIOPLMOHATBEHO OTHOIIIE-
HUIO 3HAUYEHUI UX OUBNEKTPUYECKUX MPOHMUIIAEMOC-
Teil, TO U TOJie B CErHETORJIEKTPUKE MHOIO MEHbIIE
MMPOOUBHOTO 3HAYECHUSI, JaKe TIPU OOJIBIINX HAIIpsIKe-
HUSIX, ¥ OOJBIIIast YaCTh HAIPSLKEHMS TTIPUKITAIbIBACTCST
K 3a30py. [ToaTomMy npoOoit He BO3HUKAET MPU OOJIBLLIMX
HaNPSDKEHHOCTSIX ToJieit B 3a3ope. [IpoBeaeHHbIE HAMU
paHee pabOThI MO CO3AAHUIO U UCCIEI0BAHUIO TUIEHOU-
HBIX 3JIEKTPOCTAaTUYECKMX MUKponasurateieir [20—22]
Ha OCHOBE CTPYKTYpP METallll — TOHKAs IUIEHKA CeTHE-
TOBJIEKTPUKA — 3a30p — IUICHOYHBIN TTOIBYMKHBIN
BJIEKTPOJI MOKA3aJIM, YTO B 3TUX CTPYKTYpax JOCTUTA-
10TCs 3a30pbl 0 10 HM, TTpU 3TOM OHM BBIACPKUBAIOT
MPWIOXKEeHHbIe HampskeHUs nopsiaka 100 B.




HeoOxonuMo oTMETUTh, UTO B MOCEAHEE BpeMs B
JuTepaType TOSIBUIMCh JaHHbIe 00 M3MEPEHMSIX Ha-
MPSKEHUS TPO00SI B HAHOMETPOBBIX 3a30paX CTPYKTYP
MeTalll — HaHo3a30p — MeTasn [23, 24]. B atux pa-
60Tax yCTAaHOBIIEHO, YTO HATPSIKEHHOCTH IIOJIS TIPO-
60s1 B 3a30pax oT 20 HM A0 5 MKM c/1ab0O 3aBUCHUT OT
3HAYCHUS TPUKIIAILIBAEMOTO K CTPYKTYpe HaIpsKe-
HHUSI, OHO HaXOoAUTCs B Ipenenax 2...5* 108 B/M, uto
CYLIECTBEHHO MEHbIIE YKa3aHHBIX HaMU 3KCIEpU-
MEHTAJIbHBIX JaHHBIX, IOCKOJIBKY B CTPYKTYpax padboT
[23, 24] oTcyTcTBYyeT Cloii AUAACKTPUKA, CACPXKMBA-
01K pa3BuTHE ITpo0Oosi. [To HalIMM TaHHBIM, UCCie-
JIOBaHMSI TIpOOOSI B HAHOMETPOBBIX 3a30pax CTPYKTYpP
MeTaJll — 3a30p — AUBJIEKTPUK — METaJI TIoKa He
MTPOBOIVIIN.

IMpuBeneM BBIpaXkeHUS T HATIPSDKEHHOCTH DJIeK-
TPUYECKUX TOJIeH B 3a30pe Fj, IUIEHKE CErHETOSJIeK-
Tpuka E u sHeprun W, HakamanBaeMoil B CTPYKType:

2
SoV

V -
2d/e+dy)

E ==
Vo dfevd)

E=E/s, W (7)

Ilpu d; > d/e 5TO COOTHOLUEHUE INPAKTUYECKU
Bcerma cooOmogaeTcss B 00JIaCTU MPUBEASHHBIX BBIIIE
rnmapamMeTpoB

V V
Ei~—, E~ —
1 dl’ Sdl’

_ 80‘1’11512
—

2d, 2 ®

Kak oTMeuasocs BhbIIIIe, IPY COBEPLICHUN MEXaH!-
YeCKOil paboThI IO pa3ABMKEHUIO IIACTUH KOHIEHCa-
TOpa DBJIEKTpUYecKasi BHeprusi, INepBOoHAyaJbHO Ha-
KOIUIEHHasl B HeM, yBenuuusaercss B = Cp.. /Co.o
pas, HO MPU STOM U HaIpsSKeHUE Ha CTPYKTYpe TakKxke
yBeNIMUMBaeTcsa B 1 pa3. OTMETUM, 4TO B IIpoliecce
Pa3IBUXKEHUS TUIACTUH IIyTeM YBEIUYEHUS 3a30pa d,
HAaIpsIXKEHHOCTD TOJISI B 3a30p€ OCTAETCs MPaKTUYECKU
Heu3MeHHOU. I1oCKONBbKY BBICOKOSHEPTOEMKHUE €M-
KOCTHBIE MUKPOTEHEpaTOphl TOJIKHBI paboTaTh TIpH
BapuaLuu 3a3opa oT 10 HM 10 HECKOJBKUX MUKPOMET-
pPOB, TO B COOTBETCTBUM C BbIIIECKa3aHHBIM MOXHO
MPEATIONIOXNTh, YTO MPU MEPEMENICHUN TTOABIKHOTO
9JIEKTPOAA JIEKTPUYECKAask MIPOYHOCTh CTPYKTYpPhI OC-
TaeTca Hem3MeHHoM. Torma, mojarast 4yTo Ioje B 3a-
30pe paBHO 10° B/M, npu HauanbHOM 3HAYEHUU 3a30pa
d\min = 10 HM 1 Ko3dULMEHTE MOAYIALMN EMKOCTH
n = 10, nonyyaem ¥y, = 10 Bu W, = 10 /M.

Takum oOpa3om, Ipu paboTe MUKPOT€HEPaTOPOB, B
KOTOPBIX UCIOJIb30BaHbl CYOMUKPOMETPOBBIE 3a30Dbl,
MaKCUMaJIbHOe 3HaYeHHMe TeHepUPYeMOil 3a OUH LIUKJI
SHEPruU MOXET IOCTUTaTh 3HaUeHUi 6ojee 10 ,[[)K/Mz.
[Mpu Hu3kux yacrortax, mopsinka 100 I', MOIIHOCTB
MHUKpOreHepaTopa MOXKET IOXOAUTH OO0 103 BT/M2
(unm 100 MBT/CM2).

3. Orpannyenus, HAKJIAAbIBAEMbIE HA 3HAYECHHE
MOIIHOCTH MEXaHWYECKHMH CXeMaMH cOopa
JHEPruM BHOPAIMIi MOBEPXHOCTEH TBEPABIX TeJ

M3BecTHHI ABa criocoba mepegadyr MeXaHUYeCKOM
CWJIBI U151 BO30OYKIEHUSI €MKOCTHOTO reHeparopa [25].
IlepBBIii U3 HUX — HEMOCPEACTBEHHOE BO3ACHCTBUE
cunbl Ha TITT KoHmeHcaropa. IlpuMep — pOTOpPHBIN
TeHepaTop, YTWIN3UPYIOLINIA SHEPTUIO BETpa WA [IBU-
JKeHUs1 Boabl. B aTOM ciyyae muisi TiepeBoja 3HEpPTUuu
BpallleHUs POTOpPA B BO3BPATHO-ITOCTYNATEIBbHOE IBU-
>KeHUe, HeoOXoauMoe [IJisi MOIYJISLUU MUKPO3a30pa,
TpeOyeTcsl JOMOJIHUTEIbHOE MeXaHMYecKoe Ipeodpa-
30BaHue. B HacTosiiee Bpemsi B OOJBIIMHCTBE PabOT
MPUMEHSIOT METOJ, cOopa 3HEPruu BUOpaLMii MOBEP-
XHOCTEM TBEPABIX TEJ, MCHOJb3YIOIUMIA IBYXCTAIUM-
HBII Mpolecc: MpeaBapUTEIbHOEe MEXaHO-MeXaHUYeC-
Koe mpeoOpa3oBaHUE (3aKaykKa MEXaHMYECKON dHep-
TUMU BHEILHEHN cpefibl B KojieOaTebHbII KOHTYP) C TO-
CJIENYIOLIE TeHepalUeldl 3JEKTPUUYECKOM IHEPTUU.
g yTAaIv3anuyu 3HEPrud TaKUX MUKPO- U MaKpo-
KoJieOaHUii OOBIYHO TIPUMEHSIIOT CUCTeMYy Macca—
npyxuHa (puc. 3). B aTom ciyyae ogHa M3 IUIaCTUH
KOHJIEHCAaTOpa TeHepaTopa 3aKpeIlyieHa Ha Koprhyce
YCTPOMCTBa, a BTOpasi, MOABMXXHAs MIaCTUHA, CBsA3aHa
¢ maccoii. KoyiebaHust BHeIIHE Cpeabl BO3AEICTBYIOT
Ha KOpITyC YCTpOICTBa, BO30yXHas 4yepe3 MpPYXKUHY
npoTuBoga3Hble KojaebaHusl Macchl. s yBeIMYeHUs
SHEPruM, MOCTYMNAlOIE B 3TOT KoyieOaTeIbHbIA KOH-
Typ, OOBIYHO CTpeMsITCs, YTOObl crucTema paboTana B
pe3oHaHce. Ho peasbHO 3Heprusi BHEIIHUX BHOpa-
LM pacripenejieHa B IIMUPOKOM IMana3oHe 4acToT,
IMO3TOMY pPE€30HAHCHBIE FreHepaTOPhl Mano3PPeKTUB-
HBI. Tak Kak MakcumanbHas Macca I1IT onpenenser-
cs rabapuTHBIMU pa3MepaMu MUKpOTeHeparopa, TO 1
MOCTyNawIasi B MEXaHUYECKUI KOHTYp SHEPIUs He-
BeJIMKa IO CPAaBHEHMIO C SHEPTUeil BHEIIIHETO UCTOY-
HUKa, T. €. MOILIIHOCTb TAKMX FT€HEPATOPOB OrpaHUYE-
Ha MEXaHWYECKMMHU XapaKTEPUCTUKAMU, B YaCTHOC-
™™, 3HaueHreM macchl I1I1. TToatomy MakcumanbHast
yleJibHasE MOILIHOCTb T€HEPUPYEMOUW BSHEpPruu, 10-

m

Puc. 3. Mexannyeckass cxeMa BHOPALMOHHOTO MHEPHHAJILHOIO re-
HepaTopa. Kopmyc renepaTopa 3aukcupoBaH Ha HCTOYHHKE BUOpa-
umii y(7)

Fig. 3. Mechanical circuit of the vibration inertial generator. The case
of the generator is fixed on the source of the vibrations y(t)

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 8, 2016 521



Puc. 4. JIByXKoHI€HCATOPHBIIi yIapHbIii reHepaTop: / — Kopiiyc, 2 —
anexkrpon, 3 — I1I1, 4 — anekTper. CTpenkaMu MOKa3aHO HaTpaB-
JIeHUe BUOpaluii Kopiyca

Fig. 4. Two-condenser blow generator. 1 — case, 2 — electrode, 3 —
MP, 4 — electret. Arrows show the directions of the case vibrations

cTUuraeMasi B U3BECTHBIX €eMKOCTHBIX U 3JIEKTPETHBIX
MUKpOreHepaTopax, He npesbimaet 1...10 MKBT/CMz,
[13, 14].

PaHee HaMu ObLI TIpeaIOXKeH crocod MeXaHO-Me-
XaHUYEeCKOro npeobdpa3oBaHus B Ipouecce yaapa I1I1
0 MOBEPXHOCTDH IUAJIeKTpUKa [26, 27]. OnuH U3 IIpu-
MEPOB TaKOro YCTPOMCTBa IpuBeneH Ha puc. 4. [us
yIapHBIX TeHEPaTOPOB IO/ BO3AEUCTBUEM KOJieOaHUit
KopIyca ¢ JOCTaTOYHO OOJIBIION aMIUIMTYION KWHE-
tnyeckas aHeprus I1I1 npu ynape o IOBEepXHOCTU AU-
3JIEKTPUKOB (3JIEKTPETOB) Mpeodpa3yeTcsl B 3JIEKTPU-
yecKylo sHepruio. Ilomarasi, yTo BuOpamum Kopmyca
MOJUYMHSAIOTCA 3aKOHY Y(7) = Ysin(w?), HETPYIHO IO-
JIVUUTH BbIpaKeHUE IJI1 MAKCUMAJIbHOM MeXaHU4Yec-
KOW 9Hepruu, rnpeodpasyeMoil B KHHETUUECKYIO SHEep-
ruto I1IT 3a mepuron BHELIHUX KOJeOaHU

2
mv 2
— max _— M 2

I/Vimp - D - E Y 0w, )
TI€ Upax — MAaKCMMaJIbHasg CKOPOCTb BHELIHMX BUO-
pauuit. 1151 BUOpatopa Ha OCHOBE CUCTEMbl Macca—
Mpy>XKUHA, PaOOTAIOLIETO B peKMME BBIHYXKIEHHBIX KO-
JiebaHUi, UCMOAb3YeMOro Mpu pa3padboTKe MUKpOre-
HepaTopoB, MEXaHWUeCKasT DHEPTHS, TeHeprupyeMast 3a

Mepuo, OolieHUBaeTCa Kak [28]
W, = ma,,,Ax

X—'max

= mYO(ozAx

max>

(10)

TI€ Aoy Y AXjay — MAKCHUMaJIbHBIE 3HaYEHUs BUOPO-
yckopeHus u cMelieHus I1I1 otHocuTenbHO KopIiyca.
OTHouleHMe MeXaHWYECKUX MOIIHOCTEH yaapHOTo U
BUOpALlMOHHOIO MUKPOI€HEPaTOPOB OyneT

g Yo (11)
P, 2AX ax
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HeTtpynHo caenaTh BBIBOI, YTO TIPU IOCTAaTOYHO
OOJIBIIMX aMIUIMTYAaX BUOPOCMEILEHUI MOIIHOCTD
yIApHOTO TeHepaTopa 3HAYNTETLHO MPEBOCXOINUT MOIII-
HOCTb KJIACCMYECKOTO0 BUOPAIIMOHHOTO TreHepaTopa.

YuureiBad, 4to Ax,,, paBHa BbicoTe noaseca 1111
Hall TIOBEPXHOCTBIO 2JIEKTpeTa (TopsiaKa MUKPOMET-
POB), B 00J1ACTU YCKOPEHUH dp,,, = 5 € U YACTOTHI OKO-
m0 50 I'm (¥ = 0,5 mm) nonmydaem P,/ P, = 250.

IIpoBemeHHas olleHKa MO3BOJISIET CHEATh BHIBOI,
YTO yAapHbIii reHepaTop, MO CPABHEHUIO C TeHepaTo-
pOM, paboTaloOIIMM B PEXMME BBIHYKIEHHBIX KoJieha-
HUI, oOecrieynBaeT YTUIM3ALUUI0 MaKCUMMaJbHO BO3-
MOXHOM MEXAHWYECKOM BSHEPTUM KOHTypa, PaBHOM
MaKCUMaJIbHOM KHMHETHYecKoil sHepruu macchl I1IT.
OTMeTuM, 4TO B JIIOOOI CXeMe, OCHOBAaHHOU Ha MHEP-
LIAOHHBIX CBOMCTBaX MOJABMXKHOM MaccChl, OOJIBIIIETO
3HAUCHUSI SHEPTUU, YeM clieayeT u3 BbIpaxkeHus (9),
3aKavyaTh B MEXaHUYECKUI KOHTYp HEBO3MOXHO. Mc-
KJIIOUEHHE COCTaBJISIIOT PE30HAHCHBIE MHEPLIMOHHbBIC
reHepaTophbl, padoTalolle TOJIBKO B Y3KOM JArana3oHe
YacToT.

OlieHKa MaKCUMalbHOW KWHETMYECKOW 3HEpruu,
KOTOpasi, KaK OTMEUYaJoCh BBINIE, 3aKAYMBAETCS B
Maccy (m) IIIT ymapHoro reHeparopa npu m = 10 T,
TUIoLIaau 3jaeMeHTa 1 cM” (4To, HampuUMep, AJs1 BOJIb-
¢paMoBOil TIaCTUHBLI OYyAET COOTBETCTBOBATH TOJI-
IKrHe 5 MM) U vyacToTe Bo3OyxmeHuss 100 T'u maet
sHaueHue 0,6 )I[)K/Mz. ITonaras, yro Tonbko 25 % ee
MepexXoauT B 3JEKTPUUYECKYIO BHEPTUIO, MOJyyaeM
Wimp = 0,2 Tix/m% u Pyyp =2 MBT/cM?. D10 3HAUEHME
Py, 3HAYMTEIBHO MeHbLIE P .., OLEHCHHO! BbILLIC,
HUCXONSl U3 3JIEKTPUUYECKONH MNPOUYHOCTU CTPYKTYpPbI
MukporeHeparopa (100 MBT/CM2).

Taxkum 06pa3oM, A5 JOCTUXKEHUSI TTpeAeSIbHBIX Ma-
paMeTpoB MUKpOreHepaTopa HEOOXOAUMO 00ECIIeUUTh
repeaayvyy CUJIbl OT BHEIIIHETO MCTOYHMKA HEMOCpeIC-
TBeHHO Ha IIIl reHeparopa. TakMMM UCTOYHMKAMM
SIBJIIIOTCSL JIIOOBbIE TMOCTyMHaTeJIbHbIe, BO3BPATHO-IIO-
cTynaTeJbHble M BpalllaTeJIbHble JBUXKEHUSI TBEPIbIX,
KUOKUX M ra3000pa3HbIX TeJd JOCTaTOYHO OOJIbIIONH
amriuTyabl (1 MM 1 6oJiee), KOTOpble HETPYAHO C TO-
MOIIBIO MPOCTHIX MUKPOMEXaHMU3MOB, CM., HAIIpUMED
[29], npeoGpa3oBath B KojebareapHoe aBxkeHue 11
reHeparopa. [IpuMepamMy TaKuX UCTOUHUKOB SIBJISIIOT-
Cs pasldyHble KOoJeOaHMSI 3JIEMEHTOB KOHCTPYKIIUMA
OTHOCUTEJIbHO HETOJABUXHBIX MOBEPXHOCTEN, HAMPU-
Mep, PEJIbCOB MPH MPOXOXKIESHUH T10e311a, CxKaThe IIMH
OTHOCHUTEJIbHO 000Ja MpU JIBUXKEHUU aBTOMOOWJIS,
IBIDKEHUE TIOTOKOB BeTpa, BOABI U IIp.

3akmouenne

OrpanndeHHBIE pa3Mephl  3JIEKTPOCTATUYECKOTO
MUKpPOreHepaTopa SHEPTUU HAKJIAABIBAIOT TIPUHLIUIIN-
aJlbHBIE OTpaHMYEHMS Ha ero mapaMeTphbl: Ha aMIUIM-
Tyay MepeMelleHUi TTOABXKHOIO 3JIEKTPOIa, CIIEACT-
BUEM YEro SIBJIIETCS OrpaHUYEHUE aMIUIMTYAbI HAIIps -




JKEHUs B 3a30pe U KakK CJIENCTBUE — MaKCUMAaJIbHOM
MOIIIHOCTU TreHepaTopa. [1oaToMy yBearuyeHUsT MOLI-
HOCTH MUKpPOTeHepaTopa He0OXOIMMO TOCTUTATh IPY-
UM IyTeM — YBEJIMYEHUEM MCXOIHOTO 3HAUEHUS eM-
KOCTU CTPYKTYPbI 3a CUET YMEHBILIEHUSI MEX3JIeKTPO-
JTHOTO 3a30pa.

3HAuUUTENbHOE YMEHbIIEHUE MPOTSIKEHHOCTU
MEX2JIEKTPOIHOTO 3a30pa MPU COXpaHEHWHN BHICOKO-
ro padouero HamnpsxkeHust (100...200 B) MoxeT ObITh
JOCTUTHYTO BBEACHHEM B MEXB3JEKTPOMHBIN 3a30p
TOHKOTO JU3JIEKTPUYECKOTO CJIOSI C BHICOKMM 3Haye-
HUEM IH3JCKTPUISCKON MPOHUIIAEMOCTH M C BBICO-
KO 2JIEKTPUYECKOU IMIPOYHOCThIO. DTO JAa€T BO3MOXK-
HOCTb PabOThl C MCXOAHBIMU HAHOMETPOBBIMM 3a-
30paMM U C BBICOKOU TUIOTHOCTBIO 3JEKTPUUYECKOUN
sHepruu, 1o 10 ﬂ)K/Mz, yTo no3possieT Ao 100 pa3 (mo
100 MBT/CM2) YBEJIMYUATH MOIITHOCTh MUKPOTEHEPATO-
pa Mo CpaBHEHMIO C U3BECTHBIMU I'eHEpaTOpaMM.

OCHOBHBIM (PAKTOPOM, OTPaHMUYMBAIOLIMM YBeE-
JINYEHNE MOIIHOCTHU 3JIEKTPOCTATUYECKUX MHUKPOTE-
HEpaTopoB, sIBJIsAeTCS 3(Pp(PEeKTUBHOCTh Mepeaayu Me-
XaHUYECKOM BSHEePTUM OT BHEIIHEr0 MCTOYHMKA K
MOJIBMXKHOMY 3JIEMEHTY reHepatopa. s yBenuyeHus
MOIIHOCTA HEOOXOAMMO M3MEHMUTH CIIOCOO IIPUJIO-
JKEHUSI CUJIbI OT BHEIIHEr0 MCTOYHMKA K IMOJBUXKHOMI
IUIACTMHE KOHJEeHcaTopa TeHepaTopa, IMOCKOJbKY, B
COOTBETCTBUH C MPOBEIEHHLIMU OLIEHKAMU, B ILIMPOKO
MPUMEHSIEMBIX CXeMax Mpeodpa3oBaHMsI, UCIOJIb3YIO-
IIMX MHEepIUOHHEBIe cBoiicTBa Macchl I1I1, pa3BuBae-
Masl CuJia He MO3BOJISIET JOCTUYb BHICOKOM TMJIOTHOCTU
TeHEepUPYEMOI SHEPTUM.

Jl1st yBeTm4eHUST MOLITHOCTY HEOOXOAMMO MUCIIOJIb-
30BaHME MEXaHWYECKMX KOHCTPYKUMIA TreHepaTopa,
o0ecIeynBaIoONINX HEMOCPEACTBEHHOE ITPMIOXKEHUE
CUJIbl OT UCTOYHMKA BHEIIHErO ABMKEHMUS K ITOJBMXK-
HOH IIaCTMHE TeHepaTopa.
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Evaluation of the Maximal Specific Power of the Capacitance Electrostatic

Microgenerators

The authors demonstrate that in the capacitance electrostatic microgenerators the maximal density of the electric energy of 10 J/mZ
can be reached, which means the specific power of about 100 mW/cmZ can be obtained at the low frequencies (10— 100 Hz) char-
acteristic for the solid constructions’ microvibrations. This power will make it possible to essentially widen the field of applications
of those microgenerators, first of all, in the mobile electronic devices. The inertial properties of the mass of the moving plate (MP)
of the generator’s condenser used in most of the harvester designs with low energy density (up to 0,1 J/mZ) were proved to be in-
sufficient for conversion of the high kinetic energy density into the electric energy. A direct action of an external force is needed in

a mechano-electric conversion circuit.

Keywords: capacitance microgenerators, electrostatics, maximum energy output

Introduction

Microgenerators of the electric energy are being in-
tensively developed for realization of an uninterrupted
power supply for the remote electronic devices, in
which replacement of the chemical elements (batteries)
is problematic or practically impossible. The power
range of the generators of such devices is from 10 nW
up to 10 mW. Among the above devices are the remote
microsensor systems applied for monitoring of the en-
vironment, control of various industrial plants, house-
hold equipment and bio-objects. Another important
sphere of application of the microgenerators is portable
mini-devices, e.g. mobile telephones, for keeping bat-
teries in the working condition, when the estimated
power of a microgenerator should be equal to hundreds
of microwatts.

The energy of vibrations of the environment is the
most promising for use in the microgenerators, because
in comparison with the other sources, such as light,
warmth, radio emission, it is available and has the den-
sity big enough. The sources of the micro- and mac-
rovibrations could be vibrations of constructions, for
example, buildings, bridges, roadbeds, rails, machines
and mechanisms, household equipment, human bod-
ies, microseismicity, etc. [1—3]. Since creation of elec-
tromagnetic microgenerators [4] with a big enough
density of the transformed energy is problematic, the
capacitance devices — electrostatic and piezoelectric
microgenerators are being developed.

Operation of the piezoelectric generators is based on
a direct piezoeffect arising in the dielectrics and ferro-
electrics without a symmetry centre under the influence
of a mechanical force leading to a reversible deforma-
tion of the plate of a piezoelectric [5].

In the electrostatic capacitance microgenerators en-
ergy generation occurs under the action of a mechan-
ical force against the forces of the electric field, per-
forming work for separation of the charged plates of a
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condenser [6]. It is possible to point out, that the max-
imal energy, transformed in the electrostatic generators
in one cycle is equal to the maximal energy of the elec-
tric field in the condenser, whereas the maximal energy
of a piezogenerator is limited by its mechanical dura-
bility, which is not sufficiently high for the thin films
applied in MEMS generators.

A capacitance microgenerator in general is a con-
denser, one of the plates of which is fixed on the case
of the device, and the other can move under the influ-
ence of an external mechanical force. For prevention of
a breakdown of the interelectrode gap and increase of
the voltage amplitude, a thin film of dielectric is de-
posited on the surface of one of the electrodes (fig. 1).

This generator can work during separation of the
plates in the plane of the structure (when the area of
overlapping of the plates S is changed at an invariable
interelectrode gap) — a "planar” generator (fig. 1, b),
[7—13], or during separation of the plates outside the
plane (the gap changes at an invariable area of overlap-
ping) — a "nonplanar" generator (fig. 1, a) [14—19]. It
is obvious that at rather big dimensions of the plates —
from several millimeters up to centimeters, demanded
for achievement of high power, it is practically impos-
sible to ensure the necessary flatness of the plates during
operation with the submicrometer gaps. Therefore, fur-
ther we will consider a nonplanar generator.

The electric circuit of the capacitance electrostatic
generator is presented in fig. 2, a. Condenser C(7) is
originally charged up to potential V{,. The charge on the
condenser is equal to Qy = Cp,. Vp, where Cp . — is
the initial (maximal) capacity of the condenser, and the
key is fixed in position 2. When the capacity of the con-
denser is reduced due to the mechanical forces increas-
ing the interelectrode distance, thus, the work is done
against the forces of the electric field. The energy of the
electrostatic field increases from W, = Cpax VO2 /2 up

t0 Wiax = Cinin Vinax /2 (Where V.. — is the maximal




voltage on the condenser) at that, the charge will not

change Oy = Cax Vo = CininVinax (Cmin — is the min-
imal value of the capa01ty of the condenser) or
V I/0 max/ min» (1)
that is
2 2 2
c. . V. 2 C 0)
W max ’ min _ j/ max _ 0 ) o)
ax 2 0 2Cmin 2Cmin ( )

The received electric energy is transferred to load R
by switching of the key in position 3. Further, the con-
denser plates return to the initial position, they are
charged from the voltage source (position / of the key)
and the process of the energy transformation repeats.
The capacity developed by such a generator is equal to

Winax/s (2a)

where f — is the frequency of repetition of the trans-
formation cycles.

A version of the capacitance generator is an electret
generator. The voltage source in it is the charge em-
bedded in the dielectric, placed on one of the condens-
er plates. Further we will call the generator, the plates
of which are charged from an external source, a capac-
itance generator, and the generator with the embedded
charge — an electret generator. An equivalent circuit of
an electret voltage generator is presented in fig. 2, b, the
cycles of its operation are similar to the ones described
above. Here

Vp = 0p/Cp )

— is the surface potential of the electret; Qp — embed-
ded charge,

CF = SSOS/d (4)

is capacity of the dielectric layer; d — its thickness;
egy — dielectric permeability; S — area of overlapping
of the plates of the condenser. In this case energy [6] is
generated during the transformation period

WE ~ max _— QP Cmax ) (5)
2 Cm in 2 CI% Cmin

The electret generator can operate even without a
key. An equivalent circuit of such a generator dubbed
as "current generator” is presented in fig. 2, ¢. In this
case the energy generated in each cycle is less than that
of the voltage generator, because the output of the gen-
erator is constantly closed for the load, through which
a part of the charge flows when the plate is moved.

We should point out, that an increase of the capacity
only due to the increase of the interelectrode gap, used

in the classical macroscopical electrostatic generators,
is not feasible in the microgenerators, because of the di-
mensional restrictions and the voltage amplitude re-
strictions connected with them. Therefore, an increase
in capacity of the microgenerators can only be reached
by means of an increase in the specific capacity of Cp,,
structure, i.e. reduction of the initial interelectrode gap.

Aim of the work is determination of the maximal
electric energy generated in one cycle by the capaci-
tance electrostatic microgenerator and analysis of the
complex of the conditions at which such energy is
achievable.

1. Comparison of the maximal energies
of the capacitance and electret generators

According to expressions (2) and (5) the correlation
of the energies generated in one transformation cycle in
the capacitance generator and the electret voltage gen-
erator, is equal to

2 2
Wmax — (E} [Cmax, C] (6)
We Vo) \Crax.E

m

here indexes "C" and "E" mean the capacitance gen-
erator and the electret generator.

Voltage values V|, and VP should be close (¥ = Vp)
and big enough, up to 102 V, which determines feasi-
bility of achievement of high density of the generated
energy. We should point out, that at the specified Vp
the capacity of the dielectric is small, since the charge
Op in the electrets usually does not exceed 10 K/m
then Crwill be about 10~% F/m?, which for the electret
films (d = 1 micrometer) corresponds to ¢ ~ 10. It is ob-
vious, that Cy,,y g cannot exceed Cp.

In the capacitance generator, unlike the electret
one, the voltage source is used, the value of which is not
connected with the capacity of the dielectric, and the
latter can be essentially increased, by two orders and
more, due to application of the ferroelectrics with a
high value of ¢ (about 103 and over) as the dielectric
layer of the films. In this case at the minimal gaps be-
tween the surface of the ferroelectric and the mobile
plate of the condenser of dy,;, = 10...100 nm the value
of Chax,c Will be considerably more than Cgyy p-
Hence, the density of energy W hax considerably ex-
ceeds Wpg. Therefore, we will analyze only the case of
the capacitance generator (fig. 2, a).

2. Estimation of the maximal energy and capacity
of the capacitance microgenerator

A typical feature of the electrostatic capacitance mi-
crogenerators with the specified structure is a possibility
of concentration of high electric fields in a submicrom-
eter gap between the surfaces of a ferroelectric and a
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mobile electrode, this determines possibility of the in-
itial accumulation of a big energy of the electric field
transformed into a current.

In such a structure a thin ferroelectric plays the role
of a damping layer limiting a breakdown of the air gap,
because a breakdown is determined by the field inten-
sity of the breakdown of a ferroelectric and is equal to
more than 10% V/m. Since the distribution of the fields
in the layers of a multilayered structure is in inverse
proportion to the relation of their dielectric permeabil-
ities, the field in a ferroelectric is also considerably less
than the breakdown value, even at high voltages, and
most part of the voltage is applied to the gap. Therefore
a breakdown does not occur at high voltages of the
fields in the gap. The work previously done for devel-
opment and research of the film electrostatic micromo-
tors [20—22] on the basis of the structures of metal-thin
film of a ferroelectric — gap — film mobile electrode
demonstrated, that in those structures the gaps up to
10 nm are achieved, at that, they withstand the applied
voltage of about 100 V.

It is necessary to point out, that data appeared in lit-
erature about the measurements of the breakdown volt-
age in the nanometer gaps of metal-nanogap-metal
structures [23, 24]. In those works it is established,
that the intensity of a field breakdown in the gaps from
20 nm up to 5 um does not depend much on the value
of the voltage applied to the structure, and it is within
the limits of 2...5- 108 V/m, which is essentially less
than the experimental data specified by us, because in
the structures of the works [23, 24] there is no a die-
lectric layer constraining the development of a break-
down. According to our data, so far there have been no
research works concerning the breakdowns in the na-
nometer gaps of the metal-gap-dielectric-metal struc-
tures.

Let us present expressions for the intensity of the
electric fields in gap E; and film of ferroelectric £ and
energy W accumulated in the structure:

2
gV

2d/e+dy)

|4

b= Teva

E=E/s, W= (7)

At d| > dJe this correlation is practically always ob-
served within the field of the presented parameters

V |4
Ei~—, E~ —
1 dl ’ Sdl’
2 2
SoV 80V SodlEl
W~ = —F=——. 8
2d, 2 2 ®)

As it was mentioned above, during implementation
of a mechanical work for separation of the condenser
plates, the electric energy, which was originally accu-
mulated in it, increases in n = Cp,,/ C,i, times, but, at
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that, the voltage on the structure also increases in n
times. We should point out, that during the separation
of the plates by increasing gap d, the field intensity in
the gap remains practically invariable. Since highly
power-intensive capacitance microgenerators should
work with a gap from 10 nm up to several microme-
ters, it is possible to assume, that during the movement
of the mobile electrode the electric durability of the
structure remains invariable. Then, assuming, that the
field in the gap equals to 10° V/m, at the initial value
of the gap of dy,,,;, = 10 nm and the modulation factor
of the capacity of n = 10, we receive V[, = 10 V and
Wy = 10 J/m?.

Thus, during operation of the microgenerators, in
which the submicrometer gaps are used, the maximal
energy generated in one cycle can reach more than
10 J/mz. At the low frequencies of about 100 Hz the ca-
pacity of the microgenerator can reach up to 103 W/m2
(or 100 mW/cm2).

3. The restrictions imposed on the capacity
by the mechanical circuits for collection of the energy
of vibrations of the surfaces of the solid bodies

Two ways of transfer of a mechanical force for ex-
citation of the capacitance generator [25] are known.
The first of them is a direct influence of a force on MP
of the condenser. An example is a rotor generator using
the wind power or water movement. In this case for a
transfer of the energy of rotation of a rotor into the back
and forth motion, necessary for modulation of a mi-
crogap, an additional mechanical transformation is re-
quired. In most works collection of the energy of the vi-
brations of the surfaces of the solid bodies using a two-
stage process is applied: preliminary mehano-mechan-
ical transformation is done (pumping of the mechanical
energy of the environment into an oscillatory contour)
with the subsequent generation of the electric energy.
For utilization of the energy of the micro- and macro —
fluctuations a mass-spring system is usually applied
(fig. 3). In this case one of the plates of the generator’s
condenser is fixed on the case of the device, while the
second one is connected with the mass. The environ-
ment fluctuations influence the case of the device, ex-
citing the antiphase fluctuations of the mass through a
spring. In order to increase the energy arriving to this
oscillatory contour, usually, it is necessary to ensure
that the system works in a resonance. But in reality the
energy of the external vibrations is distributed in a wide
range of frequencies, therefore, the resonant generators
are ineffective. Since the maximal mass of MP is de-
termined by the overall dimensions of a microgenera-
tor, the energy coming to the mechanical contour is in-
significant in comparison with the energy of an external
source, i.e. the capacity of such generators is limited by
the mechanical characteristics, in particular, the value




of the mass of MP. Therefore, the maximal specific ca-
pacity of the generated energy reached in the known ca-
pacitance and electret microgenerators does not exceed
1—10 uW/cm? [13, 14].

Earlier a method of mehano-mechanical transfor-
mation in the course of a blow of a mobile plate (MP)
of the surface of the dielectric [26, 27] was offered. One
of the examples of such a device is presented in fig. 4.
For the blow generators under the influence of the fluc-
tuations of the case with a big enough amplitude, the ki-
netic energy of MP during a blow to the surface of the
dielectrics (electrets) is transformed into the electric
energy. Assuming, that the case vibrations submit to the
law of y(7) = Yysin(w?), it is easy to receive an expres-
sion for the maximal mechanical energy transformed
into the kinetic energy of MP during the external fluc-
tuations:

2
Wimp = 2max ) ¥y o, )
where v, — is the maximal speed of the external vi-

brations. For a vibrator based on the mass-spring sys-
tem working in the mode of the compelled fluctuations
and used for development of the microgenerators, the
mechanical energy generated in the period is estimated
as [28]:
_ — 2

Wv = M0 AXpax = mYO(’) AXaxs (10)
where a,.. and Ax,.. — are the maximal values of the
vibration acceleration and displacement of MP in re-
lation to the case. The correlation of the mechanical

capacities of the blow and vibration microgenerators
will be

Pimg — YO
PU

2AX ok

)

It is easy to draw a conclusion, that at the ampli-
tudes of big enough vibrodisplacements the capacity of
the blow generator considerably surpasses the capacity
of the classical vibration generator.

Taking into account that Ax,,,, is equal to the height
of the MP suspension over the surface of the electret
(some micrometers), in the field of accelerations of
amax = J g and frequency of about 50 Hz (¥, =0,5 mm),
we get P, /P, = 250.

The undertaken estimation allows us to draw a con-
clusion, that the blow generator, in comparison with
the generator working in the mode of the compelled
fluctuations, ensures utilization of the greatest possible
mechanical energy of the contour equal to the maximal
kinetic energy of the mass of MP. We should point out
that in any circuit based on the inertial properties of
the mobile mass it is impossible to pump into the me-

chanical contour greater values of energy, than envis-
aged by expression (9). The exception is the resonant
inertial generators working only in a narrow range of
frequencies.

Estimation of the maximal kinetic energy, which, as
it was mentioned above, is pumped into the mass (m)
of MP of the blow generator at m = 10 g, area of the
element of 1 cm? (which, for example, for a tungsten
plate will correspond to the thickness of 5 mm) and
frequency of excitation of 100 Hz, gives the value of
0,6 /m2. Assuming, that only 25 % of it is transferred
into the electric energy, we get Wimp =021 /m2 and
Py =12 mW/cm?. Thus, this value of Py, is consid-
erably less than P, ., estimated above, proceeding
from the electric durability of the structure of the mi-
crogenerator (100 mW/cmz).

Thus, for achievement of the limiting parameters of
a microgenerator it is necessary to ensure transfer of a
force from an external source directly to MP of the gen-
erator. Such sources are any forward, reciprocating and
rotary movements of the solid, liquid and gaseous bod-
ies of the amplitude big enough (1 mm and over), which
are easy to transform by means of simple micromech-
anisms [29] into an oscillatory movement of MP of the
generator. Examples of the sources are various fluctu-
ations of the elements of constructions in relation to the
motionless surfaces, for example, rails during passage of
a train, compression of tyres in relation to the rims dur-
ing an automobile movement, movement of the flows
of wind, water, etc.

Conclusion

The limited dimensions of the electrostatic micro-
generator of energy impose basic restrictions on its pa-
rameters: amplitude of movements of the mobile elec-
trode, a consequence of which is restriction of the am-
plitude of voltage in the gap and, hence, the maximal
capacity of the generator.

Therefore, an increase of the capacity of a microgen-
erator should be reached due to an increase in the ref-
erence value of the capacity of the structure, at the ex-
pense of reduction of the interelectrode gap. A consid-
erable reduction of the length of the interelectrode gap
with preservation of high working voltage (100...200 V)
can be reached by introduction in the interelectrode
gap of a thin dielectric layer with high value of dielectric
permeability and with high electric durability.

This gives an opportunity to operate with the initial
nanometer gaps and with high density of the electric
energy, up to 10 J /mz, which allows up to 100 times
(up to 100 mW/cm2) increase of the capacity of the mi-
crogenerator in comparison with the known generators.

The major factor limiting an increase of the capacity
of the electrostatic microgenerators is the efficiency of
the transfer of the mechanical energy from an external
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source to the mobile element of the generator. For a ca-
pacity increase it is necessary to change the way of ap-
plication of the force from an external source to the
mobile plate of the condenser of the generator, because,
according to estimates, in the widely applied circuits of
transformation using the inertial properties of mass of
MP, the developed force does not allow to reach a high
density of the generated energy.

For a capacity increase it is necessary to use the me-
chanical designs of the generator, which ensure a direct
application of a force from a source of external move-
ment to the mobile plate of the generator.
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